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Abstract

Cancer is a large and growing societal concern. According to the World Health
Organization, one in five men and one in six women worldwide will develop cancer during their
lifetime. However, some patients cannot be treated with established therapeutic modalities such
as surgery, radiation, or chemotherapy because of challenges with performing these complex
procedures for some tumors, the potential for complication due to other medical conditions,
and/or dose limiting toxicities. Thermal ablation offers a low-cost, minimally invasive therapy
that can be used to treat tumors, usually as an outpatient procedure. Of the possible thermal
ablation energy modalities, microwave ablation (MWA) is gaining increasing clinical adoption
due to its ability to rapidly heat large volumes of tissue, radiate through charred or other high
impedance tissues, and avoid expensive and cumbersome ancillary equipment.

However, a significant problem limiting MWA technologies is that the growth of the
thermal treatment zone cannot be precisely targeted or visualized in real time and it is therefore
extremely difficult to reliably ensure the entire tumor is fully treated without also causing
unintended thermal injury to adjacent critical anatomy. This limitation leaves doctors with a
difficult choice of risking undertreatment and disease recurrence or risking overtreatment and
damage to critical healthy anatomy that may cause pain or life-threatening complications. The
fundamental technical barrier to precise targeting, and therefore to broader MWA clinical
acceptance is that all currently available MWA systems can only produce a roughly spherical,
ellipsoidal, or teardrop-shaped treatment zone centered on the axis near the tip of the applicator,
which is not suitable for treating tumors with irregular shapes or those located near critical

anatomy. This dissertation focuses on the development of a MWA applicator and methods to



achieve precise spatial control of the treatment zone during microwave ablation in diverse tissue
targets.

A 14-gauge directional MWA (DMWA) applicator design is presented which would
allow the physician to instead place the applicator alongside the tumor and direct heat towards
the target and away from nearby sensitive tissues. DMWA may also be used with multiple
applicators to “bracket” the tumor and clinical margin to enable a procedure with less chance of
complications and disease recurrence, or applied on the surface of a target aiming inward in an
even less-invasive non-penetrating approach. Coupled electromagnetic-bioheat transfer
computational models were used for design and simulation of this DMWA applicator. Proof-of-
concept applicators were evaluated in ex vivo liver at 60, 80, and 100 W generator settings for 3,
5 and 10 minutes (n=4 per combination) and in vivo tissue at 80 and 100 W generator settings for
5 or 10 minutes (=2 or 3 per combination). Mean ex vivo ablation forward depth was 8—-15.5
mm. No backward heating was observed at 60 W, 3—5 minutes; directivity (the ratio of forward
ablation depth to backward ablation depth) was 4.7-11.0 for the other power and time
combinations. /n vivo ablation forward depth was 10.3—11.5 mm and directivity was 11.5-16.1.
No visible or microscopic thermal damage to non-target tissues in direct contact with the back
side of the applicator was observed.

As the resulting thermal treatment zone from MWA is comprised of regions exposed to
direct electromagnetic heating as well as regions indirectly heated by thermal conduction from
the temperature gradients created during thermal ablation, using excessive treatment power or
duration during a DMWA procedure may still result in undesired heating of non-target sectors
through the thermally conductive surrounding tissues. A method is presented to cycle microwave

power on and off to allow blood perfusion in the surrounding tissue to cool the margins of the



treatment zone and improve the directivity of the DMWA procedure. Coupled electromagnetic-
bioheat transfer computational models were used to evaluate equivalent energy delivery power
pulsing protocols with periods of 5, 10, or 20 seconds, duty cycles of 50, 75, or 100%, and a 100
W generator power setting. A 10 second period, 70% duty cycle, 80 W generator setting power
pulsing protocol in ex vivo liver showed a 51.7% reduction in the backward ablation depth, a
2.3% increase in the forward ablation depth, and a 115.2% increase in the directivity ratio. A 10
second period, 70% duty cycle, 100 W generator setting power pulsing protocol in in vivo liver
showed a 40.1% reduction in the backward ablation depth, a 1.0% reduction in the forward
ablation depth, and a 59.6% increase in the directivity ratio.

Once many common types of cancer metastasize, a common site to which they spread is
bone. Should cancer form in the vertebral bodies, the resulting tumor growth can cause
significant pain and neurological problems including paralysis. Due to the proximity of a
significant amount of critical anatomy, including the spinal cord and other nerves, treating these
tumors can be exceedingly challenging. DMWA may offer the ability to provide enough spatial
control of the ablation zone to attempt more palliative treatments of vertebral tumors in
proximity to critical nerves and the spinal cord. However, there is limited published literature
describing the interactions of microwave energy in bone tissues in detail; of specific importance
is the degree of microwave absorption/transmission in bone tissue relative to tissues types that
would comprise metastatic disease and how that may affect the resultant size and shape of the
resultant treatment zone. Presented are three-dimensional simulations of spinal DMWA
treatment zones based on coupled electromagnetic-bioheat transfer computational models with
tissue domains that mimic the anatomical dimensions and the biophysical properties of each

different type of tissue, including cortical bone, cancellous bone, spinal cord, cartilage, and



metastatic and primary tumor. DMWA experimental ablations at 80 or 120 W generator settings
for 3.5 or 5 minutes with two fiber optic temperature sensors in ex vivo vertebrae showed a
temperature rise of 33.5 — 63.2 °C in the vertebral body 9.5 mm from the DMWA applicator (T1)
and a temperature rise of 10.8 — 32.3 °C in the spinal canal 2.5 mm from the backside of the
applicator (T2). A computational model with static bone tissue biophysical properties was able to
predict the temperature change in the forward direction within 3 — 7% and in the backward
direction within 11 — 37% of the experimental observation. This computational model was
further modified to include tissue-specific perfusion values and demonstrated two DMWA
applicators operated at 80 W generator setting for 5 minutes could heat the entirety of a 2 cm
metastatic tumor in the vertebral body to ablative temperature (55 °C) without exceeding 45 °C

in the spinal canal.
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Abstract

Cancer is a large and growing societal concern. According to the World Health
Organization, one in five men and one in six women worldwide will develop cancer during their
lifetime. However, some patients cannot be treated with established therapeutic modalities such
as surgery, radiation, or chemotherapy because of challenges with performing these complex
procedures for some tumors, the potential for complication due to other medical conditions,
and/or dose limiting toxicities. Thermal ablation offers a low-cost, minimally invasive therapy
that can be used to treat tumors, usually as an outpatient procedure. Of the possible thermal
ablation energy modalities, microwave ablation (MWA) is gaining increasing clinical adoption
due to its ability to rapidly heat large volumes of tissue, radiate through charred or other high
impedance tissues, and avoid expensive and cumbersome ancillary equipment.

However, a significant problem limiting MWA technologies is that the growth of the
thermal treatment zone cannot be precisely targeted or visualized in real time and it is therefore
extremely difficult to reliably ensure the entire tumor is fully treated without also causing
unintended thermal injury to adjacent critical anatomy. This limitation leaves doctors with a
difficult choice of risking undertreatment and disease recurrence or risking overtreatment and
damage to critical healthy anatomy that may cause pain or life-threatening complications. The
fundamental technical barrier to precise targeting, and therefore to broader MWA clinical
acceptance is that all currently available MWA systems can only produce a roughly spherical,
ellipsoidal, or teardrop-shaped treatment zone centered on the axis near the tip of the applicator,
which is not suitable for treating tumors with irregular shapes or those located near critical

anatomy. This dissertation focuses on the development of a MWA applicator and methods to



achieve precise spatial control of the treatment zone during microwave ablation in diverse tissue
targets.

A 14-gauge directional MWA (DMWA) applicator design is presented which would
allow the physician to instead place the applicator alongside the tumor and direct heat towards
the target and away from nearby sensitive tissues. DMWA may also be used with multiple
applicators to “bracket” the tumor and clinical margin to enable a procedure with less chance of
complications and disease recurrence, or applied on the surface of a target aiming inward in an
even less-invasive non-penetrating approach. Coupled electromagnetic-bioheat transfer
computational models were used for design and simulation of this DMWA applicator. Proof-of-
concept applicators were evaluated in ex vivo liver at 60, 80, and 100 W generator settings for 3,
5 and 10 minutes (n=4 per combination) and in vivo tissue at 80 and 100 W generator settings for
5 or 10 minutes (=2 or 3 per combination). Mean ex vivo ablation forward depth was 8—-15.5
mm. No backward heating was observed at 60 W, 3—5 minutes; directivity (the ratio of forward
ablation depth to backward ablation depth) was 4.7-11.0 for the other power and time
combinations. /n vivo ablation forward depth was 10.3—11.5 mm and directivity was 11.5-16.1.
No visible or microscopic thermal damage to non-target tissues in direct contact with the back
side of the applicator was observed.

As the resulting thermal treatment zone from MWA is comprised of regions exposed to
direct electromagnetic heating as well as regions indirectly heated by thermal conduction from
the temperature gradients created during thermal ablation, using excessive treatment power or
duration during a DMWA procedure may still result in undesired heating of non-target sectors
through the thermally conductive surrounding tissues. A method is presented to cycle microwave

power on and off to allow blood perfusion in the surrounding tissue to cool the margins of the



treatment zone and improve the directivity of the DMWA procedure. Coupled electromagnetic-
bioheat transfer computational models were used to evaluate equivalent energy delivery power
pulsing protocols with periods of 5, 10, or 20 seconds, duty cycles of 50, 75, or 100%, and a 100
W generator power setting. A 10 second period, 70% duty cycle, 80 W generator setting power
pulsing protocol in ex vivo liver showed a 51.7% reduction in the backward ablation depth, a
2.3% increase in the forward ablation depth, and a 115.2% increase in the directivity ratio. A 10
second period, 70% duty cycle, 100 W generator setting power pulsing protocol in in vivo liver
showed a 40.1% reduction in the backward ablation depth, a 1.0% reduction in the forward
ablation depth, and a 59.6% increase in the directivity ratio.

Once many common types of cancer metastasize, a common site to which they spread is
bone. Should cancer form in the vertebral bodies, the resulting tumor growth can cause
significant pain and neurological problems including paralysis. Due to the proximity of a
significant amount of critical anatomy, including the spinal cord and other nerves, treating these
tumors can be exceedingly challenging. DMWA may offer the ability to provide enough spatial
control of the ablation zone to attempt more palliative treatments of vertebral tumors in
proximity to critical nerves and the spinal cord. However, there is limited published literature
describing the interactions of microwave energy in bone tissues in detail; of specific importance
is the degree of microwave absorption/transmission in bone tissue relative to tissues types that
would comprise metastatic disease and how that may affect the resultant size and shape of the
resultant treatment zone. Presented are three-dimensional simulations of spinal DMWA
treatment zones based on coupled electromagnetic-bioheat transfer computational models with
tissue domains that mimic the anatomical dimensions and the biophysical properties of each

different type of tissue, including cortical bone, cancellous bone, spinal cord, cartilage, and



metastatic and primary tumor. DMWA experimental ablations at 80 or 120 W generator settings
for 3.5 or 5 minutes with two fiber optic temperature sensors in ex vivo vertebrae showed a
temperature rise of 33.5 — 63.2 °C in the vertebral body 9.5 mm from the DMWA applicator (T1)
and a temperature rise of 10.8 — 32.3 °C in the spinal canal 2.5 mm from the backside of the
applicator (T2). A computational model with static bone tissue biophysical properties was able to
predict the temperature change in the forward direction within 3 — 7% and in the backward
direction within 11 — 37% of the experimental observation. This computational model was
further modified to include tissue-specific perfusion values and demonstrated two DMWA
applicators operated at 80 W generator setting for 5 minutes could heat the entirety of a 2 cm
metastatic tumor in the vertebral body to ablative temperature (55 °C) without exceeding 45 °C

in the spinal canal.
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Chapter 1 - Introduction

1.1 The Clinical Need

According to the American Cancer Society, an estimated 42,810 new cases of primary
liver cancer, 228,820 new cases of lung cancer, and 73,750 new cases of kidney cancer will be
diagnosed in the United States in 2020; of those with the disease, it is estimated about 30,160
will die from liver cancer, 135,720 will die from lung cancer, and 14,830 will die from kidney
cancer [2]-[4]. For liver cancer, worldwide incidence and mortality rates are considerably
higher, with 841,080 cases and 781,631 deaths in 2018 [5]. Unfortunately, some patients simply
cannot be treated with established treatment modalities such as surgery, ionizing radiation, or
chemotherapy because they are too old or frail or have other medical conditions that prevent
them from being physically able to withstand the side effects.

For other patients, their tumors may not currently be malignant, but they may cause pain
or induce secondary effects such as high blood pressure or uncontrolled weight gain. Because of
the high risk of complications and side effects of current treatments, patients often must rely on

chronic medication (with its own set of side effects) or simply clinical observation of the tumor.

1.1 Microwave Ablation Overview

Thermal therapy is a growing medical field which utilizes a wide range of biomedical
devices and systems to heat tissue for direct or indirect treatment of disease. Some thermal
therapy systems are designed to moderately heat tissue (~41 - 43 °C) for a sustained duration
(~30 — 60 minutes) in a process called “hyperthermia” with the typical goal of increasing blood

flow to the region and locally enhancing the effects of drug delivery or ionizing radiation



treatment [6]. Other thermal therapy processes, commonly referred to as “thermal ablation,” aim
to directly destroy disease by raising tissue temperatures above which irreversible damage
occurs. Cell death by thermal ablation is probabilistic and depends both on the intensity of
heating (i.e. the temperature achieved) and the time exposed to elevated temperatures [7].
However, at temperatures near 55 — 60 °C, cell death is almost instantaneous [8]. Several
different energy modalities have been utilized for thermal therapy including high-intensity
focused ultrasound, laser, thermal conduction, radiofrequency, and microwave in a range of non-
invasive or minimally invasive systems [9]—-[13]. There are also numerous non-oncological
applications of thermal therapy such as treatment of cardiac arrhythmias, benign prostate
hyperplasia, or chronic nerve pain [14]-[16].

Typically, thermal ablation is a low-cost, minimally invasive treatment which can be
provided as an outpatient procedure [1]. In addition to being much less invasive and expensive
than traditional treatments, it also provides a non-toxic, localized, and repeatable option. These
features enable treatment for some high-risk patients who would otherwise be ineligible for
surgical resection or other physically demanding therapies, such as radiation or chemotherapy,
due to the risk of medical complications or severity of side effects.

Microwave ablation (MWA) is a type of thermal therapy where physicians insert needle-
applicators embedded with specially designed antennas into a target tumor, typically using image
computed tomography (CT) and/or ultrasound (US) image guidance, and then energize the
applicator to radiate microwaves into a target tissue with sufficient energy to heat the target to
lethal temperatures. Most systems in current clinical use radiate microwave power at frequencies
of 915 MHz or 2.45 GHz. MWA may also be performed via open or laparoscopic surgery, or via

flexible catheters under endoscopic guidance. During microwave ablation, the cellular damage



results from kinetic heating of polar molecules (such as water and proteins) that rapidly oscillate
as they try to align with the applied electromagnetic waves. The goal of MWA 1is to heat a target
area surrounding a tumor to toxic temperatures while minimizing damage to surrounding healthy
tissues and the probability of medical complications. The target ablation zone typically includes
a 5 — 10 mm margin on all sides of the tumor to ensure complete destruction of the known
diseased tissue as well as any microscopic disease surrounding the tumor that may be undetected
on diagnostic imaging (see Figure 1-1: Illustration of a microwave ablation zone encompassing a

target tumor and 5 — 10 mm margin).

MWA Antenna

Target Tumor

Ablation Zone

Clinical Margin
Surrounding Healthy (5-10mm)

Tissue

Figure 1-1: Illustration of a microwave ablation zone encompassing a target tumor and 5 —
10 mm margin of surrounding normal tissue

Of the possible thermal ablation energy modalities, MWA is quickly becoming a clinical
favorite due to its ability to rapidly heat large volumes of tissue, radiate through charred or other
high impedance tissues (lung & bone), and avoid expensive and cumbersome ancillary

equipment such as grounding pads, gas tanks, or complex power switching systems [17].



1.2 Research approach

MWA is an established treatment modality for localized tumors; however, despite its
numerous potential advantages, MWA has failed to supplant surgical resection, chemotherapy, or
radiation therapy as gold standard of care. A major reason MWA is still not a primary choice for
cancer treatment is there is a lack of consistency, predictability, and control of the thermal
treatment zone with existing clinical applicators. There are no practical methods to monitor the
growth of the thermal treatment zone in real time during MWA and heterogenous tissues and the
heat sink effect of vessels and arteries can cause undesired and difficult to predict effects on the
ablation size and shape. Should physicians be too conservative with the treatment dose, they risk
disease recurrence; should they be too aggressive, they risk thermal injury to nearby critical
anatomy. The clinical users have few tools available to them other than individual experience to
balance these risks. Furthermore, the rapid and intense heating produced by most clinical MWA
systems (which were specifically designed to create large volume ablations in highly perfused
organs) can limit usability in small targets with sensitive and critical nearby tissues, such as in
glands, the kidneys, and spine.

The goal of this dissertation is to determine if a practical MWA system employing
directional MWA (DMWA) applicators can be developed to provide improved spatial control of
the ablation zone and expand this minimally invasive treatment option to a wider range of
patients and cases. The questions which must be answered to accomplish this goal include:

(1) What are the limitations of current clinical MWA applicators and what new potential

clinical use cases can be envisioned for a directional MWA applicator?



(2) Can a directional MW A applicator be designed and fabricated which meets the
necessary clinical usability requirements while still providing compelling
electromagnetic performance?

(3) Will the applicator perform as designed and meet usability requirements in a
clinically relevant testing environment?

(4) What system-level features or functions can support a directional MWA system that
would otherwise not be considered for existing omni-directional systems?

(5) What other potential clinical sites can be treated with a MWA system which are not

being treated effectively now?

1.3 Contributions

To address the aforementioned questions, this dissertation contributes to the state of the

art as follows:

Contribution 1: All current clinical MWA applicators are limited to producing a
cylindrically-symmetric ellipsoidal treatment zone. Most MW A applicator research and
development activities have been focused on increasing the ablation volume, improving the axial
ratio (more spherical), and reducing applicator diameter. MWA applicators with spatial control
of the radiation pattern have been proposed in the literature, tested experimentally, and even
obtained FDA-clearance, but have failed to gain commercial traction due to a number of
practical limitations in the designs [18]-[21]. We have conducted extensive research in the
clinical needs and requirements and developed a practical MWA applicator which provides

spatial (angular and lengthwise) control of the radiation pattern. This contribution is discussed in



Chapters 3 and 4 and in the following peer-reviewed journal article, pending patent application,
and funded grants from the National Science Foundation (NSF):

- [32] Pfannenstiel A, Sebek J, Fallahi H, Beard W, Ganta C, Dupuy D, Prakash P,
“Directional Microwave Ablation: Experimental Evaluation of a 2.45-GHz
Applicator in Ex Vivo and In Vivo Liver,” Journal of Vascular and Interventional
Radiology, vol. 31, no. 7, pp. 1170-1177.e2, Jul. 2020, doi:
10.1016/j.jvir.2020.01.016.

- Pfannenstiel A, Fallahi H, Prakash P. “Minimally invasive Microwave Ablation
Device.” PCT Patent Application No. PCT/US20/34290. Filed 5/22/2020

- NSF award #1819177 “SBIR Phase I: Directional minimally invasive microwave
antenna for precise spatial control of thermal ablation” PI: Pfannenstiel A.

- NSF award #1951186 “SBIR Phase II: Microwave ablation system for creating

precision directed ablation zones” PI: Pfannenstiel A.

Contribution 2: During the early development of a directional MW A applicator, the
expected clinical use focused on liver tumors near critical anatomy that are challenging to
treatment with existing MWA applicators. However, this is a relatively niche potential market.
As development of the directional MWA applicator evolved, many more clinical techniques
were envisioned which could be enabled by this new technology. Chapter 2 provides an in-depth
review describing the status and limitations of the state-of-the-art clinical MWA systems and
provides clinical users with an introduction of how directional MWA can be applied clinically in
the future. This contribution was also supported through participation in a National Science

Foundation (NSF) Innovation Corps (I-Corps) grant:



- NSF award #1711833 “I-Corps: Directional microwave antenna for precise thermal
tissue ablation” PI: Prakash P.

- Pfannenstiel A, Iannuccilli J, Cornelis F, Dupuy D, Prakash P, “Directional
Microwave Ablation: A Review of New Techniques and Potential Clinical

Applications,” In preparation for submission

Contribution 3: Upon development (Chapter 3) and experimental evaluation (Chapter 4)
of a novel DMWA applicator, it became evident that despite attempts to shape the
electromagnetic radiation pattern, the ultimate directivity ratio of any DMWA applicator may be
limited by heat transfer from the forward direction to the backward direction through the
thermally conductive surrounding tissue. Power pulsing has been previously explored, with little
success, as an option to develop larger or more spherical thermal ablation zones with omni-
directional applicators [22] but had not been investigated as an option to improve the directivity
of DMWA applicators. Briefly, the hypothesis tested was that periodically cycling MW power
off would allow the effect of blood perfusion to cool the ablation margins, reducing backward
heating, while MW radiation would penetrate further though desiccated tissue in the forward
direction each cycle, improving overall directivity. Chapter 5 describes MW power pulsing’s
ability to impact the forward ablation depth, backward ablation depth, and resultant ablation zone
directivity.

- Pfannenstiel A, Beard W, Highland M, Iannuccilli J, Dupuy D, Prakash P,

“Directional Microwave Ablation: The Effect of Applied Power Pulsing on

Directivity Ratio,” In preparation for submission



Contribution 4: Although radiofrequency ablation (RFA) and cryoablation are currently
used clinically for the ablation of metastatic tumors within bone sites such as the vertebral bodies
[23] (but each with their own limitations in this application), and RFA is in use to treat osteoid
osteoma [24], MWA in bone targets has not been thoroughly discussed in the literature from a
biophysical perspective. This is likely because the use of current omni-directional, large-volume
MWA devices would not be practical for treating relatively small tumors in the bone. As a result,
despite having a good understanding of how MWA affects soft tissue, MWA’s effects in bone
are not well understood. Due to bone’s low electrical conductivity, it could be expected
microwaves would be absorbed less in bone and propagate further — potentially causing thermal
injury to non-target critical anatomy further from a MWA applicator than anticipated.
Conversely, less MW absorption in bone may cause less intense heating, reducing the risk to
non-target anatomy. Chapter 6 describes a computational modeling and simulation approach
combined with ex vivo experimentation to describe the effects of MWA in bone. This data was
used to develop an anatomically representative computational model that shows DMWA has
potential to safely treat various types of tumors within the vertebral body near the spinal cord.

- Pfannenstiel A, Highland M, Beard W, Cornelis F, Prakash P, “Directional

Microwave Ablation: Computational Modeling and Experimental Evaluation in Ex

Vivo Bone,” In preparation for submission

1.4 Dissertation outline

The rest of this dissertation is organized as follows. Chapter 2 presents a review of
current clinical MWA systems combined with new treatment techniques and approaches enabled

by the advent of a directional MWA applicator. Development of a directional microwave



ablation applicator is discussed in Chapter 3. Experimental testing and characterization of the
applicator developed in Chapter 3 is described in Chapter 4. An investigation into the effect on
directionality when pulsing power is applied to the directional MWA 1is described in Chapter 5.
Chapter 6 provides computational modeling and simulation and ex vivo experimentation of

MWA in bone. Finally, Chapter 7 provides a discussion of future work and concluding remarks.



Chapter 2 - Background

2.1 Introduction

Thermal ablation has become a well-established treatment alternative for localized
cancers in patients who are otherwise not good candidates for surgery or other physically
demanding treatments such as radiation therapy, or chemotherapy [25], [26]. Thermal ablation is
also gaining acceptance as a low cost, minimally invasive method for palliative care [27], [28].
Among thermal ablation energy modalities, microwave ablation (MWA) is becoming an
increasingly important and popular treatment for localized tumors in many tissues [17]. Driving
this growth are MWA’s inherent advantages over other energy modalities including the ability to
rapidly heat large volumes of tissue, achieve high peak temperatures which are better able to
overcome the effects of local heat sinks, radiate through high impedance tissues, and operate
without the need for ancillary components (such as ground pads) [17], [29].

However, despite its advantages, MWA has failed to supplant surgical resection,
chemotherapy, or radiation therapy as a standard of care. A major reason MWA is still not the
primary choice for cancer treatment is a lack of consistency, predictability, and control of the
thermal treatment zone with existing clinical applicators. There are no practical methods to
monitor the growth of the thermal treatment zone in real time during MWA and heterogenous
tissues and the heat sink effect of vessels and arteries can cause undesired and difficult to predict
impacts to the resulting ablation size and shape. Should physicians be too conservative with the
treatment dose, they risk disease recurrence; should they be too aggressive, they risk thermal
injury to nearby critical anatomy. Clinical users have few tools available to them other than

individual experience to balance these risks. Furthermore, the rapid and intense heating and
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relatively large ablation zones produced by most clinical MWA systems (which were designed
for large-volume ablation in highly perfused organs) can limit usability in small targets with

sensitive and critical nearby tissues, such as in glands, the kidneys, and spine.

2.2 Current Clinical MWA applicators

MWA systems currently in clinical use almost exclusively consist of a needle-like
applicator which is inserted centrally into a target tumor, typically using CT or US guidance, and
with a percutaneous or open surgical approach [30]. The applicator outer shaft is typically made
of steel or other similarly rigid material such as fiberglass or PEEK to provide the stiffness
necessary for accurate placement in the target. Contained within the outer shaft is a small
diameter coaxial cable which carries the microwave power from the applicator handle/hub to the
distal end of the applicator where the microwave antenna is located (a larger diameter, lower-loss
transmission cable connects the applicator hub/handle to the microwave generator). The
microwave antenna is typically a linear antenna which may be as simple as a segment of the
inner conductor of the coaxial transmission line stripped of its outer conductor. Additional
elements may be soldered or otherwise connected to the inner conductor or additional
modifications made to the outer conductor to improve the electrical performance of the antenna.
In some cases, a metallic trocar point with the appropriate dimensions can be electrically
connected to the coaxial inner conductor to act as the microwave antenna.

Linear antennas are often considered “omni-directional” in the sense that they radiate
uniformly across the angular expanse around the axis of the antenna. However, they do not
radiate out of the end-fires (the ideal radiation pattern resembles a toroid or donut), and as a

result, the ablation zones produced by clinical MWA systems typically do not extend appreciably
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beyond the distal tip of the applicator. Furthermore, because the linear antennas used in MWA
systems are comprised of the coaxial transmission line itself, with the outer conductor acting as a
non-optimal second leg or ground plane, they are unbalanced, with a radiation pattern that
extends proximally along the shaft of the applicator. Some current MW A applicators include
additional structures, such as chokes or sleeves, to help constrain the length of the radiation
pattern, though many current applicators still produce thermal ablation zones with a “tail” or a
“teardrop” or “comet” shape when sliced across the longitudinal plane. Finally, the physical
dimensions of the MW antenna in the applicator must be well matched to the electrical properties
of the surrounding tissue (which vary among tissue and tumor types and also change dynamically
during an ablation procedure), otherwise a portion of the applied power to be reflected back
along the transmission cable rather than being transmitted into the tissue, potentially reducing the
diameter of tissue ablated. When in clinical use, this would be observed as a high “reflected
power” on the generator display and could also indicate applicator placement in a void or a

defect in a transmission cable or connector.
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Figure 2-1: Omni-directional microwave ablation zone cross-sectional slice (A) and
longitudinal slice (B). The top row is the simulated 55 °C isothermal contour while the
bottom row is from experiments in ex vivo liver tissues.

To deliver sufficient power to ablate tissue, the very small diameter microwave
transmission lines within a MWA applicator are often operated at almost an order of magnitude
higher power than they would be otherwise rated if exposed and cooled by ambient air.
Therefore, almost all clinical MWA systems include an active cooling system, without which the
applicator shaft may heat sufficiently to cause unintended thermal ablation of tissue along its
length or the applicator may face material failure [31]. Most systems use circulating water while
one uses compressed gas expansion [32]. In addition to cooling the internal transmission line,
active cooling of the MWA applicator internals and shaft can cool the surrounding tissue,

reducing the “tail” of ablation zone and improving its sphericity.
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When water cooling is used, current MWA systems differ in whether the cooling water
encompasses the active antenna element or terminates and returns at some point proximal to the
antenna. When surrounding the antenna, water has a high relative permittivity, which acts as a
dielectric load and enables the antenna to have a shorter physical length and maintain a better
impedance match even as the electrical properties of the surrounding tissue change during
thermal ablation. Enabling a shorter antenna length also contributes to improved sphericity of the
resulting ablation zone. Directly cooling the active portion of the applicator may also reduce the
chance of tissue charring and adhering to the applicator shaft that can make post-ablation
applicator removal more difficult. However, water is also conductive and therefore creates
internal losses as microwave power is radiated through it and absorbed. All else equal, a MWA
applicator with water surrounding the antenna will produce a smaller ablation zone compared to
an applicator omitting such a lossy material, though it may be more spherical.

Current MWA applicators are compared and evaluated based on three main criteria:

1. Short-axis diameter — This is the maximal width the thermal ablation zone extends measured
perpendicular to the applicator shaft. This is often used to describe the maximum ablation
zone size achievable by a particular applicator with a single measurement. Many clinical
MWA applicators can achieve short axis diameters of approximately 4 cm in 5 -10 minutes
in ex vivo liver tissue, which has emerged as a de facto standard environment for evaluating
ablation devices [33].

2. Axial ratio — This is the ratio of the ablation zone short axis diameter (radial) to the long axis
diameter (longitudinal). An ideal MWA applicator would have an axial ratio approaching

unity where the ablation zone is a sphere. Spherical ablation zones afford easier treatment
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planning and are more likely to preserve more surrounding healthy tissue. Some current
MWA applicators are able to achieve axial ratios near 1.0 at some time and power
combinations, while most exhibit axial ratios of about 0.7 to 0.9 [34].

3. Shaft diameter — The smaller the diameter of the applicator, the less invasive the treatment.
While 14-gauge (0.083” / 2.1 mm diameter) is widely considered the maximum desirable for
minimally invasive use, clinical MWA applicators range from 13-gauge (0.095” /2.4 mm
diameter) to 17-gauge (0.058 / 1.5 mm diameter) [25]. Applicator diameter is also loosely

correlated to stiffness and rigidity, a quality necessary for accurate applicator placement.

Furthermore, it is desirable to construct the applicator from materials that are echogenic, so
the applicators can be readily visualized on ultrasound imaging, as well as have minimal streak

artifact on CT imaging [35].

2.3 Clinical Shortcomings of current MWA applicators

The fundamental clinical limitation to broader MWA clinical use is that all currently
available MWA systems can only produce a roughly spherical, ellipsoidal, or teardrop-shaped
treatment zone centered on the axis near the tip of the applicator. This is not universally suitable
for treating tumors with irregular shapes or those located near critical anatomy [25], [33].

To work around this limitation with current applicators, physicians must employ
additional thermoprotective techniques, such as fluid or gas dissection, endoluminal
heating/cooling, or balloon insertion to attempt MWA treatments near critical structures such as
the stomach, colon, diaphragm, gall bladder, etc., increasing the difficulty of the procedure [36],

[37]. Failure of these techniques, which can occur unpredictably as fluid, gas, or balloons tend to
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move within the abdominal cavity, has the potential for serious and painful complications such
as hemorrhage, pneumothorax, perforation of the gastrointestinal viscus, and biliary stricture,
requiring additional emergent and extended medical care procedures [36], [37]. The presence of
nearby heat sinks such as blood vessels or heterogenous tissue boundary layers can also skew the
size and shape of omni-directional ablation zones in unpredictable ways. Ultimately, because the
extents of the thermal treatment zone are often not known in real time, there is reduced certainty
in the treatment outcome. As a result, and despite its potential, MWA is much less frequently
employed for tumors in smaller organs with proximity to sensitive anatomy, such as the kidneys,
due to the risk of complications from unintended overheating [36].

Finally, all existing MWA devices are configured to deliver maximum power and achieve
as large of an ablation zone as possible. This complicates treatment of small targets surrounded
by sensitive critical anatomy. Existing MWA systems are seldom considered for treating very

small tumors in sensitive glands such as the adrenal or thyroid.

2.3 Directional MWA (DMWA) Applicators

Though there are no existing DMWA applicators in clinical use currently, a recent
publication has highlighted the development and shown proof-of-concept for a new DMWA
applicator [38]. This applicator is similar in form as existing clinical omni-directional MWA
applicators but includes additional internal elements to shape the radiation pattern, limiting to
approximately half the angular expanse. As illustrated in Figure 2-2, the resultant ablation zone

is approximately a hemisphere.
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Figure 2-2: DMWA cross-sectional slice in in vivo liver (A) beside simulated 55 °C
isothermal contour (B). DMWA longitudinal slice simulated 55 °C isothermal contour (C)
beside ex vivo liver (D).

DMWA applicators can be evaluated based on shaft diameter, like existing MWA
applicators, however, short-axis diameter and axial ratio metrics do not meaningfully describe
the ablation zone shape. Additional criteria for comparison and evaluation of DMWA applicators

include:

1. Forward ablation depth (df) — The maximal distance the ablation zone extends in the desired
target (forward) direction measured perpendicular to the applicator. This measurement can be
made from a cross section or longitudinal slice. For DMWA, care must be taken to slice
experimental specimens and take measurements in the plane of maximal heating. Any slice
not along the maximal plane will result in inaccurately small measurements — this contrasts to
omni-directional ablation measurements where any longitudinal slice that follows the
applicator tract will show equivalent ablation dimensions.

2. Backward ablation depth (d») — The maximal distance the ablation zone extends in the non-
target (backward) direction measured perpendicular to the applicator. This measurement
should be made from a cross sectional slice only to observe if the ablation zone extends

further backward on either side of the applicator tract.
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3. Directivity ratio (df/dy)— The ratio of the forward ablation depth divided by the backward
ablation depth. An ideal DMWA applicator would have an infinite directivity ratio.

4. Ablation width (w) — The maximum distance the ablation zone extends laterally. This
measurement must be taken in the cross-sectional slice.

5. Ablation height (h) — The maximum distance the ablation zone extends from its distal end to
its proximal end. This measurement must be taken in the longitudinal slice.

6. Shaft diameter — Similar to omni-directional applicators, diameter influences the
invasiveness of the device which much be balanced with its rigidity and stiffness which
influences usability. The importance of minimizing applicator diameter may change if a

DMWA applicator is used during open surgery or laparoscopic procedures.

AN

Figure 2-3: DMWA cross-sectional slice showing the forward ablation depth measurement
(yellow dashed line) for an ideal directional ablation zone with zero backward heating
(infinite directivity ratio) (A). DMWA cross-sectional slice showing the forward ablation
depth (yellow dashed line) and backward ablation depth (blue dashed line) measurements
(B). DMWA longitudinal slice showing forward ablation depth (yellow dashed line) and
ablation height (green dashed line) measurements (C).

2.4 New DMWA-enabled Clinical techniques

The introduction of a DMWA applicator potentially offers many advantages and

opportunities for new treatment techniques and approaches compared to existing omni-
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directional applicators. As summarized in Figure 2-4, clinical value is offered by the ability to
now treat a much wider variety of tumor shapes and tumors in areas where there is much more

fragile healthy tissue.

Directional Solutions
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Figure 2-4: Illustrations of clinical challenges using current MWA systems with symmetric

ablation patterns, “Workarounds” to attempt to address existing problems, and potential
solutions provided by directional MWA.

2.4.1 “Outside-in” ablation
Rather than the “inside-out” treatment approach used by current omni-directional
applicators, DMWA enables an “outside-in” approach which allows the physician to place the
applicator alongside the tumor and direct energy toward the target and away from sensitive
tissues. DMWA may enhance the effectiveness or reduce the dependence on thermoprotective
techniques and may enable MWA treatment of tumors in more challenging locations. An

“outside-in” approach may facilitate technically easier treatment of small lesions that are
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displaced within the surrounding tissue when an applicator is inserted nearby (such as small lung
nodules that may move within the elastic lung tissue, making them difficult to pierce) while
preserving more surrounding healthy tissue than omni-directional applicators. An “outside-in”
method potentially offers assurance of a treatment margin between the applicator and tumor.
Finally, the ability to treat the tumor without penetrating through it may also reduce the risk of

tumor seeding that could cause recurrence or new disease to develop [39].
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Figure 2-5: Illustration of conventional MWA approach where the applicator is centrally
positioned within the target heating from the “inside-out” (A) compared to DMWA which
enables heating via an “outside-in” approach with an applicator positioned adjacent to the
target (B).

2.4.2 “Directional bracketing”

Multiple DMWA applicators could be used to “bracket” relatively larger tumors, treating
them with a composite ablation zone, and providing assurance of clinical margin between the
applicators and tumor. Bracketing is already a common technique to treat larger tumors with
multiple omni-directional applicators [40], but directional bracketing may maximally preserve

healthy surrounding tissue.
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Figure 2-6: Illustration of conventional MWA two-applicator bracketing ablation approach
(A) compared to “directional bracketing” ablation approach (B).

Figure 2-7: Image of twoDW appictor “directional bracketing” ablation approach in
ex vivo liver. The section shown is a longitudinal slice parallel to the insertion axis of both
DMWA applicators.

2.4.3 “Surface ablation”

Because DMWA applicators radiate in a specific direction, they may be placed on the
surface of a target and could still heat it to ablative temperatures without penetrating it directly.
While this may seem like only a subtle difference from the “outside-in” method of treating
tumors within an organ, a non-penetrating approach may enable minimally invasive treatment for
an entirely new range of difficult to treat conditions. For example, small organs or glands may be
very difficult to pierce as they may be displaced rather than punctured by the applicator.

Furthermore, the penetration of some glands, such as the adrenal gland, may severely damage
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them and create dangerous complications. Positioning a directional MWA applicator alongside a
gland, organ, or nerve could enable treatment of a shallow target zone within that structure

without damaging the surrounding anatomy.

Figure 2-8: Illustration of DMWA "surface ablation" approach for targets near the organ
surface (e.g subcapsular tumors)

Figure 2-9: Image of “surface ablation” in porcine in vivo liver.

2.4.4 “Sector-sweep ablation”

If a DMWA applicator was inserted centrally into a tumor, it could be rotated to target
multiple directions and sweep out a symmetric ablation zone similar in size and shape as capable

of existing clinical applicators. Furthermore, directionality would enable targeted retreatment of
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any regions of the tumor that may show viability on post-procedure imaging. Using a “sector-
sweep” approach while varying generator power and time settings for treating different sectors of
the tumor could create targeted, asymmetric ablation zones or compensate for inaccurate (oft-
center) placement of the applicator. However, this type of technique would likely require
advances in imaging techniques to identify treatment extents and aid in determining when and by
how much to rotate the applicator and which thermal dose should be used for subsequent sector
re-treatment. It would be important to conduct imaging of the treatment zone extent with the

DMWA applicator in situ.

Figure 2-10: Illustration of “sector-sweep” ablation to compensate for off-center applicator
placement.
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Figure 2-11: Images of “sector-sweep” DMWA used to create large (approximately 4 cm)
spherical ablation in ex vivo liver shown in the cross-sectional (A) and longitudinal (B)
planes (150 W generator setting for 10 min per direction).
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2.4.5 “Offset ablation”

While the key benefit of DMWA is often from a controllable minimum or absence of any
backward heating, enabling better spatial control of the thermal ablation zone. However, in some
situations there may still be a need for some backward heating such as in a case when a MWA
applicator could be inserted into a tumor, but not perfectly centrally due to interfering anatomy.
In this case a higher power or longer duration DMWA procedure could be utilized to allow
thermal conduction to cause ablation of some tissue in the backward direction, resulting in an
approximately spherical ablation with its center offset from the applicator tract. The “offset”
ablation zone could have a forward to backward depth directivity ration of approximately 2:1

compared to DMWA with reduced power or duration with directivity ratios exceeding 15.

Figure 2-12: Image of “offset ablation” in ex vivo liver

2.5 DMWA applications in interventional oncology
2.5.1 Liver

Liver is the most common MWA clinical use site and there is substantial clinical

experience and data for thermal ablation treatment of liver tumors [41], [42]. A primary driver
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for the development of thermal ablation technologies to treat liver cancer is the fact that most
liver cancer patients (up to ~80%) are ineligible for surgery due to poor liver function, advanced
cirrhosis, co-morbid disease, or a challenging tumor location. Traditional chemotherapy and
radiation therapy have historically not been effective for treating liver tumors, leaving these
patients with few options beyond local interventions such as ablation and embolization. The
relatively large physical size of the liver is also forgiving, often reducing the risk of thermal
injury to adjacent healthy structures that normally accompanies overtreatment. Furthermore, the
intense heating of MWA has the ability to overcome much of the “heat-sink” effect from highly
perfused organs, such as the liver, much better than other ablation modalities [29]. Therefore,
liver has been a favorable site to allow MWA to gain a clinical foothold, and the potential value
has become clear despite the difficulty with precise spatial control of the treatment.

However, a meaningful minority of liver tumors (approximately 20-50%) are located near
critical structures that would result in the need for further medical intervention if injured during
MWA. As previously discussed, some of these critical structures such as the diaphragm, colon,
or stomach, can be insulated or physically separated from the thermal ablation zone by
thermoprotective techniques such as hydro or gas dissection or balloon insertion [36], [37].
However, the diffusion of fluid or gas or the movement of balloons within the abdominal cavity
may limit the ultimate effectiveness of these techniques [36], [37]. Furthermore other structures,
such as the gall bladder or bile ducts, cannot be insulated or separated from a nearby tumor by
thermoprotective techniques and physicians must utilize the limited directionality with exiting
applicators by “pointing at the vital structure” as the thermal ablation zone typically extends only

a few millimeters past the distal tip of the applicator [37].
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The use of a DMWA applicator may enhance the effectiveness or reduce the necessity of
thermoprotective techniques or enable treatment of liver tumors near critical structures that
cannot be otherwise thermally isolated. DMWA has been evaluated in ex vivo and in vivo liver

[38].

2.5.2 Kidney
The kidney is a much smaller target site than liver with proximity to many more

thermally sensitive critical structures such as the bowel and ureter [43]. Potential consequences
of excessive thermal injury include pelvicalyceal/ureteric stricture, or bowl perforation [36].
Currently radiofrequency ablation (RFA) and cryoablation are the two most commonly used
ablation techniques in the kidney [43]. This is likely because RFA heats less intensely than
MWA, reducing the chance of excessive thermal injury and the resultant “oven effect” in the
kidney [44], while the ice ball from cryoablation can be visualized on imaging, also reducing the
chance of excessive thermal injury to non-target structures. However, similar to liver, the kidney
is a highly perfused organ which restricts the ability of RFA and cryoablation to treating only
small tumors [29]. However, the advent of directional MW A may provide the necessary spatial
control of the thermal ablation zone to effectively treat renal tumors while maximally preserving

renal function.

2.5.3 Lung

The lung is a common site to which cancer metastasizes , but only about 30% of lung
cancer patients are considered surgical candidates due to co-morbidities, poor cardiopulmonary

function, and age [45]. Like liver and kidney, lung is also a highly blood-perfused organ, but it is
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also aerated, resulting in a very low electrical conductivity — making many types of thermal
ablation challenging [46]. This low electrical conductivity reduces the rate of heating achievable
by MWA, but also enables it to penetrate further [29]. However, the electrical and thermal
properties of lung tumors may be more similar to those of solid tissues, suggesting MWA may
have the ability to propagate further through healthy lung tissue while selectively heating tumor
tissue more intensely, though more studies are needed to demonstrate this [29]. DMWA may
provide the spatial control necessary to provide treatment of tumors near the heart, esophagus, or
major airways.

However, with respect to lung tumor ablation, DMWA’s most critical advantage may be
its ability to utilize an “outside-in” treatment approach. Lung tumors that are solid or semi-solid
may be displaced within the elastic lung parenchyma while targeting them with a rigid treatment
applicator, making precise interstitial placement of a conventional thermal ablation applicator
challenging. Conversely, placing a DMWA applicator beside a lung tumor, aiming towards it,
may be technically favorable and provide better control or treatment margins. Incorporating
directional MWA capabilities into flexible applicators suitable for bronchoscopic delivery of
ablation may further broaden the use of this technology for treatment of pulmonary disease,
although it is recognized that precise directional control of long, flexible catheter-based

applicators may be technically challenging [47].

2.5.4 Bone

Similar to lung, bone is a common site of cancer metastasis. Should cancer develop in the
vertebral body, pain or neurological problems may result. Possible treatments for primary bone

cancer include surgery, chemotherapy, and radiation therapy, however, none of these typical
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treatment options may be possible, effective, tolerable, or fast-enough acting for a very ill patient
who had progressed to late stage metastatic cancer. Of thermal ablation options, RFA would
have reduced heating ability in low-impedance bone tissues while cryoablation would require a
prolonged wait time for thawing to allow backfill of the treatment zone with cement [48]. The
use of high intensity ultrasound has also been proposed for treatment of tumors surrounded by
bone, as the high acoustic absorption coefficient helps to confine the treatment zone primarily to
the target, thereby protecting adjacent critical structures [49], [50]. The application of
conventional omni-directional MWA in bone has not been studied in detail, with its potential use
likely limited by concerns for the ability to provide sufficient spatial control of the treatment
zone, especially for use near critical anatomy such as the spinal cord or other nerves. From a
technical physics/engineering-based perspective, there have been few studies reporting on
electromagnetic absorption and bioheat transfer dynamics in bone tissue, which has considerably
different electromagnetic and thermal properties compared to soft tissue.

However, similar to treatment of lung tumors, DMWA may have significant advantages
in its ability to less-intensely heat and propagate further through normal bone while more
intensely heating soft tissue tumors and to also employ an “outside-in” approach to treat bone

tumors which are otherwise difficult to access and penetrate directly.

2.5.5 Brain
When considering brain tumors, the need for precise spatial control of any treatment
method is apparent. There has been some early development of lasers as a possible energy
modality for brain tumor ablation [51]. DMWA may also offer a compelling minimally invasive

treatment option for brain tumors. For use in brain, a DMWA applicator would need to be
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constructed from with MRI-conditional materials to enable real-time temperature monitoring of
the treatment zone with established MRI thermometry approaches [52]. Experimental MRI-
compatible DMWA applicator have been successfully designed and experimentally evaluated

previously in the high-field MRI environment [53].

2.6 DMWA applications outside interventional oncology

2.6.1 Functional glandular tumors
Benign, but functional tumors in glands, such as the adrenal or thyroid, can result in

unregulated hormone production that leads to a variety of side effects including hypertension,
irregular or rapid heartbeat, and weight loss, among many others [54]. Current treatment of these
conditions includes surgical resection (only feasible for unilateral disease), which many times
still requires chronic medication, or simply management of the symptoms with chronic
medication. Current thermal ablation technologies optimized for large volume ablation in
vascular organs do not provide the necessary spatial control to create localized ablation of small
(~lcm?) targets in glands such as the adrenal or thyroid which are not only delicate and
susceptible to mechanical and thermal damage themselves, but are also in close proximity to
many critical structures [54]. Thermal damage to the adrenal medulla during ablation may lead to
hypertensive crisis due to catecholamine release [55]. However, DMWA has demonstrated an
ability to provide precise spatial control while creating approximately 1 cm? lesions in an in vivo
liver model [38] and has been used in an in vivo study to ablate porcine adrenal glands using a
“surface ablation” technique to minimize collateral damage to the adjacent normal adrenal cortex

[54].
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2.6.2 Nerves transmitting chronic pain signals
Radiofrequency neurotomy is a procedure to ablate specific nerves to block their ability
to transmit the signals that are the cause of chronic pain in the back, neck, or joints for up to 6 to
12 months [56]. The nerve targets are typically very small (a few millimeters across) and are in
close proximity to many other critical structures, so similarly to glandular ablation, most thermal
ablation systems designed for large volume ablation are poorly suited for these applications.
Specially designed DMWA applicators may be able to provide more spatial control to access

more potential nerve target sites than existing RF neurotomy systems.

2.6.3 Uterine Fibroids

Uterine fibroids can be a cause of heavy menstrual bleeding and pelvic pain or pressure
among many other symptoms [57]. Various surgical treatments options are available with
various risks of complications and many resulting in the inability to have children post-surgery
[58]. While RFA ablation system have been demonstrated for the treatment of uterine fibroids
[59], specially designed DMWA systems may have a better ability to treat a wider range of
fibroids which are dense and difficult to penetrate by utilizing an “outside-in” treatment

approach.

2.6.4 Benign Prostate hyperplasia
Benign prostate hyperplasia (BPH) is a common condition as men age resulting in a
range of uncomfortable urinary symptoms [60]. However, the prostate is a very challenging
target site surrounded by very sensitive anatomy including the ureter, nerves, and the rectum.

Transurethral microwave thermotherapy (TUMT) is procedure which may serve as a minimally
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invasive treatment option for BPH [60]. Specially designed DMWA systems may offer improved
ability to debulk an enlarge prostate for symptom relief while minimizing the risk of thermal

injury to surrounding anatomy.

2.6.5 Esophageal Varices
Esophageal varices are enlarged veins in the esophagus that occur when blood flow to the
liver is blocked by a clot or scar tissue that can develop in patients with liver disease; they may
leak blood and if they rupture may cause life-threatening bleeding [61]. Experimental results
from a developmental system have shown proof-of-concept for employing DMWA to ablate

esophageal varices [62].

2.7 DMWA current limitations

Currently, no DMWA applicators are available clinically and the experimental results
from DMWA applicators under development were with applied time and power combinations
selected to minimize backward heating, which resulted in overall ablation volumes substantially
smaller than existing omni-directional devices [38]. Though further study of the ability to create
larger “directional-bracketing” or “sector-sweep” composite ablation zones is necessary, omni-
directional MWA applicators may still be best suited for delivering large volume ablation zones
in short times where precise spatial control is not a significant concern. Shorter treatment times
are valuable in the clinical setting so imaging scanners, and other critical resources, can be freed
up for other procedures, and reduce cost. Additional animal studies will be necessary to fully
characterize the directional applicators in vivo performance across a broader range of power

levels and tissue types.
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2.8 Conclusion

DMWA'’s ability to provide precise spatial control of the thermal ablation zone may be
critical in the treatment of many challenging cases, and for expanding thermal ablation as a
minimally invasive treatment option outside of interventional oncology. With further technical
development and translation of this technology, it is anticipated that DMWA technology may be
particularly well suited for non-penetrative treatment of small-targets — structures which are not
currently well suited for treatment by existing MWA systems. Further development and
evaluation of this technology in the clinical setting is warranted to determine the potential benefit

of this technology.
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Chapter 3 - Design of a DMWA applicator

3.1 Introduction

While insights into construction methods and evaluation criteria can be gained from
proof-of-principle DMWA applicator designs proposed and tested experimentally in the
literature, none these designs are currently available for clinical use [18]-[21], [38]. Thus, there
remains a need to design, develop, and translate DMWA technology capable of meeting existing
clinical needs. The design of a DMWA applicator still begins with many of the same design
principles as omni-directional applicators but includes several more considerations to establish
directivity. As antenna directivity is a function of size relative to wavelength, physically larger
antenna assemblies provide enhanced directivity. However, there is an equally important need to
minimize the outside diameter of a DMWA applicator to reduce its invasiveness. Furthermore,
there are a number of additional clinical usability requirements to consider when optimizing the
design for a DMWA applicator. This chapter reports on our experience designing a microwave
ablation system incorporating DMWA applicators with technical capabilities suitable for use in

the clinical setting.

3.2 Traditional MWA Applicator Design Priorities

The objectives of traditional MWA applicator antenna design are primarily twofold. First,
1s maximizing power transfer to the target tissue. This is accomplished by carefully matching the
antenna’s impedance (which is determined by the antenna dimensions and the electrical
properties of materials surrounding the applicator, i.e., the combination of tumor, healthy tissue,

cooling water, insulating catheter, etc.) to that of the feeding transmission line. A well-matched
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antenna will enable the transfer of a large fraction of the incident power to the tissue with less
power being reflected back to the source, allowing for shorter treatment times, lower applied
powers, and less unwanted heating of the applicator or system cabling from attenuation (which
may also alter the shape of the thermal ablation zone). A common way to evaluate antenna

power transfer is through measuring the antenna’s reflection coefficient at the input port, Si1:

Equation 3-1:
Vi  Reflected Voltage Wave
~ V' Incident Voltage Wave

In practice, antenna designs with a Sy of at least -10 dB or better (more negative) are
desired for MWA applicators so 90% or more of the incident power is transferred to the target.
Practically, the antenna length is one of the most sensitive parameters affecting S11. However,
optimizing antenna length to minimize Si; also relies on a detailed understanding of the electrical
properties of the environment surrounding the applicator. Though the values of electrical
properties at MWA frequencies and temperatures have been extensively studied in liver [63],
they are less well known in most other tissue [64]. Furthermore, the electrical properties of the
target tissue that affect impedance matching can vary between patients and tumor biology, and
during the course of an ablation, the permittivity and conductivity of the surround tissue typically
drops as the tissue is desiccated and dehydrated by heat, causing the impedance match to reduce
over time. One method to establish a more stable reflection coefficient for MWA applicators
which may be used in a wide range of tissues with varying electrical properties is providing
dielectric loading of the antenna. This can be accomplished by encapsulating the antenna in a

relatively high permittivity material such as water. Further, since the dielectric properties of
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water are temperature dependent, circulating the water through the applicator ensures that water
at a relatively stable temperature is delivered to the tip of the applicator, thus providing a stable
electric load.

A second, easier to quantify but larger in magnitude, loss in a MWA system is the
insertion loss or attenuation in the coaxial transmission lines which supply microwave power
from the generator to the applicator and can be 2-2.5 m long in clinical systems. Some large
diameter transmission lines may have minimal insertion loss (less than -0.5 dB/m); however,
those low-loss options are heavy and stiff, making them impractical clinically. Smaller diameter,
lighter, and more flexible transmission lines can have significantly more insertion loss (typically
-1.0 to -2.0 dB/m). The very small diameter coaxial transmission cables used within the
applicator itself also have significant insertion loss (typically -2.0 to -3.0 dB/m). Summed
together, the insertion losses can be 30-50% of the generator output. Finally, if water is used to
cool the applicator and surround the antenna, it will also absorb some of the radiated MW energy
prior to transmission to the tissue. These water losses vary considerably based on the design of

the applicator but can be in the order of 30-50% of the power radiated from the antenna.
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Figure 3-1: Illustration of MW power delivered to tissue and other losses during MWA.

The second goal of traditional MWA antenna design is to achieve a large, but spherical
ablation zone. Larger ablation zones enable the treatment of larger tumors while still maintaining
the desired clinical margin. More spherical ablation zones are desired for treatment planning
since physicians can intuitively map spheres to target single small/medium tumors or overlap
multiple spheres to target large tumors [65]. Also, many tumors generally have a near-spherical
shape and therefore spherical ablation zones help spare more healthy surrounding tissue and
avoid damage to nearby critical structures. Ideally, a MWA applicator could produce nearly
spherical ablation zones with nearly constant dimensional ratios as applied power/time is scaled
to treat targets of various diameters.

A first order method to evaluate the shape of an antenna’s expected thermal ablation zone
is through analysis of its electromagnetic specific absorption rate (SAR) profile in a multiphysics

computational model of the target tissue. To do so, designers first determine the distribution of
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the electric field generated by a MWA applicator by solving the Helmholtz electromagnetic

wave equation:

Equation 3-2:

VZE—kg(er——)Ezo

where, E [V/m] is the electric field, k, [m™'] is the free-space wavenumber, &, is relative
permittivity,  [S/m] is effective conductivity, w [rad/s] is anugular frequency, and &, [F/m] is
permittivity of free-space. The electromagnetic loss in the tissue depends on its conductivity and

can be computed from the simulated electric field based on:

Equation 3-3:

1 2
Qmw = EO- - |E]|

The SAR profile only gives the rate at which EM power is absorbed in the surrounding
medium, and does not account for other thermal effects such as heat conduction, water
vaporization in the surrounding tissue, or heat losses to blood perfusion, but has been shown to
be an effective measure for optimizing ablation zone shape [66]. The normalized SAR profile for
a simple insulated monopole MWA antenna design is shown in Figure 3-2 on the following page.
In some cases, MWA antennas may include a balun or choke to reduce outer surface currents and
improve on the typical SAR teardrop shape, however, in general these add complexity to the

design and increase the overall device diameter [67], [68]. Another method to compensate for the
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SAR tail or teardrop shape is to provide circulating cooling water within the applicator to

actively cool the applicator shaft and reduce heating of the surrounding tissue.
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Figure 3-2: Simulated specific absorption rate (SAR) pattern for an insulated monopole
MWA antenna (left) and temperature pattern of the same antenna with forced cooling of
the applicator shaft (right) to reduce the thermal ablation “tail.”

However, as previously mentioned, it is well established that electromagnetic properties
of tissue (relative permittivity and conductivity) change substantially at elevated temperatures
due to dehydration and protein conformation change during the course of thermal ablation [69]—-
[73]. Consequently, an antenna designed for optimal performance (based on initial reflection
coefficient or simulated SAR pattern) in fresh, normal tissue, may quickly suffer degraded
performance in practice as surrounding tissue is ablated. Therefore, it may be important to also
consider the shape of the post-ablation SAR pattern or isothermal contours when optimizing
prototype applicators.

Most MWA applicators aim to achieve large symmetric ablation zones through a

combination of high-power direct MW heating that generates high central peak temperatures
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near the applicator (within ~1-2 cm radius) that in turn develop thermal gradients that drive heat
transfer through conduction to more peripheral regions. The ultimate ablation zone size and
shape is eventually constrained by distributed and discrete cooling effects of blood perfusion in
the surrounding tissue and nearby veins and arteries. To simulate the extent of a thermal ablation
zone during the course of an ablation, designers typically start by building a computational
model representative of the geometry and biophysical properties of the proposed target and
surrounding anatomy. The Pennes’ bioheat equation (Equation 3-4:) can be used to model the

transient temperatures within tissues during MWA:

Equation 3-4:

aT
pc(T) Fri V- k(T)VT + Quu — @pi (T — Tpy)

where pc is volumetric heat capacity [Jm~K!], T is temperature [K], k is thermal conductivity
[Wm'K!], w,,; is blood perfusion [Wm=K™!], and T}, is the temperature of blood. Figure 3-3
provides an illustration of Pennes’ Bioheat equation and how each term contributes to influence
the size and shape of the resultant ablation zone. Temperature dependence can be implemented
for tissue electrical and thermal properties based on models developed from experimental
measurements and updated in the coupled electromagnetic — heat transfer model at each

timepoint.
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Figure 3-3: Illustration of the processes modeled with the bioheat transfer model used for
microwave ablation simulation

Once a computational model representative of the target tumor, surrounding anatomy,
and MWA system is complete, applicator designers utilize finite element method, or other
numerical techniques, multi-physics modeling software to solve the coupled partial differential
equations to develop simulations of the growth of thermal ablation zones during MWA
procedures. Iterative design or parametric sweeps of specific applicator design elements, such as
the antenna length, can be used to optimize new MWA designs for the proposed treatment.

One study has shown that of the options to optimize MWA antenna design based on best
impedance matching, the most spherical SAR pattern, or the most spherical thermal ablation
zone; optimization based on the most spherical SAR pattern produced the most spherical ex vivo
ablation zones [66]. However, this may be due to current limitations in the accuracy and

understanding of temperature-dependent tissue electrical properties changes during MWA.

40



3.3 DMWA Applicator Design Priorities

Although achieving efficient power transfer from the antenna to the surrounding tissue by
developing a design with a Si of at least -10 dB or better (more negative) is still desired, the
radiation pattern and subsequent thermal ablation shape is significantly more important than for
cylindrically-symmetric applicators given the intended use adjacent to and in close proximity to
sensitive critical anatomy. Fortunately, SAR still provides a first order approximation of
directivity during modeling and simulation. One method is to separate the forward and backward
tissue regions into separate domains and then take the integral of the SAR in each domain which
gives the total power deposited in that domain. Dividing the power in the forward domain by the
power in the backward domain can give an approximate ratio of directivity which can be used to
compare design alternatives. However, this method can give misleading results if a substantial
amount of the SAR pattern is in undesirable areas, such as in a long tail along the front of the
applicator, which results in power being deposited in the forward domain, but not in the target
region near the applicator tip (see Figure 3-4, next page). A second approach is to normalize the
SAR plots and measure the distance the specific contour levels extend into the forward and/or
backward regions. However, either method still involves some subjectivity as to which portions
of the SAR pattern would meaningfully contribute to the size and shape of an actual thermal
ablation zone once other factors such as applicator cooling or blood perfusion are considered.
For many designs, better directivity (as measured by SAR pattern techniques) is inversely
correlated to better impedance matching. However, worse impedance matching results in less
power deposition and ablation depth. This results in a tradeoff between maximum directivity and

maximum thermal ablation zone volume.
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Figure 3-4:Specific absorption rate (SAR) patterns for various directional MWA applicator
designs illustrating the challenge of using visual SAR patterns to optimize forward ablation
depth and directivity.

A complete time-dependent, coupled electromagnetic and heat transfer multiphysics
computational model is needed to truly compare the directivity of promising directional
applicator designs. A multiphysics simulation can be used to illustrate the extents of a thermal
ablation zone by displaying a 55 °C isothermal contour (see Figure 3-5, next page). However,
this is computational resource intensive and time consuming, and still requires assumptions and
simplifications of time and temperature dependent tissue electrical and thermal property changes

and heat transfer due to the applicators cooling system.
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55 °C Isothermal contour

1cm

Figure 3-5: Simulated 55 °C isosurface indicating approximate shape of directional
ablation zone based on a coupled electromagnetic-bioheat transfer computational model.
30 W, 5 min application.

A final directional MWA design consideration beyond modeling and simulation is that
the fabrication and physical assembly of many potential directional antenna designs can be
complex and difficult to accomplish reliably by hand, especially compared to omni-directional
designs. Many omni-directional designs are concentric and can utilize easily obtainable
cylindrical steel tubes, plastics, and/or ceramics to create applicators that have very small outside
diameters but retain good rigidity and durability. Unfortunately, directional antenna designs
require additional passive elements to shield and reflect the EM field. An ideal reflector element
may be too small and complex to manufacture, conversely it may be too large for use in a
practical minimally invasive design. Dedicating applicator cross-sectional area to these passive
elements also reduces rigidity and durability.

Overall, imperfect simulation evaluation criteria combined with design considerations
based on material availability and fabrication limitations demand the directional MWA design

process be as much subjective as it is objective.
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3.4 A Third Generation DMWA Applicator Design

Directional microwave ablation applicator designs using metallic hemispherical
shield/reflector elements and operating at 2.45 GHz have been previously reported by
McWilliams et al. [18] and Sebek et al.[19] and are considered the first and second generation
designs from Kansas State University. Directional MWA applicator designs have also been
previously reported by other groups including Berube et al. [74], whose design was intended for
use in cardiac ablation and did not provide any cooling system, and Mohtashami et al. [20],
whose design uses a hybrid slot/monopole design cut into the coaxial cable outer jacket and
operates at 7.0 GHz. However, none are currently commercially available, nor in use in the
clinical setting. Some limitations of these prior designs include a diameter too large for
minimally invasive percutaneous use, complex fabrication techniques requiring hand-tuning,
impractical operating frequencies, limited ablation volume, and limited directivity.

To develop a directional MWA applicator suitable for widespread use in the clinical
setting, we used a simulation-based approach to optimize a third generation DMWA applicator

design based on the following precedence of clinical requirements and performance goals:

1. Reduce overall diameter to < 2.1 mm (14-gauge) to enable minimally invasive use

2. Minimize backward ablation depth; ideally zero for use near critical sensitive anatomy
3. Improve device rigidity and durability to enable percutaneous use

4. Maximize forward ablation depth to treat larger lesions

5. Simplify fabrication and construction methods for ease of industrialization and mass

production
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After several iterations, a design consisting of two co-linear metal tubes laid alongside a
coaxial transmission cable in a triangular arrangement shown in cross-section (see Figure 3-6,
next page) was selected as optimal. The transmission cable was made from 0.034” semi-rigid
coaxial cable. The metal tubes form a shield to prevent EM radiation in the undesired sector. The
tubes are glued to the outer conductor of the coaxial cable to improve applicator stiffness and
rigidity. With advanced manufacturing techniques, fusing the tubes and cable together by
welding or soldering may add stiffness to the device, and if done in a way to act as a choke/balun
may also restrict surface currents along the outer surface of the cable and tubes. These tubes also
provide an inflow path for circulating cooling water. At the distal end of the coaxial transmission
cable, the outer conductor is stripped away to expose a small length (0-1 mm) of dielectric
material and a length of center conductor (5-10 mm) to form a linear antenna. The center
conductor is bent and offset near the exposed dielectric to position the antenna element further
away from the conductive tubes and closer to the outer wall of the applicator. The coaxial cable
and metallic tube assembly is housed in a non-conductive extruded polyimide tube. The overall
outer diameter of the current configuration is 0.0845 (14 gauge) but could be adapted for

devices as small as 0.053” (17 gauge)
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Figure 3-6: (A) Perspective view of the directional applicator internal structure. (B) Cross
section view of the applicator structure showing the two metallic flow tubes on top of the
coaxial cable. (C) Longitudinal view of the applicators simulated EM specific absorption
rate (SAR) pattern. (D) Cross sectional view of the applicator SAR pattern.

In the current design, the metallic tubes are extended into a non-conductive epoxy plug at
the very distal end of the device 1-5 mm beyond the distal tip of the antenna. This allows the
metallic tubes to provide axial rigidity since they are fixed in place at both the distal and
proximal ends. A small notch is cut in each tube slightly proximal from the distal epoxy plug to
provide a path for circulating water. The distal end of the device can be terminated in a trocar tip
or other type of pointed tip for easier insertion into tissue.

The void space between the polyimide tube housing and the triangular configuration of
the coaxial cable and metallic tubes forms the outflow path for circulating water. In the current
configuration, the antenna element is unsupported on the distal end and is surrounded by
circulating water (see Figure 3-6). The high relative permittivity of the surrounding water

contributes to proper antenna impedance matching.
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However, since water also has a significant electrical conductivity, filling some or all of
the space between the antenna element and the metallic flow tubes with a low-loss, high-
dielectric material, such as TiOz ceramic, could reduce internal MW energy loss and improve
efficiency. Furthermore, since MW loss within the applicator raises the applicators internal
temperature, including low-loss material may enable higher applicator operational power levels.
Unfortunately, although TiO> is very common in powder form, we have been unable to procure a
small enough diameter TiO2 ceramic cylinder to position between the antenna element and the
metallic flow tubes and displace lossy water in that region.

The third-generation directional MWA prototype can be fabricated by hand by a
practiced person in less than two hours and at a cost of less than $75. The third generation
Directional MWA applicator has been tested extensively in ex vivo and in vivo tissue samples as

discussed in Chapter 4.

Figure 3-7: Third-generation directional MWA applicator.
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3.5 DMWA Commercialization efforts

In general, it seems the current DMWA design may be limited to producing a maximum
of only 10-15 mm deep ablation zones before developing substantial backward heating. Further
modeling and simulation results indicate planned incremental improvements are not expected to
dramatically improve applicator performance. However, significant study of the clinical
environment and many discussions with clinical end users have indicated the current directional
ablation applicator design may still serve a compelling need for treating malignant tumors near
critical sensitive anatomy, treating benign disease in small targets such as glands, and providing
new options for palliative care. As such, the DMWA applicator is currently the subject of
intensive commercialization efforts supported by National Science Foundation (NSF) Innovation
Corps (I-Corps), Small Business Technology Transfer (STTR) Phase I, and Small Business
Innovation Research (SBIR) Phase II grants.

With satisfactory electromagnetic and thermal performance of the third-generation
DMWA applicator demonstrated in a clinically-relevant environment (Chapter 4), focus shifted
to: (1) improving the stiffness/rigidity of the applicator to make it suitable for percutaneous use,
(2) modifying the applicator internal design to facilitate mass production, and (3) completing the
remaining elements needed for clinical use including the applicator hub/handle and transmission
and cooling line bundle. As development of the third-generation applicator already represented
the limits of our production capabilities locally, we initiated a collaboration with a third-party
original equipment manufacturer (OEM) with specific microwave experience to help develop
fabrication procedures and techniques for the DMWA design suitable for industrialized

manufacturing at scale.
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To improve the stiffness/rigidity, variants of the applicator have been built using either a
fiberglass tube outer shaft or steel tube with transition to PEEK outer shaft. A fiberglass shaft
required a minimum wall thickness almost twice as thick as the original polyimide wall;
however, due to the assumed relative permittivity of fiberglass (~4.15-4.3) being about 40-50%
higher than polyimide (~2.9), antenna impedance matching and the subsequent optimal antenna
length was mostly unaffected. However, the thicker wall fiberglass design did require use of
smaller flow tubes that resulted in reduced electromagnetic directivity and reduced coolant flow,
both of which contributed to increased backward heating. Furthermore, producing fiberglass
tubes in the necessary custom dimensions requires expensive tooling. Samples ground-down to
the appropriate dimensions from larger stock showed potential for acceptable electrical and
mechanical performance, but the grinding process caused approximately half of the samples to
weep water through microfractures in the thin fiberglass walls. A steel shaft with a transition to
PEEK near the MW antenna offered even more stiffness/rigidity than the fiberglass option, but
required a steel to PEEK transition near the antenna that could leak and its junction, is more
difficult to manufacture, and seems to contribute to extended lengthwise heating (ablation tail)
from MW inducing surface currents in the steel despite the PEEK transition. Both design
variants are still under consideration with early indications suggesting the fiberglass shaft is the

preferred option.
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H+S PEEK functional subassembly 0.055/0.074” fiberglass — no internals 0.063/0.078” steel — no internals

34 mm drop 11 mmdrop 5 mm drop

Figure 3-8: PEEK (left), fiberglass (middle), and steel (right) shaft stiffness testing using an
approximately 50 gram weight attached to the end of the shaft cantilevered 10 cm,
illustrating varying rigidity of different designs.

Figure 3-9: DMWA applicator variant with steel outer shaft and PEEK “window”
surrounding the MWA antenna

To ready the applicator internal design for mass production, the hand-cut and notched
flow tubes were replaced with steel tubes with laser cut holes to return coolant flow though the
inside of the applicator outer shaft. A custom tool was built to bend the monopole in a consistent
and controlled manner. Furthermore, a PEEK endcap/spacer was designed to align and case the
distal tips of the flow tubes, anchor a steel trocar point, and support the distal end of the
previously unsupported monopole antenna. However, displacing a portion of the water
surrounding the monopole antenna with a low-permittivity plastic material has resulted in a 10-
15% reduction in energy transfer to the tissue in the forward direction. Options are being

investigated to leave the antenna monopole unsupported or provide a support made of a higher
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permittivity material such as titanium dioxide (TiO2) though no manufacturers who can produce
this material in such small dimension and tolerances have been identified (minimum TiO>
cylinder diameter achievable from known sources is 0.9 mm).

To complete the integrated design of a clinical DMWA applicator, a custom manifold
was designed for the proximal end of the applicator shaft where the water inflow and outflow
and the internal microwave transmission cable diverge. A 2.5 meter longer transmission bundle,
which connects the DMWA applicator to the MW generator and coolant pump was developed
which housed a larger diameter, flexible, coaxial MW transmission cable, inflow and outflow
coolant lines, and auxiliary DC conductors. Substantial effort was invested to balance weight,
flexibility, and attenuation (heating) with the MW transmission cable selection to provide the
most usable clinical solution. A custom cover with integrated LED to indicate MW power-on
status was also developed to protect and provide thermal insulation for the manifold and the
external water and power connections. As a safety feature, a thermocouple probe was included
within the shaft on the opposite side of the flow tubes as the coaxial transmission cable to
monitor internal return flow coolant temperature. However, the relatively large diameter of the
current thermocouple probe has required reduced flow tube dimensions, negatively impacting
directional electromagnetic performance, and has reduced the achievable coolant flow rate —
raising internal operating temperatures. Alternatives are being investigated to reduce the
dimensions of this thermocouple or move it out of the applicator shaft. A new combined RF/DC
connector for MW power, thermocouple leads, and LED power within a single connection was
also developed for this project to simplify clinical setup and use. The current (October 2020)

industrialized DMWA functional prototype design is show in Figure 3-10.
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Figure 3-10: Industrialized DMWA applicator prototype with flexible interconnecting RF
cables and fluid lines for connections to the MWA generator and peristaltic pump

To provide a complete clinical system, we partnered with another experienced
engineering OEM and design firm to adapt a version of their commercially available
radiofrequency generator platform to power the DMWA applicator at 2.45 GHz. Future versions
of this MW generator platform are expected to support up to 4x MW channels. Early functional
subassemblies (not pictured) of the industrialized DMWA applicators were used in combination

with the new MW generator platform for the ex vivo and in vivo testing described in Chapter 5.
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Figure 3-11: Early-build microwave generator platform, including a high power generator
and peristaltic pump

The complete industrialized DMWA applicator prototype shown in Figure 3-10 paired
with the prototype MW generator platform shown in Figure 3-11 was recently used in 4 ex vivo
muscle and 20 ex vivo liver ablations without failure or any indication of performance
degradation. Table 3-1 lists the performance of the early industrialized DMWA system showed

compared to the experimental DMWA applicator designs tested in Chapter 4.
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Table 3-1: Industrialized DMWA system performance in ex vivo liver compared to
DMWA results presented in Chapter 4

App # Pgen  Duration  Pump Fwd Bkwd DR Width Tigemar Tliver C  Preficcted
(W) (sec) (mL/min) (mm) (mm) (mm) °C °C (W)
Original [38] 80 300 ~60-100 13.3 2.3 5.8 17.8
+1.0 +£0.5 +0.5
Original [38] 100 300 ~60-100 13 2 6.5 19.8
+0.8 +0.0 +0.5
F2.1 100 300 100 12.3 1.0 12.3 21.0 11.8 35.9 1.0
+13  +00 +14 +£35 +0.8 +0.0
F2.1 100 300 50 12.8 2.3 5.7 22.0 23.0 35.8 3.5
+0.5 +£05 NA £1.0 +1.5 +0.0

These recent ex vivo results show perhaps a 4-8% reduction in forward ablation depth
performance while a potential 50+% improvement in backward depth at the highest coolant
pump setting. This suggests the ultimate directivity ratio achievable may be driven more by the
forced cooling of the applicator than any changes in the electromagnetic performance. Further
examination of the applicator internal design to determine any opportunity for performance
improvement as well as high repetition testing of multiple completed industrialized DMWA is

ongoing.
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Chapter 4 - Directional microwave ablation: Experimental

evaluation of a 2.45 GHz applicator in ex vivo and in vivo liver!

4.1 Introduction

All commercially available microwave ablation (MWA) devices produce only near-
spherical or ellipsoidal treatment zones cylindrically symmetric around the axis of the applicator
[25], [33], [75]. These devices may not always be suitable for conformal heating of tumors across
a wide range of shapes and anatomical locations, and place constraints on the positioning of the
applicators within the body. Current MWA systems also have limited ability to reliably predict or
control the extent of the thermal treatment zone to ensure the tumor and a surrounding margin
receive the proper thermal dose without also damaging critical surrounding anatomy [76]. Efforts
to minimize the thermal damage to non-target tissue risk incomplete thermal coverage of the target,
potentially leading to disease recurrence. Conversely, excessive energy delivery may risk the
thermal damage zone extending beyond the target boundary and damaging critical structures.
Thermoprotective techniques, such as fluid or gas dissection, balloon interposition, or endoluminal
cooling/warming offer some ability to isolate and insulate critical structures from the thermal
ablation zone [77]. However, these techniques have limitations and are not universally applicable
for all challenging cases, especially if the target tissue and critical structures are integral within the

same organ (e.g. the gall bladder or bile ducts).

IThis chapter was reproduced/adapted from A. Pfannenstiel, J. Sebek, H. Fallahi, W. Beard, C. Ganta, D. Dupuy, and
P. Prakash, “Directional Microwave Ablation: Experimental Evaluation of a 2.45-GHz Applicator in Ex Vivo and
In Vivo Liver,” Journal of Vascular and Interventional Radiology, vol. 31, no. 7, pp. 1170-1177.e2, Jul. 2020, doi:
10.1016/j.jvir.2020.01.016, https://www.sciencedirect.com/science/article/pii/S1051044320300312, with permission
from Elsevier.
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Directional microwave ablation applicators limit the microwave radiation to a fraction of
the angular expanse around the axis of the applicator and offer the ability to direct energy towards
a target and away from critical healthy tissue. This feature has the potential to reduce the burden
on separation techniques or offer a treatment option when separation is not feasible. Directional
applicators also have the potential to enable treatment of tumors in organs or small glands that are
difficult to safely penetrate and ablate with existing cylindrically symmetric devices. Prototype
designs for directional MWA have been reported, but none are commercially available yet [18],
[19]. The purpose of this study was to characterize performance of an experimental 14-gauge, 2.45
GHz, water-cooled, directional microwave applicator which produces an approximately

hemispherical ablation zone.

oy

|A|I|

Figure 4-1: Third-generation prototype directional MWA applicator, with arrows
indicating connections to microwave power (yellow) and coolant flow lines (white dotted)
(A). Simulated 55 °C isosurface indicating approximate shape of directional ablation zone
based on a coupled electromagnetic-bioheat transfer computational model (B).

4.2 Materials and Methods

The MWA applicator used in this study was developed using a simulation-based approach to revise
and optimize the directional MWA applicator designs originally reported by McWilliams et al.
[18] and Sebek et al.[19] for minimally invasive percutaneous clinical use. The applicator consists
of a water-cooled coaxial antenna augmented with metallic reflector elements to restrict

microwave radiation to a preferred lateral direction. The prototype applicator, shown in Figure 1,

56



has an outer diameter of 2.1 mm and shaft length (tip to bottom of hub) of 15 cm. Directional
MWA applicators based on this design with smaller diameters may be technically possible with
improvements in fabrication methods.

The applicator’s 3D thermal ablation zone profile was experimentally evaluated in fresh ex
vivo bovine liver, using a previously described protocol [19]. Liver tissue was sectioned into
approximately 6 x 6 x 6 cm® blocks and warmed to ~37 °C in a temperature-controlled water bath
while sealed in water-tight plastic bags. A custom 3D printed fixture facilitated consistent
applicator insertion angle and depth into the tissue samples. A peristaltic pump (Cole-Parmer,
Vernon Hills, IL) was used to circulate ice water (3-5 °C) through the applicator at a flow rate of
approximately 100 mL/min. Microwave power was supplied to the applicator using an industrial
2.45 GHz microwave generator (Sairem, Neyron, France). Forward and reflected power were
monitored with a Bird 7022 power sensor (Bird Technologies, Solon, OH). Experimental ablations
were performed at 60 W, 80 W, and 100 W (generator setting) for 3, 5, and 10 minutes each;
experiments were repeated n = 4 times at each power and time combination, for a total of 36
ablations. Tissue samples were sliced perpendicular to the axis of the applicator to measure and
document the forward and backward depth, width, and shape of the ablation zone based on the
extent of tissue whitening. Forward depth was measured to include only brown or white regions
whereas backward depth was measured to include any visible zones, including light pink, thus
providing the most conservative (i.e. lower bound) measure of directivity. Figure 4-2 provides an
example of how measurements were taken. Ablation shape was characterized by the directivity
ratio, defined as the ratio of the forward depth to the backward depth. Although not used to define

applicator directivity, a supplemental set of nine ex vivo ablations (n = 1 at each power and time
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combination) was performed in which the tissue sample was sliced along the longitudinal axis of

the applicator to observe and measure the height of the ablation zone.
i Light pink zone

Brown zone

Forward

) -
s i Backward

Applicator I -

Figure 4-2: Representative image of how ablation zone measurements were taken for an in
vivo ablation zone stained with TTC. Data presented for forward ablation zone depth was
conservatively reported based on measurements taken of the brown and white zones as
these regions are the most likely to represent complete ablation. Data presented for
backward ablation zone depth was conservatively reported to include any visible ablation
zone, including any light pink zones. Ex vivo ablation zones typically did not display as
clearly pronounced transitions between zones as in vivo samples.

All in vivo experiments were carried out under an experimental protocol approved by the
local Institutional Animal Care and Use Committee. Experiments were conducted in two 45 — 50
kg, female domestic swine. Pigs were premedicated with Atropine (0.05 mg/kg, IM) and anesthesia
was induced by an intramuscular injection of 4.4 mg/kg Telazol, and 2.2 mg/kg Xylazine. Pigs
were orotracheally intubated and anesthesia was maintained by isofluorane in Oz. Anesthetized

pigs were positioned in dorsal recumbency and a ventral midline incision was made from the

58



umbilicus extending cranially to the xyphoid. The directional microwave ablation applicator was
serially inserted into each of the liver lobes to induce thermal ablation. In each of the two animals
used in the study, up to four ablations were performed in each of the four liver lobes that could be
accessed via the laparotomy approach.

The in vivo MWA procedures were divided into two experimental groups. The objective
of the first group, referred to as “insertional” ablations, was to test a subset of the time and power
combinations previously used in ex vivo experiments to determine the effects of blood perfusion
on the resulting ablation zone size and directivity. The MWA applicator was inserted directly into
the approximate center of mass of a liver lobe with the goal of ablating a homogenous section of
the lobe, similar to how ex vivo ablations were conducted. Ablations were conducted at 80 W for
5 minutes (rn = 3), 100 W for 5 minutes (n = 3), and 100 W for 10 minutes (n = 2). 60 W was not
considered for in vivo use as the effects of blood perfusion were expected to result in excessively
small ablation zones. 5 minute ablations were generally preferred over 10 minutes to avoid ablating
completely through the relatively small cross-sectional area of the accessible sections of porcine
liver lobes and to minimize the chance of operator fatigue causing inadvertent movement of the
applicator relative to the target during the open laparotomy approach. In one ablation per animal,
the applicator was inserted near (approximately 2-3 mm) but aimed away from the gall bladder to
also opportunistically test the ability to avoid collateral damage to the gall bladder. Upon
completion of each ablation the applicator was removed and a wooden dowel, marked with a color
corresponding to the ablation number, was inserted along the applicator track to enable proper
localization and identification of the thermal lesion post-procedure.

The objective of the second group, referred to as “surface” ablations, was to determine if a

non-penetrating approach could ablate into the liver while non-target structures adjacent to the
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liver could be spared from thermal damage. The MW A applicator was placed on the surface of the
liver capsule, directing power into the liver, while another organ was placed directly on the
backside of the MWA applicator to model an applicator placed between and directly in contact
with both target and non-target tissues. Non-target tissues used included spleen (n = 3), large
intestine (n = 2), and small intestine (n = 1). Applied power was limited to 80W to reduce the risk
of ablating entirely through the relatively thin areas of the liver lobes where these ablations were
performed and duration was limited to 5 minutes to avoid operator fatigue inducing inadvertent
movement and slippage of the applicator relative to the surrounding tissues which would skew the
experimental results.

Pigs were euthanized at the conclusion of the ablation procedure while still under
anesthesia. Euthanasia was performed by intravenous injection of sodium pentobarbital 390 mg/ml
at a rate of 0.2 ml/kg of body weight. Following euthanasia, the livers were harvested, sectioned
in ~5 mm thick axial slices, and stained for viability with triphenyltetrazolium chloride (TTC),
enabling more accurate identification of ablation zone extents [12]. The sections were then fixed
in 10 % buffered formalin and embedded in paraffin blocks. Approximately 5 pum thick
hematoxylin and eosin (H&E) stained sections were obtained from the paraffin embedded samples

for histologic examination.

4.3 Results

The attenuation losses for the interconnecting cables were experimentally measured, and
the power delivered to applicator input was determined to be 40, 52, and 62 W, for generator
settings of 60 W, 80 W, and 100 W. Table 4-1 provides the forward depth, backward depth,

directivity ratio, and width of the experimental ex vivo ablation zones; data are presented as the
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mean + standard deviation of n = 4 experimental ablations at each power/time combination. Mean
forward ablation depth ranged from 8.3 — 15.5 mm, mean backward depth ranged from 0.0 — 3.5
mm, and directivity ranged from 4.7 — infinite (no observable backward heating). Figure 4-3 shows
a scatter plot of ablation zone forward and backward measurements vs. applied energy. Table 4-1
and Figure 4-3 show that although increasing power and duration yields increased forward ablation
zone depth, an accompanying greater increase in backward ablation zone depth reduces the overall
directivity ratio. Figure 4-4 shows a matrix of example ex vivo ablation zones in the axial plane
(i.e. perpendicular to the applicator insertion axis) across the range of experimental power/time
combinations investigated in this study. Figure 4-5 shows the height of the ablation zone along the

longitudinal axis of the applicator ranges from 13 - 25 mm.
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Figure 4-3: Scatter plot of forward and backward ablation zone depths (axial plane)
measured in ex vivo bovine liver tissue as a function of applied energy at the microwave
generator (some points represent multiple repeated data points).
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Table 4-1: Dimensions of ablation zones measured following experiments in ex vivo bovine
liver. Results are presented as the mean + standard deviation of » = 4 experiments per row.

Power [W] | Time [min] | Energy (J) | Fwd [mm] | Bkwd [mm] | Directivity | Width [mm]
60 3 10,800 83=+1.5 0.0+0.0 o0 10.5+1.7
60 5 18,000 10.8+0.5 0.0+£0.0 o0 14.5+1.7
60 10 36,000 12.8+0.5 1.8+£0.5 7.1 20.0+£2.2
80 3 14,400 11.0£0.0 1.0+ 0.0 11.0 14.0+0.8
80 5 24,000 13.3£1.0 23+0.5 5.8 17.8+0.5
80 10 48,000 153+1.3 3012 5.1 23.3+1.0
100 3 18,000 10.0£0.8 1.0£0.8 10.0 15.0+1.4
100 5 30,000 13.0£0.8 20+£0.0 6.5 19.8 £0.5
100 10 60,000 15.5+0.6 3.5+£0.6 4.7 243+1.5
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Figure 4-4: Matrix of images showing ex vivo bovine liver ablation zones (axial section)
across all combinations of time and power settings tested. The applicator insertion track is
indicated with a white arrow and direction indicated with a dashed yellow arrow in the top
left image. Although increasing power or duration increases the depth of the forward
ablation zone, beyond 80 W or 5 minutes sidelobes begin to form and extend into the
backward region, reducing the overall directivity of the ablation zone.
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Figure 4-5: Matrix of images showing the ex vivo bovine liver ablation zone (longitudinal
section) across all combinations of time and power settings tested. The applicator
orientation is indicated with a blue line and direction indicated with a dashed yellow arrow
in the top left image. The directional MWA applicator demonstrated a constrained ablation
height along the longitudinal axis and did not display a tail or teardrop shape.
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Table 4-2 lists the mean ablation zone dimensions and directivity ratios following in vivo
ablation. Of the ablations in the “insertional” experimental group (n = 8), mean forward ablation
depth ranged from 10.3 — 11.5 mm, mean backward ablation depth ranged from 0.7 — 1.0 mm, and
directivity ranged from 11.5 — 14.7. Compared to ex vivo ablation zones, the forward ablation depth
following 80 W, 5-minute heating was reduced by 23%, the backward ablation depth was reduced

by 70%, and the directivity ratio increased by 153%. For 100 W, 5-minute ablations, forward
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ablation depth was reduced by 13%, the backward ablation depth was reduced by 65%, and the
directivity ratio increased by 148%. Figure 4-6 provides TTC and H&E stained axial slice images
of a directional ablation performed near, but aimed away from the gall bladder. No gross or

microscopic thermal damage to the gall bladder was observed.

Table 4-2: Dimensions of ablation zones measured following experiments in in vivo porcine
liver.

Direct insertion
80 5 n=3 10.3+2.1 0.7+0.6 14.7 10.3 £2.5
100 5 n=3 11.3£2.9 0.7+0.6 16.1 143+1.2
100 10 n=2 11.5+0.7 1.0+14 11.5 16.5+2.1
Surface ablations
80 5 n=5 | 78«11 | NA | NA | 128+1.1

w
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Figure 4-6: Gross image of ablation zone (axial section) after TTC staining, illustrating
viable liver tissue between the directional applicator, and the gall bladder (Left). The
applicator insertion point is indicated with a white arrow and direction indicated with a
dashed yellow arrow. Associated image of H&E stained section (Right) illustrating
unaffected gallbladder (G) and normal liver tissue (N) between the gall bladder and zones
1-3 of the ablation zone. The scale bar represents 5000 pm for the large image and 500 pm
for the inset image showing gall bladder (G) and normal liver tissue (L).
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Histological examination of in vivo liver ablation sections showed three distinct changes
represented as zones 1-3 (Figure 4-6 and Figure 4-7 provide example images illustrating these
zones). The central area near the MWA applicator probe was zone 1; there was complete loss of
hepatic sinusoidal architecture with marked dilation of interstitial spaces which were filled with
eosinophilic material (edema and cellular debris) admixed with hemorrhage. The hepatocytes in
this zone were markedly shrunken and the nuclei were often pyknotic and were often elongated
(streaming). The hepatocytes in zone 2 were moderately shrunken with dense eosinophilic
cytoplasm and nuclei were often deeply basophilic with loss of chromatin detail. The interlobular
collagen bundles in this zone showed loss of normal architecture and often acquired deep pink
staining (H&E) compared to the normal bright pink staining (Zone N). In zone 3 there was marked
interstitial sinusoidal congestion with dilation of sinusoidal spaces (edema). The hepatocytes were
slightly shrunken with mild loss of chromatin detail in the nuclei and the interstitial collagen
bundles showed no significant changes. Zone 3 was within the transition between non-viable and
viable tissue observed on TTC staining. Zone N represents liver area showing normal hepatocytes.
The gall bladder sections adjacent to the ablation zone showed no significant microscopic lesions

(Figure 4-6).
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1. Zone of Necrosis 2. Zone of
Degeneration/Necrosis

Figure 4-7: Example H&E stained liver ablation section showing three distinct zones of
histological tissue morphology. The scale bar in the top image represents 1000 pm while the
zoomed-in lower sub-images has a scale bar of 50 pm each. Zone 1 was the central area
near the MWA applicator; there was complete loss of hepatic sinusoidal architecture with
marked dilation of interstitial spaces which were filled with eosinophilic material (edema)
and cellular debris admixed with hemorrhage. The hepatocytes in this zone were markedly
shrunken and the nuclei were often pyknotic (necrosis) and elongated (streaming). In zone
2, the hepatocytes were moderately shrunken with dense eosinophilic cytoplasm and nuclei
were often deeply basophilic with loss of chromatin detail (degeneration/necrosis). The
interlobular collagen bundles in this zone showed loss of normal architecture and often
acquire deep pink staining (H&E) compared to the normal bright pink staining (Zone N).
In zone 3 there was marked interstitial sinusoidal congestion with dilation of sinusoidal
spaces admixed with RBCs (edema and congestion). The hepatocytes were slightly
shrunken with mild loss of chromatin detail in the nuclei and the interstitial collagen
bundles showed no significant changes. Zone N represents liver area showing normal
hepatocytes and connective tissue architecture.

67



Five 80 W, 5 minute “surface” ablations were performed and exhibited a mean depth of
7.8 £ 1.1 mm. The mean width was 12.8 £ 1.1 mm. In one procedure, the spleen and liver were
held together with a light force of the physician’s hand to keep the experimental arrangement in
place. A slight darkening of the surface of the spleen opposite the ablation zone was visible
immediately post-procedure. Post-excision, the darkened region on the spleen’s surface was only
faintly visible and no damage was noted once the tissue was sectioned and stained. For all other
ablations of this type, no pressure other than the weight of the tissue was applied between the
target and non-target tissues and there was no visible thermal damage to any non-target tissue
post-procedure, post-excision, or post-staining. A sixth ablation was attempted using large
intestine as the non-target tissue, but accidental relative motion between the applicator and tissue
was observed during the procedure, resulting in two discontiguous and atypically small and
shallow ablation zones in the liver and one small ablated region on the large intestine where the
applicator had rotated to slightly aim towards the large intestine. Figure 4-8 provides a panel of
images showing an experimental setup and post ablation results for the target and non-target

tissues.
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Figure 4-8: Experimental in vivo “surface ablation” setup with directional MWA
applicator aimed at the liver and directed away from the large intestine (A). Post-
procedure image showing a visible ablation zone on the surface of the liver. (B). Image of
the section of large intestine in contact with directional MWA applicator spared free from
any thermal damage (C). Cross-sectional slice showing the ablation zone extending into the
liver (D).

4.4 Discussion

The ideal directional MWA applicator would have a directivity ratio approaching infinity
(ablation of only the forward direction with no ablation in the reverse direction) to provide surety
of protection of tissues in the backward direction. However, directional MWA is challenging to
implement in a practical form. Directivity from microwave antennas is a function of the antenna
size relative to the wavelength, with larger antennas dimensions affording enhanced directivity.
Since applicators with diameter 14-gauge or smaller (< 2.1 mm) are desirable for minimally
invasive percutaneous use, but wavelengths at microwave frequencies in tissue are ~2-4 cm,
designing minimally invasive antennas with directional radiation patterns is technically
challenging. Tissues also have non-zero thermal conductivity which means even if MW energy is
radiated exclusively in the desired direction, the resulting temperature rise in the target sector will

create a thermal gradient that could heat non-target sectors.
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This study demonstrated the technical feasibility of designing directional MW A applicators
with a small diameter (14-guage, 2.1 mm) and that using relatively lower power (60 — 80 W) and
durations (3 — 5 minutes) improved directivity. Omni-directional MWA applicators commonly
utilize high power and time settings to create high central peak temperatures that drive thermal
conduction in all directions to achieve large ablation zones. However, for directional MWA,
restricting power and duration leverages relatively more direct MW heating (vs. thermal
conduction), reducing the magnitude and duration of the thermal gradient that drives conductive
heating of surrounding non-target tissues. Due to the low power and duration strategy used in this
study, experimental ablation zones had relatively small depths (8.3 — 15.5 mm ex vivo) but were
remarkably consistent (standard deviations 0.0 — 1.5 mm in ex vivo tissue). In addition to
directionality in the cross-sectional axis, the directional MW A applicator also demonstrated a very
constrained ablation height along the longitudinal axis and did not display a long tail or teardrop
shape.

Pilot animal studies showed improved directivity ratios over ex vivo results (increase of
148-153%) since the cooling effect of blood perfusion counteracts thermal conduction from the
ablation zone hot spot and reduces unintended heating of non-target tissues. Furthermore, when
the directional MWA applicator is placed between two distinct and separate tissue structures, the
present pilot studies show a strong ability to heat only the target tissue while preserving the
surrounding tissue. In addition to the applicator’s directional radiation profile, this may also be
due to the boundaries between heterogeneous tissue creating an “oven effect” which retains heat
and reduces thermal transfer out of the target organ [44]. This effect may also amplify the ability

of the applicator’s circulating cooling water to conductively cool the non-target tissue.
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A MWA applicator with directional control of the radiation pattern could simplify
treatment of challenging tumors located near critical healthy tissues by directing heat away from
sensitive anatomy such as the stomach, diaphragm, and colon with less need for additional
thermoprotective techniques such as hydrodissection or balloon insertion. Directional MWA
applicators could be enabling for the treatment of some tumors near other sensitive structures that
are difficult to move or insulate with existing techniques, such as the bile ducts or gall bladder.
Placing one or more directional MWA applicators beside and aiming towards a target (rather than
central placement) could provide for a technically easier approach, reduce the risk of tumor seeding
[39], and facilitate targeting of lesions that are difficult to pierce (such as small lung nodules that
can be easily displaced in the relatively elastic parenchyma). Finally, placing a directional MWA
applicator beside a small organ or gland, without penetrating it, to treat a shallow lesion with a
“surface” ablation technique could enable treatment in glands or organs that are challenging or
potentially risky to puncture, such as the adrenal gland. This method has been previously
investigated in vivo to ablate porcine adrenal gland, where the ability to achieve subtotal ablation
of the adrenal cortex, with minimal damage to the adrenal medulla, was demonstrated using a
directional MWA applicator placed on the surface of the gland and delivering up to 70 W for 60
seconds [54]. Figure 4-9 provides example illustrations of how directional MWA could be utilized

over existing techniques to treat challenging cases.
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Figure 4-9: Use of cylindrically symmetric microwave ablation (MWA) applicators to
attempt treatment of challenging tumors near critical tissue may cause inadvertent damage
to that critical tissue. Existing techniques such as hydrodissection (B) can attempt to isolate
and insulate the target from critical tissue through fluid injection while “pointing the tip”
(C) leverages the idea that the thermal ablation zone typically does not extend very much
past the tip of existing MWA devices. A Directional MWA applicator could enable
procedures where energy is specifically directed toward the target and away from critical
tissue (D) or “surface” ablation where the applicator does not have to penetrate the
targeted organ or gland (E).

This study had some limitations. This was an acute study, with animals euthanized and
tissue samples harvested within an hour after completion of all ablations. The microscopic changes
in the liver are the result of acute injury secondary to microwave ablation. As is well established
in the literature, assessment of thermal damage with H&E staining on tissue excised acutely (< 3

h) following thermal ablation does not provide conclusive evidence of the ultimate size of the
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ablation zone, as the morphologic features of thermal injury will have had inadequate time to
accrue and become microscopically visible [78]. Therefore, TTC viability stain was employed to
assess the extent of the microwave ablation zone, similar to other acute studies. [79]—[81]. A long-
term in vivo follow up study would be required to more clearly understand the significance of
morphological changes in zones 2 and 3, and to conclusively determine the extent of complete cell
death and necrosis in these zones. The applicator used in this study was developed to show proof
of concept of an improved design, and the applied time and power combinations examined were
selected to minimize backward heating, which resulted in overall ablation volumes substantially
smaller than existing omni-directional devices. Additional animal studies will be necessary to fully
characterize the directional applicators in vivo performance across a broader range of power levels
and tissue types.

This study was undertaken to determine and characterize the ability of an experimental
14-guage, 2.45 GHz, water-cooled, MWA applicator to produce directional ablation zones in ex
vivo and in vivo liver tissues. Directional MW A has the potential to reduce the need for
thermoprotective techniques, enable treatment of challenging tumors near critical structures, and
enable treatment of small tumors in challenging locations such as the lungs or adrenal glands.
Further development is ongoing to increase the applicator’s ablation volume while preserving

directionality, and thereby expand the potential range of applications.
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Chapter 5 - Investigation of power pulsing on a DMWA applicator’s

ablation zone size and directivity

5.1 Introduction

One of the advantages of MWA over other thermal therapy energy modalities is that the
MW heating process can quickly achieve very high (>100 °C) central peak temperatures [82].
The high peak temperatures establish a steep thermal gradient that helps grow and expand the
size of the ablation zone beyond the relatively small region of intense electromagnetic heating
through thermal conduction. With conventional cylindrically-symmetric applicators, the thermal
gradient expands the ablation zone in all directions and enables MWA to create larger treatment
zones than competing energy modalities.

However, for directional MWA (DMWA) applicators that are designed to radiate MW
energy in a preferred direction and develop directional ablation zones, excessive thermal
conduction can be counterproductive. In this case, heat transfer through thermally conductive
biological tissues can detrimentally expand the ablation zone into the non-target direction,
causing an overall reduction in the directivity ratio (defined as the forward ablation depth divided
by the backward ablation depth). When considering the anticipated clinical use of DMWA is to
direct heat towards a target tumor while avoiding thermal injury to nearby critical anatomy, the
necessity of limiting undesired thermal conduction in the backward direction is evident.

Reducing the applied power level would reduce the magnitude of the peak temperature
driving the thermal gradient causing backward heating. Reducing the ablation duration would

reduce the time thermal gradients are heating non-target sectors. However, with respect to
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DMWA, a careful balance must be struck as excessive limitations on power and duration would

also limit the forward ablation depth and total ablation volume, reducing the clinical utility.
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Figure 5-1: (A) Example ablation zone shape created by constant power level application.
(B) Illustration of the changes in ablation zone shape as it grows when power is cycled on
and contracts as power is cycled off and the effects of blood perfusion dominate. (C)
Example overlay of equivalent energy constant power and modulated power ablation zones
showing improved directivity of a modulated power approach. (D) Overlay of all
modulated power cycle ablation zones showing a continual improvement in directivity.

One hypothetical method to balance the need to produce clinically useful ablation zone
volumes with maintaining directivity could be controlling the duty cycle of the DMWA
applicator’s applied power. During the “on” portion of the cycle, MW energy would be radiated
and deposited in the tissue region dictated by the design of the directional antenna. This region
would rapidly heat, modifying the electrical and thermal properties of the tissue through
desiccation and dehydration; at ~55-60 °C the tissue would coagulate, shutting off the heat sink
effect of blood perfusion [83]. During the “off” portion of the cycle, excessive rise of the central
peak temperature would be halted; blood perfusion in the surrounding tissue would cool the
ablation zone margin, particularly in the non-target sectors to the side and behind the applicator.

When the “on” portion of the cycle returns, the MW energy would be absorbed incrementally

75



less in the previously heated and partially desiccated tissue and radiate incrementally further in
the forward direction. This could shift the thermal “hot spot” of the ablation more toward the
desired direction and further from the undesired direction, reducing thermal gradients driving
heat transfer to the non-target sectors and improving ablation directivity.

Past studies have shown ramped and pulsed power protocols appear to have limited or no
benefit compared to continuous power for ablation size or sphericity, with higher applied power
being the most significant factor for creating larger omni-directional ablation zones [22], [84],
[85].

However, the unintended backward heating during DMWA is mostly a consequence of thermal
conduction rather than direct electromagnetic heating, and it may be better controlled by a power
pulsing protocol rather than continuous high power application. Furthermore, as limiting
backward heating would be of high importance for clinical users who are concerned with
precision control of the treatment zone and avoidance of thermal damage to non-target nearby
critical anatomy, marginal improvements in directivity during DMWA may be still clinically
significant. In this study, computational modeling and simulation were conducted to determine
the impact of duty cycle and cycle period on backward ablation depth, forward ablation depth,
and directivity ratio when controlled for total energy delivery. Ex vivo and in vivo

experimentation was conducted to validate the modeling.

5.2 Methods

5.2.1 Directional Microwave Ablation Applicator

The DMWA applicator design considered for this study is an experimental 2.45 GHz, ,

water-cooled, 14-gauge design which has been previously characterized in ex vivo and in vivo
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liver tissues [38]. Specifically, ablation zone extents following 100 W, 5 min heating provided
by Pfannenstiel et al. were used as experimental baselines to develop and validate ex vivo and in
vivo computational models [38]. The applicators used in experimental testing were variants of
the above mentioned design with very similar internal structure, but either fiberglass (F1.1 with
raw fiberglass shaft and F1.2 with fiberglass coated in Loctite 4011) or steel with a PEEK

transition near the antenna (S2.1 and S 2.2) outer shafts.

5.2.2 Computational Model
A 3D finite element method (FEM) solver (COMSOL Multiphysics v5.5, COMSOL, Inc.
Burlington, MA) was used to model the electromagnetic radiation pattern and subsequent heat
transfer from the MWA applicator in a manner similar to that reported by McWilliams et al. and
Sebek et al [86], [87]. The model was used to solve the Helmholtz electromagnetic wave

equation:

Equation 5-1

VZE—k2< ——)E=O
o\ér we,

where, E [V/m] is the electric field, k, [m™'] is the free-space wavenumber, &, is relative
permittivity, o [S/m] is effective conductivity, w [rad/s] is anugular frequency, and &, [F/m] is
permittivity of free-space. The distal 6 cm of the applicator was modeled inserted into an 8 x 8 x
8 cm cube of homogenous liver tissue. The electrical properties of the liver tissue are provided in
Table 5-1. Scattering boundary conditions were applied at the extents of model. All metallic

elements were modeled as perfect electrical conductors with infinite conductivity. A coaxial port
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boundary condition was established at the proximal of the coaxial cable dielectric and used to set
the applicator’s forward power of 53.7 W. This power level corresponds to a 100 W generator
output after accounting for the sum of insertion losses in the transmission lines and connectors [-
1.54 dB from 2.5 m of Succoform 141 (measured) +-0.17 dB from QMA to SMA adapter
(datasheet) + -0.73 dB from 0.25 m of UT-034 (extrapolated from datasheet) + and -0.20 dB

from SMA connector (estimated) = -2.64 dB].

Table 5-1 Material Electrical/Thermal Properties

Parameter Value Unit Temperature Dependency
Water relative permittivity, &, 77.6 - Constant

Water electric conductivity, ¢ 1.32 S/m Constant

FEP, &, [88] 2.1 - Constant
Polyimide, ¢, [88] 34 - Constant

Liver relative permittivity, &, [89] 43.0 - Smoothed Step [90], [91]
Liver electric conductivity, ¢ [89] 1.69 S/m Smoothed Step [90], [91]
Liver density, p [92] 1079 kgm™ Constant

Liver specific heat capacity, ¢ [92] 3540 Jkg'K! Piecewise Constant [92]
Liver thermal conductivity, £ [92] 0.52 WmK! Smoothed Step [92]
Liver blood perfusion rate, oy [92] 40,000 WmK'! Smoothed Step [92]

The electromagnetic loss in the tissue domain was computed from the simulated electric

field based on:

Equation 5-2

which was then coupled with Pennes’ bioheat equation to compute the transient temperature

profiles within the tissue:
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Equation 5-3

aT
PC(T)E =V -k(T)VT + Quw — wp (T — Tyy)

where pc is volumetric heat capacity [Jm~K™!], T is temperature [K], k is thermal conductivity
[Wm'K!], wy,; is blood perfusion [Wm=K"'], and T}, is the temperature of blood. Table 5-1 lists
the tissue thermal properties used in simulation including their type of temperature dependence.
The initial temperature of the tissue domain was set to 37 °C to mimic living tissue. To simulate
the forced cooling of the applicator, a 30 °C isothermal boundary condition was applied to the
outer surface of the applicator. This was based on preliminary data from steady-state readings of
26-28 °C from an internal thermocouple of an early industrialized DMWA applicator prototype
operated at 80W (lower cooling flow rate, but reduced insertion losses). The use of isothermal
boundary conditions to model forced cooling of the applicator is a substantial simplification of
multiple complex heat exchange processing including microwave heating of the chilled cooling
water near the antenna, heat transfer from attenuation losses in the applicator transmission cable,
and heat transfer between the surrounding tissue and the applicator surface and has been
previously proposed in literature [93]. In reality, these heat transfer effects almost certainly
contribute to a temperature gradient along the outer surface of the applicator which likely
approaches 100 °C near the applicator distal tip and then reduces to approximately the cooling
water inflow temperature several cm proximal from the antenna element. For a DMWA
applicator design, there would also be a temperature gradient from the front to backside of the
applicator. However, this temperature gradient is difficult to measure directly and

computationally intensive to model due to its dependence on several independent variables.
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Temperature dependence was implemented for tissue relative permittivity and
conductivity to account for changes as tissue is heated and desiccated [90], [94]. Temperature
dependence was also implemented for tissue specific heat capacity to account for the latent heat
of vaporization of the water in the tissue and for thermal conductivity to reflect a slight increase
at elevated temperatures. Finally, temperature dependence was also implemented for in vivo
simulations to account for the increased cooling effect of blood perfusion as tissue temperature
increases until approximately 60 °C when blood coagulation causes perfusion to permanently
cease. An additional step was included in the computational model to integrate the time when a
tissue element first exceeded 60 °C, in order to prevent the perfusion from returning in that
element even if temperature reduced below 60 °C during the power-off portion of the cycle.

An implicit transient solver was used with a maximum time step of 1 s where at each
step temperature dependent thermal and electrical properties were updated. A non-uniform
tetrahedral mesh was constructed with maximum edge size of 0.01 mm at the port boundary, 0.2
mm throughout the applicator, and 5 mm in the tissue domains. Additionally, a 1 cm? cube with a
mesh maximum edge size of 1 mm and growth rate of 1.3 with its face centered on the applicator
at the midpoint of the antenna was included to improve resolution in the region of most intense
electromagnetic heating. With the above mesh settings, a coupled electromagnetic heat transfer
600 s duration, 50 % duty cycle, 20 s period simulation took 44 hours to compute with an Intel
Xeon W-2225 CPU @ 4.1 GHz and 64 GB of memory.

Ex vivo ablations were simulated by setting wy,; = 0. The forward and backward ex vivo
ablation zone dimensions were measured at the extent of the 55 °C isothermal contour plot and
compared to the ex vivo experimental 100 W, 5 min data presented in [38] to validate the

electrical and most of the thermal aspects of the model. /n vivo ablations were modeled by
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setting a non-zero value for the blood perfusion coefficient, wy;. Several values of wy;, ranging
from 10,000 to 68,298 W/m?*/K were evaluated for a best match of simulated results to prior in
vivo data. While 10,000 W/m?/K provided the best match of simulated to prior experimental
results, the calculated blood perfusion coefficient for normal human hepatic blood flow is 68,298
W/m?/K. To provide a suitable balance between theoretical calculations and experimental data,
wp; Was set at 40,000 W/m*/K for all simulated in vivo ablations.

To test the effect of adjusting the duty cycle and period of applied MW power on ablation
size and directivity, a square wave with amplitude ranging from 0.01 to 1.01 was multiplied with
the Q,,» term in the heat source equation in the computational model. A range of periods (T =
20, 10, 5) and duty cycles (50% and 75%) were examined. Simulation duration was adjusted as
necessary to deliver an equivalent power as experimental ablations at 53.7 W (applicator)
continuous power for 5 min (300s) = 16,110 J. To investigate how variability in the blood
perfusion rate may impact power pulsing’s ability to affect the ablation zone size and directivity,
wp; values of 0, 20,000, 40,000, and 60,000 W/m?/K were simulated for a pulsed power with a
75% duty cycle and 10 second period.

Simulated ablation zone forward and backward depths were measured as the distance
extending from the DMWA applicator outer wall to the 55 °C contour — forward ablation depth
was refenced to the posterior face of the applicator while backward ablation depth was
referenced to the anterior face of the applicator. Positive backward depths indicate the simulated
ablation zone extended behind the applicator while negative backward depths indicate the

simulated ablation zone did not extend behind the applicator.
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Figure 5-2: Measurement method for quantifying the size and shape of simulated DMWA
zones

Although ex vivo tissues do not have blood perfusion and therefore do not provide any
direct cooling affects, ex vivo ablations were performed as validation testing for the prototype
industrialized DMWA applicators and to investigate if power pulsing would have any observable
effect on ablation size and directivity if only losses to ambient were present. Bovine liver was
sectioned into 6 x 6 X 6 cm cubes, sealed in plastic bags, and warmed to approximately 37 °C in
a temperature-controlled water bath. A custom 3D printed fixture facilitated consistent applicator
insertion angle and depth into the tissue samples. A peristaltic pump (Energize Medical, Lenexa,
KS) was used to circulate ice water through the applicators at a flow rate of approximately 30-50
mL/min. Microwave power was supplied to the applicator using a developmental microwave
generator (Energize Medical, Lenexa, KS) capable of operating in continuous or pulsed output
modes. Experimental ablations were performed at 80 W (generator setting) for 5 minutes in
continuous operation or 80 W for 7 minutes 9 seconds in pulsed (7 seconds on , 3 seconds off)
mode; continuous and pulsed output experiments were each repeated n = 4 times for 4
applicators, for a total of 32 ablations. The pulse timing of 7 seconds on and 3 seconds off,

resulting in a 70% duty cycle, was used instead of the 75% duty cycle simulated because the

82



generator used could only select the on and off time in whole seconds. Furthermore, 80 W
generator power was used instead of 100W as simulated to limit potential fatigue on these first-
use experimental applicators before follow-on in vivo testing. Applicator internal temperature
was measured by a thermocouple probe inside the applicator shaft and monitored by a Fluke 52
IT digital thermometer. Applicator temperature was not logged, and fluctuated during an ablation,
but a single value approximately representative of the average temperature was recorded. Liver
surface temperature was also recorded immediately prior to the commencement of an ablation
experiment using a thermocouple probe and the same Fluke 52 II thermometer. Reflected power
was displayed on the MW generator and a single value approximately representative of the
average reflected power was also recorded.

Tissue samples were sliced perpendicular to the axis of the applicator to measure and
document the forward and backward depth, width, and shape of the ablation zone based on the
extent of tissue whitening. Forward depth was measured to include only brown or white regions
whereas backward depth was measured to include any visible zones, including light pink, thus
providing the most conservative (i.e. lower bound) measure of directivity. Figure 5-3 provides an
example of how measurements were taken. Ablation shape was characterized by the directivity

ratio, defined as the ratio of the forward depth to the backward depth.
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Figure 5-3: Representative image of how directional ablation zone extents were measured
in ex vivo liver

In vivo experiments were conducted using two of the industrial DMWA applicator
variants. All in vivo experiments were carried out under an experimental protocol approved by
the local Institutional Animal Care and Use Committee. Experiments were conducted in two 45 —
50 kg, female domestic swine. Pigs were premedicated with Atropine (0.05 mg/kg, IM) and
anesthesia was induced by an intramuscular injection of 4.4 mg/kg Telazol, and 2.2 mg/kg
Xylazine. Pigs were orotracheally intubated and anesthesia was maintained by isofluorane in O».
Anesthetized pigs were positioned in dorsal recumbency and a ventral midline incision was made
from the umbilicus extending cranially to the xyphoid. The MWA applicator was inserted
directly into the approximate center of mass of a liver lobe with the goal of ablating a
homogenous section of the lobe. Continuous power ablations were conducted at 100 W for 5
minutes (n = 8) and pulsed power ablations were conducted at 100 W for 7 minutes 9 seconds
with power on for 7 seconds followed by off for 3 seconds per cycle (n = 8). Eight ablations were

performed in each of the two animals used in the study. All eight ablations per animal were
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conducted using the same DMWA applicator (a different DMWA applicator was used in each
animal). Continuous and pulsed mode ablations were alternated to control for any gradual
degradation in applicator performance. Upon completion of each ablation the applicator was
removed and a wooden dowel, marked with colored bands corresponding to the ablation number,
was inserted along the applicator track to enable proper localization and identification of the
thermal lesion post-procedure.

Pigs were euthanized at the conclusion of the ablation procedure while still under
anesthesia. Euthanasia was performed by intravenous injection of sodium pentobarbital 390
mg/ml at a rate of 0.2 ml/kg of body weight. Following euthanasia, the livers were harvested,
sectioned in ~5 mm thick axial slices, and stained for viability with triphenyltetrazolium chloride
(TTC), enabling more accurate identification of ablation zone extents [12]. The sections were
then fixed in 10 % buffered formalin and embedded in paraffin blocks. Approximately 5 pym
thick hematoxylin and eosin (H&E) stained sections were obtained from the paraffin embedded

samples for histologic examination.

5.3 Results
The simulated continuous power ex vivo model 55 °C contour at 300 s had a forward
depth of 14.24 mm compared to 13 +/- 0.8 mm experimental (+9.5%) and a backward depth of
3.85 mm simulated vs 2.0 +/- 0.0 mm experimental (+92.5%). The simulated continuous power
in vivo model 55 °C contour at 300 s had a forward depth of 10.54 mm compared to 11.3 +/- 2.9
mm experimental (-6.7%) and a backward depth of 0.96 mm simulated vs 0.7 +/- 0.6 mm

experimental (+37.1%). The simulated forward and backward 55 °C contour depths for the
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pulsed power models are listed in Table 5-2 below. The percentages in Table 5-2: Simulated

Ablation Depths are refenced to the 100% duty cycle, 300 s base in vivo simulation (line 2).

Table 5-2: Simulated Ablation Depths

Power T DC Duration p Fwd Bkwd
W) () (% (5 (Wm3K) (mm) (mm)
53.7 100 300 0 1424 3.85
53.7 100 300 40000 10.54 0.96
537 5 50 600 40000 6.84 -351% -1.88  295.9%
537 5 75 400 40000 9.02 -144% -0.77  180.6%
537 10 50 600 40000 7.52 -287% -1.51  257.2%
53.7 10 75 400 0 1430 357% 2813 -193.0%
537 10 75 400 20000 11.16 5.9% 0.66 31.5%
53.7 10 75 400 40000 949 -10.0% -0.35 136.1%
537 10 75 400 60000 8.45 -19.8% -0.78 181.5%
537 20 50 600 40000 7.74  -26.6% -1.19  223.6%
537 20 75 400 10000 9.55 -9.4%  -0.21 122.2%
wy, = 0, Duty Cycle = 100% wy, = 40,000, Duty Cycle = 100% wy, = 40,000, Duty Cycle = 75%

Figure 5-4: Simulated continuous power ex vivo (A) and in vivo (B) and pulsed power in
vivo (C) ablation zone 55 °C contours.

Table 5-3 lists the experimentally observed ex vivo ablation zones. Of note, applicator
S2.1 suffered a failure and only 2 continuous and 2 pulsed ablations are provided in its dataset

compared to 4 for all other applicators. Aggregated data of all 4 applicators shows power pulsing
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with a 70% duty cycle while applying equivalent total energy resulted in a 51.7% smaller
backward ablation depth, a 2.3% larger forward ablation depth, and a 115.2% greater directivity

ratio.

Table 5-3: Ex Vivo Continuous and Pulsed Power Experimental Results at 80 W.

App # DC n Fwd Bkwd DR W Tapplicator Tliver Prefiected
(%) (mm) (mm) (mm) O O W)
JVIR 100 4 133+1.0 23+0.5 5.8 233+1.0

F1.1 100 4 128+05 20+£14 64+£50 21.0+14 229+£10 372+£20 25+2.0
F1.2 100 4 133+1.0 28+1.0 48+1.8 230+1.6 31.8+142 37.1+08 43+14
S2.1 100 2 140+14 35+£07 40+04 225+07 23.0+21 372+12 20=£0.7
S2.2 100 4 13.0+£00 33+05 40+£05 22.0+00 278+£25 36.6+x1.7 53+09
AVG 13.3 2.9 4.6 22.1 26.4 37.0 35

F1.1 70 4 128+10 1805 73+34 215+£1.0 22715 352+11 2017
F1.2 70 4 140+08 23+1.0 62+44 225+1.7 326+35 373+13 41+09
S2.1 70 2 145+£21 0.5+0.7 29.0 225+07 229+18 373+£1.0 2.0+0.7
S2.2 70 4 13.0+08 1.0+06 13.0+38 22.0+05 264+23 356+18 55+0.8
AVG 13.6 14 9.9 22.1 26.1 36.3 34

Table 5-4 lists the experimental results for the in vivo ablations. Of note, applicator F1.2
experienced a slow continual degradation in performance resulting in rising internal temperatures
and reflected power. Two of the continuous power ablations with F1.2 experienced internal
temperatures > 60 °C and were discarded from the data set. Two of the F1.1 ablations, one
continuous and one pulsed, could not be accurately identified post-excision of the liver and are
therefore also not included in the data set. One F1.1 continuous ablation had a backward ablation
zone that extended to contact the outer surface of the liver while one F1.1 and one F1.2 pulsed

ablation had a forward ablation zone that extended to contact the outer surface of the liver due to
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inadvertent applicator placement near these surfaces. Though these ablations had slightly

distorted shapes, their measurements are included in the in vivo dataset. Aggregated data of both

applicators shows power pulsing with a 70% duty cycle while applying equivalent total energy

resulted in a 40.1% smaller backward ablation depth, a 1.0% smaller forward ablation depth, and

a 59.6% greater directivity ratio.

Table 5-4: In Vivo Continuous and Pulsed Power Experimental Results at 100 W.

App # DC =n Fwd Bkwd DR W Tapplicator Preficcted

(%) (mm)  (mm) (mm) (°0) (W)

JVIR 100 3 11.3+29 0.7+0.6 16.1

Simulation 100 10.5 1.0 11.0 17.9

F1.1 100 3 97+06 23+06 4109 140+£20 245+39 3840

F1.2 100 2 105+£0.7 2.0+x00 5304 135+07 483+38 10.0£0.7

AVG 10.1 2.2 4.7 13.8 36.1 7.4

Simulation 75 9.5 -0.3 -31.6 15.2

F1.1 70 3 110217 1706 66+26 173+3.1 245+18 4.0x28

F1.2 70 4 9.0+24 1.0+0.0 9.0+24 12.0+22 47.1%26.7 104%0.6

AVG 10.0 1.3 7.5 14.7 353 7.6
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Figure 5-5: Ex vivo (80 W applied power) and in vivo (100 W applied power) ablation zones
with continuous and pulsed power (70% duty cycle) using applicator F1.2.

5.4 Discussion

Power pulsing simulations at a 75% duty cycle showed a 136% reduction in backward
ablation depth while ex vivo and in vivo experiments at a 70% duty cycle showed a 51.7% and
40.1% reduction in backward ablation depth, respectively. Ex vivo and in vivo data showed
pulsing has minimal positive or negative impact on forward ablation depth, essentially in line

with prior studies that showed power pulsing protocols had limited impact on the size or
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sphericity of omni-directional ablation zones [22], [84], [85]. Though power pulsing does not
seem to offer an improvement in forward ablation depth, reduced backward heating, confirmed
by simulation and both ex vivo and in vivo experiments, resulted in an overall improvement in
the directivity ratio for DMWA. With further development, power pulsing protocols may be
warranted in a subset of niche DMWA cases were minimizing backward heating is especially
important. Examples of such cases may include tumors near critical structures where
thermoprotective techniques cannot be employed or treating metastatic tumors in the vertebral
body near the spinal cord.

However, this study had several limitations. The variation in ablation zone size and shape
when using a pulsed power scheme instead of continuous power is very small in absolute terms.
The variation is also especially small in relative terms compared to the potential error in
measuring experimental ablation zones where the potential failure to cut perpendicular to the
applicator axis, potential failure to slice along the maximal plane, and difficulty accurately
identifying faint and diffuse ablation zone boundaries all contributing to measurement
inaccuracy. Several of the in vivo ablations were also located near the liver surface or large veins
or arteries which skewed their shape — this is because there is very limited accessible liver
available with sufficient thickness in a 45-50 kg pig to conduct this research. Furthermore, one of
the developmental DMWA applicators (F1.2) used in both the ex vivo and in vivo datasets clearly
suffered a continuous degradation in performance which could have skewed experimental
results. As such, not enough experimental datapoints were collected to draw a definitive
conclusion about power pulsing ability to affect a DMWA applicator’s directivity ratio in a

clinically relevant setting. Though this study focused on constant power, equivalent energy input
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power pulsing schemes, further work should be conducted to determine if altering the input
power, i.e. doubling the generator power, has a more significant effect on ablation directivity.
Finally, the significant discrepancy between the continuous power simulated and
experimental backward ablation depth (+92.5% ex vivo and +37.1% in vivo) while there was
better agreement with forward ablation depth (+9.5% ex vivo and -6.7% in vivo) may indicate
the computational model’s isothermal applicator boundary condition fails to fully account for the
substantial cooling effect of the circulating cooling within the applicator and its ability to provide
an additional degree of thermal protection to the tissues in the non-target direction — especially
during the time it is providing active cooling to the tissues adjacent to the applicator while MW
power is off. Given the significant affect applicator forced cooling has on the backward ablation
depth, additional work is needed better develop the thermal and heat transfer physics in the

DMWA applicator computational model.

5.5 Conclusion

Power pulsing simulations showed a 136% reduction in backward ablation depth while ex
vivo and in vivo experiments showed a 52% and 40% reduction in backward ablation depth.
Power pulsing simulations showed a 10% reduction in forward ablation depth while ex vivo and
in vivo experiments showed a 2.3% increase and 1.0% reduction in forward ablation depth,
respectively. The resulting improvement in directivity ratio for power pulsing experiments
compared to continuous power experiments in ex vivo and in vivo tissue was 115% and 6.5%
respectively (simulations predicted negative backward heating). Applying pulsed power during
DMWA has demonstrated some potential to reduce backward heating with limited impact to

forward ablation depth, therefore increasing the resulting directivity ratio of the ablation zone.
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Power pulsing may have increased benefit for low-perfused vs. highly perfused tissues. Further
data is necessary to better quantify the benefits of DMWA power pulsing in a clinically relevant

setting.
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Chapter 6 - Bone DMWA

6.1 Introduction

According to the National Cancer Institute, there will be an estimated 1,762,450 new
cases of cancer diagnosed and 606,880 cancer deaths in 2019 [95]. Approximately 39.3 percent
of men and women will be diagnosed with cancer of any site at some point during their lifetime
[95]. Although cancer mortality rates have declined 1.5% per year on average from 2007-2016
[95], the United States national expenditure for cancer care reached $147.3 billion in 2017 and
costs are likely to increase as the population ages, cancer prevalence increases, and new more
expensive treatment options are adopted [96]. Furthermore, improved treatments are allowing
patients to live longer with cancer, putting them at increased risk for developing metastatic
disease [97].

Bone is the third most common site where metastatic cancer spreads [97]. Bladder,
breast, kidney, lung, melanoma, prostate, thyroid, and uterine cancer all commonly metastasize
to bone and often bone can be the first site attacked [97], [98]. Bone is attacked in 60-84% of all
metastatic cases, and approximately 70% of those patients have resulting bone pain [97]. Bone
metastases can also increase a patient’s risk of fractures, spinal cord compression,
hypercalcemia, and other associated complications which may increase mortality [97].

Common treatments for primary bone cancer include surgery, chemotherapy, and
radiation therapy. Surgery may require special techniques to remove the tumor and then replace
the lost bone with bone from another area of a patient’s body, metal, or hard plastic [99].
Chemotherapy and radiation therapy may be less invasive, however, none of these typical
treatment options may be possible, effective, tolerable, or fast-acting enough for a very ill patient

who has progressed to an advanced stage of metastatic cancer. Minimally invasive options,
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including thermal ablation systems, are being investigated and developed for use in bone. For
example, a recently introduced clinical RF ablation system has been approved for indications
including; palliative treatment in spinal procedures by ablation of metastatic malignant lesions in
a vertebral body, coagulation and ablation of tissue in bone during surgical procedures including
palliation of pain associated with metastatic lesions involving bone in patients who have failed or
are not candidates for standard therapy, and ablation of benign bone tumors such as osteoid
osteoma [100].

Of the possible thermal ablation energy modalities, each offers a different set of clinical
advantages and disadvantages specific to use in bone. Cryoablation, which uses the Joule-
Thomson effect to create rapid cooling though the expansion of gases in a cryoprobe chamber
offers the advantage of creating a visible ice ball on CT [101], however, the multiple freeze-thaw
cycles can be time consuming, especially if the resulting treatment zone requires backfill with
structural cement or epoxy post thaw [48]. Cryoablation procedures are also more expensive
(than radiofrequency or microwave ablation). Radiofrequency (RF) systems are typically the
lowest cost, and can be configured to provide some spatial control, however, they rely on ionic
agitation caused by the passage of high-frequency alternating current, which may have limited
effect in high impedance (low conductivity) tissues such as bone [102], [103]. The extent of the
RFA thermal treatment zone cannot be visualized in real-time by conventional imaging methods
and therefore may risk thermal injury to nearby healthy critical anatomy. The use of high
intensity ultrasound has also been proposed for treatment of tumors surrounded by bone, as the
high acoustic absorption coefficient helps to confine the treatment zone primarily to the target,

thereby protecting adjacent critical structures [49], [50].
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During MWA, the cellular damage results from kinetic heating of polar molecules (such
as water and proteins) that rapidly oscillate as they try to align with the applied electromagnetic
waves propagating through tissue. MWA offers the advantages of rapid treatment times and the
ability to radiate though high impedance tissue, however, similar to RFA, the extent of the
thermal treatment zone cannot be determined in real-time with currently available imaging tools.
However, advances in the development of a directional MWA applicator may afford the
necessary spatial control of heating to enable precision MWA treatment in areas in close
proximity to heat-sensitive critical anatomical structures [38]. An example use case for
directional MWA may be treatment of metastatic disease in the vertebral body that is impinging
on the spinal cord. However, very little basic science/engineering research investigating the use
of MWA in bone has been reported in the literature.

Many MWA devices are designed and optimized for use in liver tissue. This is because
liver is not only a common clinical MWA site, but also because it is a relatively homogenous
tissue which enables consistent and repeatable experimental evaluation and liver’s electrical and
thermal properties are well known [104]. These MWA applicators are increasingly being used in
other tissues such as lung, kidney, and even bone. However, bone tissue has substantially
different electrical and thermal properties than liver and other tissue [105], and many of the
prospective ablation sites are in close proximity to critical structures such as the spinal cord.
Therefore, high-powered MWA applicators designed for large volume ablation in highly
perfused organs may not be well suited for bone applications. The present report proposes a
computational modeling-based approach to simulate a directional microwave ablation (DMWA)
applicator performance in bone and analyze the suitability of using DMWA applicators for

treating metastatic disease within the vertebral body.
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6.2 Methods

6.2.1 Applicator
The MWA applicator considered for this study is an experimental 2.45 GHz, , water-
cooled, 14-gauge design which has been previously characterized in ex vivo and in vivo liver
tissues [38]. The only modification made to the applicator design specifically for use in bone was
removal of the steel trocar tip which would not be needed since the applicator would be inserted

through a pre-drilled hole rather than by direct penetration of the tissue.

6.2.2 Computational Model
A 3D finite element method (FEM) solver (COMSOL Multiphysics v5.5, COMSOL,
INC. Burlington, MA) was used to model the electromagnetic radiation pattern and subsequent
heat transfer from the MWA applicator in a manner similar to that reported by McWilliams et al.
and Sebek et al [86], [87]. The model was used to solve the Helmholtz electromagnetic wave

equation:

Equation 6-1:

VZE—kg(er——)Ezo

where, E [V/m] is the electric field, k, [m'] is the free-space wavenumber, &, is relative
permittivity, o [S/m] is effective conductivity, w [rad/s] is angular frequency, and &, [F/m] is
permittivity of free-space.

Ex vivo simulations were modeled for approximately 45 kg pigs with vertebral body

dimensions of 2.5 cm wide, 2.0 cm deep, and 2.5 cm tall. The cortical bone surrounding the
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cancellous bone was 2 mm thick. The spinal canal, with spinal cord tissue properties, was 1.0 cm
in diameter. 7.5 mm thick cartilaginous tissue representing intervertebral discs were placed
cranial and caudal to the vertebral body. The distal 6 cm of the DMWA applicator was modeled
with an entry though the lateral wall of the vertebral body and the back of the applicator
positioned approximately 2 mm from the spinal canal aiming ventrally. The encompassing 8 cm
wide x 4 cm tall x 4 cm deep domain was modeled as air or muscle to simulate experimental
setups with different amounts of soft tissue surrounding the vertebrae. Although not a preferred
clinical approach, the applicator insertion path shown in Figure 6-1 was selected to facilitate
more repeatable ex vivo experimentation in porcine tissue with relatively small vertebral bodies

and without the aid of image guidance.

-0.04 -0.02 0 0.02

e | 0.01

| | -0.01

-0.02

Figure 6-1: Model geometry used to simulate ex vivo ablation of a 45 kg pig vertebral body
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To demonstrate bone DMWA in a clinically relevant site with a currently employed
approach, in vivo ablations were modeled for humans. Vertebral body dimensions were 4.5 cm
wide (laterolateral), 3 cm deep (cranial-caudal), and 2.5 cm tall (anterior-posterior). The cortical
bone surrounding the cancellous bone was 3 mm thick. The spinal canal, with spinal cord tissue
properties, was 2 cm wide by 1.5 cm deep. 7.5 mm thick cartilage tissues representing vertebral
discs were placed above (cranial to) and below (caudal to) the vertebral body. A tumor centered
in the middle of the vertebral body was modeled as a 2 cm diameter sphere with biophysical
properties mimicking muscle tissue (soft tissue tumor within an osteolytic lesion) or cortical
bone (osteoblastic lesion). The vertebrae and applicator models were surrounded by rectangular
and cylindrical domains of muscle tissue, respectively. The distal 6 cm of two DMWA
applicators were modeled with a 10° angled posterior entry through the pedicles of a vertebrae,

as shown in Figure 6-3.

Figure 6-2: CT image of human vertebrae axial slice (left), coronal slice (middle), and
sagittal slice (right). Images courtesy of Dr. Francois Cornelis.
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Figure 6-3: Geometry of model used for simulating in vivo ablation in human vertebral
body

Scattering boundary conditions were applied at the extents of the models. The material
electromagnetic properties used in simulation are given in Table 6-1: Tissue biophysical
properties. All metallic elements were modeled as perfect electrical conductors with infinite
conductivity. A port boundary condition was established at the proximal end of the coaxial cable
dielectric and used to set the applicator’s forward power accounting for approximately 50%
attenuation losses in interconnecting cabling and the within the applicator. Ex vivo simulations
investigated applied powers of 40 and 60 W (60, 80 and 120 W generator setpoint) for 3.5 or 5
minutes while in vivo simulations investigated an applied power of 40W (80 W generator

setpoint) for 5 minutes.
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Table 6-1: Tissue biophysical properties

Parameter units cortical - cancellous cartilage  muscle spinal liver
bone bone cord
Relative permittivity 11.4 18.5 38.8 52.7 30.1 43
Electric conductivity S/m 0.39 0.81 1.76 1.74 1.09 1.69
Thermal conductivity W/m/C 0.32 0.31 0.49 0.49 0.51 0.52
Density kg/m~"3 1908 1178 1100 1090 1075 1079
Specific heat capacity J/kg/C 1313 2274 3568 3421 3630 3540
Heat transfer rate ml/min/kg 10 30 35 37 160 860
Blood perfusion rate W/m"3/K 683 2049 2390 2527 10928 58736

The electromagnetic loss in the tissue domain (Q,y,,) was computed from the tissue’s

electrical conductivity (o) and the simulated electric field (E) based on:

Equation 6-2:

1 2
Qmw =50 - |[E]

Which was then coupled with Pennes’ bioheat equation to compute the transient

temperature profiles within the tissue:

Equation 6-3:

aT
PC(T)E =V k(T)VT + Qumw — wp (T = Tp)

where pc is volumetric heat capacity [Jm~>K™!], T is temperature [K], k is thermal
conductivity [Wm™ K], wy,; is blood perfusion [Wm=K'], and T}, is the temperature of blood.

Table 6-1 lists the tissue thermal properties used in simulation.
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The initial temperature of the tissue domain was set to 20 °C or 37 °C for ex vivo
simulations to model specimens at room temperature or heated back to physiologic temperatures
in a water bath, respectively. Follow-on simulations were also conducted at an initial temperature
of 30 °C, as it was discovered that the 37 °C warmed ex vivo experimental specimens had cooled
to an average temperature of 30.2 °C due to losses to ambient during the time it took to remove
them from the water bath and commence the ablation experiments. A convective heat transfer
boundary condition with a heat transfer coefficient of 10 W/(m?*K) and external temperature of
20 °C was modeled at the extents of the vertebrae to account for heat loss to ambient. /n vivo
simulation initial tissue temperature was 37 °C to mimic living tissue and thermal insulation
boundary conditions were used at the model extents. To simulate the forced cooling of the
applicator, a 30 °C isothermal boundary condition was applied to the outer surface of the
applicator. The use of isothermal boundary conditions to model forced cooling of the applicator
has been previously proposed in literature [93] and is an approximation to account for
microwave heating of the chilled cooling water near the antenna, heat transfer from attenuation
losses in the applicator transmission cable, and heat transfer from the surrounding tissue to the
applicator surface. Since the temperature dependence of the electrical and thermal variables of
bone tissue have not been reported in the literature, ex vivo simulations were modeled with all
tissue properties as static variables or modeled with the cancellous tissue to have the same
temperature dependence as soft tissue to test the range of expected possibilities. For in vivo
simulations tissue biophysical properties were all modeled as static properties other than the
osteolytic tumor domain because (1) temperatures were not expected to be significantly elevated
in these other tissue domains, and (2) as previously mentioned, the temperature-dependence of

biophysical properties in bone is not known and may not vary in a similar fashion as known
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tissues such as liver or muscle. For the osteolytic tumor domain, temperature dependence was
implemented for tissue relative permittivity and conductivity to account for changes as tissue is
heated and desiccated [90], [94], and for tissue specific heat capacity to account for the latent
heat of vaporization of the water in the tissue. For in vivo simulations, separate heat source nodes
were used for different tissue types to model their varying levels of perfusion. At a tissue
temperature of 60 °C, blood perfusion, w;;, was simulated to go to 0, simulating microvascular
stasis. An implicit transient solver was used with a maximum time step of 10 s, where at each
step temperature dependent thermal and electrical properties were updated. For the in vivo
simulations, an isothermal temperature contour at 55 °C (red) was used to mark the extent of the
simulated thermal ablation zone [8] and an isothermal contour at 45 °C (green) was used to mark
the extend of tissue which may be at risk of any thermal injury.

A non-uniform tetrahedral mesh was constructed with maximum edge size of 0.01 mm at
the port boundary, 0.2 mm throughout the applicator, and 3 mm in the tissue domains. The
maximum applicator mesh edge size was determined when further reducing the maximum
element edge size did not change the resulting simulated S11 by more than 0.1 dB. With the
above mesh settings, a coupled electromagnetic -heat transfer 300 second in vivo simulation took

147 minutes to compute with an Intel Xeon-W processor and 64 GB of memory.

6.2.3 Ex Vivo Experiments
Spinal columns were excised from approximately 45 kg pigs within 2 hours from the time
they were euthanized. The thoracic and lumbar sections of the spinal column were separated into
three-vertebrae segments. The ribs, transverse processes, and soft tissues surrounding the ventral

and lateral sides of the vertebral bodies were removed. One set of vertebrae was allowed cooled
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to room temperature during their preparation while a second was placed in plastic bags and
warmed to 37 °C in a water bath. A cordless power drill with a 3/32” drill bit was used to
provide a pathway for the DMWA applicator. The pathway was centered along the craniocaudal
axis on the lateral wall of the vertebral body, perpendicular and approximately 2-3 mm ventral to
the spinal canal. The pathway extended laterally through almost the entire width of the vertebral
body, with the goal of abutting, but not penetrating the cortex on the opposite side. A 0.7 mm
diameter K-wire (IMEX Veterinary, IN., Longview, TX) was placed in a pin vice and used to
provide a pathway for a 0.6 mm diameter fiber optic temperature sensor (Neoptix, Quebec City,
Canada), placed parallel to the axis of the spinal column, approximately 10 mm ventral from the
DMWA applicator, and about in-line with the cross-section of maximum heating. A second fiber
optic temperature sensor was placed in the spinal canal outside of the spinal cord dura mater,
parallel to the first temperature sensor and in the same cross-sectional place as the DMWA

applicator and was held in direct contact with the ventral wall of the canal by a cotton swab.

Figure 6-4: Images of temperature sensor (left) and DMWA (right) placement within ex
vivo porcine vertebral body
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An experimental microwave generator (Energize Medical, Lenexa, KS) was used to
power the DMWA applicator. A peristaltic pump (Energize Medical, Lenexa, KS) circulated
cooling water from an ice bath through the DMWA applicator at a flowrate of approximately 50
mL/min. Ablations were performed at 120 W (generator setting) for 5 min (n = 6) and 8OW
(generator setting) for 3.5 min (n = 8) for the room temperature samples and at 80 W (generator
setting) for 3.5 min for the 37 °C samples (n = 6). Ablations were conducted within 3-5 hours
after euthanasia without refrigeration or freezing of the samples.

Post-ablation, the vertebrae were cross-sectioned with a bandsaw across the axial plane
(parallel to the probe pathway) at or immediately adjacent to DMWA applicator pathway. Any
visible ablation zone, as indicated by a whitened or grayed discoloration of the marrow-filled
cancellous bone tissue was measured with the distance extending axially defined as ablation depth
and the distance extending along the applicator shaft defined as ablation height. Two specimens
were further cut longitudinally (sagittal plane) to give an estimate of ablation width. Eleven of the
specimens, including the two longitudinal sections, were fixed in 10% neutral buffered formalin,
decalcified in 5% formic acid solution, embedded in paraffin, sectioned 5 pum thick, and
hematoxylin and eosin (H&E) stained for histologic analysis by light microscopy. H&E stained
slides were digitally scanned at 40X objective magnification and entered into Aperio eSlide
Manager (Leica Biosystems, Buffalo Grove, IL).

The specific location of the T1 and T2 temperature sensors could not be identified on the
histology slides. The eSlide Manager caliper tool was used to measure the perpendicular distance
from the margin of applicator tract to the endosteal surface of the cortex in the forward direction
(optimal T1 placement) and the perpendicular distance from the applicator tract to the periosteal

surface within the spinal canal (optimal T2 placement), as shown in Figure 6-5. These
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measurements were taken to set the absolute maximum distance T1 could have been positioned
and the absolute minimum distance T2 could have been positioned for comparison to the distances
recorded during the ex vivo experiments and ultimately the distances used to select final T1 and

T2 temperatures from the computational models.
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Figure 6-5: Measurement techniques to verify maximum positioning of T1 and minimum
positioning of T2.

6.3 Results

The simulated temperature at a location of 9.5 mm perpendicular from the DMWA
applicator in the forward direction (T1), and the 2.5 mm from the DMWA applicator in the
backward direction (T2) for the various ex vivo models are listed in Table 6-2, Table 6-3, and
Table 6-4. The extents of the 55 or 60 °C isothermal contour did not correlate well to the region

of visible discoloration in the experimental results and therefore the dimensions of the 80 °C
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isothermal contours were used to report simulated ablation zone extents. Simulated final
temperature distributions of various 80 W, 3.5 minute, 20 °C initial temperature models are

shown in Figure 6-6, Figure 6-7, and Figure 6-8.

Table 6-2: Simulated ex vivo bone ablation results, vertebrae surrounded by 20 °C air, no
tissue property temperature dependence modeled.

P(W) Time(min) Thne D (mm) L (mm) T1; Tl AT1 T2 T2¢ AT2
80 3.5 20 3.7 9.0 20.0 51.3 31.3 20.0 334 13.4
80 3.5 30 5.4 10.2 30.0 62.5 325 30.0 39.6 9.6
80 3.5 37 6.5 11.5 37.0 68.9 31.9 37.0 43.8 6.8
120 5 20 9.7 18.8 20.0 81.4 614 20.0 41.8 21.8

Table 6-3: Simulated ex vivo bone ablation results, vertebrae surrounded by 20 °C air,
tissue property temperature dependence modeled the same as soft tissue.

P(W) Time(min) Tpone D (mm) L (mm) T1; Tl¢ AT1 T2 T2¢ AT2
80 3.5 20 1.9 2.6 20.0 50.5 30.5 20.0 33.8 13.8
80 3.5 30 1.6 24 30.0 43.8 13.8 30.0 42.2 12.2
80 3.5 37 1.8 2.5 37.0 49.2 12.2 37.0 46.7 9.7
120 5 20 6.1 11.0 20.0 70.8 50.8 20.0 44.3 243

Table 6-4: Simulated ex vivo bone ablation results, vertebrae surrounded by muscle tissue,
no tissue property temperature dependence modeled.

P(W) Time (min) Tpone D (mm) L (mm) T1; Tl¢ AT1 T2, T2¢ AT2
80 3.5 20 2.6 8.6 20.0 36.4 16.4 20.0 33.9 13.9
80 3.5 37 4.3 10.3 37.0 52.6 15.6 37.0 44.5 7.5
120 5 20 6.1 13.4 20.0 50.8 30.8 20.0 42.0 22.0

120* 5 20 34 10.0 20.0 46.6 26.6 20.0 42.2 22.2

*denotes a simulation which included bone tissue biophysical property temperature dependence
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Figure 6-6: 80 W, 3.5 minute ex vivo ablation simulation with initial tissue temperature of
20 °C surrounded by 20 °C air convective boundary and static tissue biophysical properties
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Figure 6-7: 80 W, 3.5 minute ex vivo ablation simulation with initial tissue temperature of
20 °C surrounded by 20 °C air convective boundary and biophysical properties with the
same temperature dependence as soft tissue.
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Figure 6-8: 80 W, 3.5 minute ex vivo ablation simulation with initial tissue temperature of
20 °C surrounded by 20 °C muscle and static tissue biophysical properties

For the ex vivo experiments, measurements of the visible ablation zone, as defined by the
whitened or greyed region, as well as T1 and T2 measurements are provided in Table 6-5. Of
note, one set of T1 and T2 measurements was excluded from the 120 W experimental set due to

a data logging error.

Table 6-5: Bone ablation experimental results

PW) t(min) »n Dr(mm) Dp(mm) D(mm) L@mm) Tl Tlg ATl T2 T2y AT2

80 210 7 9.3 4.3 3.0 9.0 19.9 534 336 209 359 15.0
+0.9 +0.0 +0.5 +1.5 +0.8 +29 +£29 05 =*1.5 =£I1.5
80 210 6 9.3 5.3 5.5 10.5 30.2 63.7 335 351 459 108
+1.0 +0.5 +0.5 +0.8 +37 +£9.8 9.1 4.0 =43 £58
120 5 6* 9.8 5.0 7.8 14.0 172 80.3 632 175 498 323
+1.0 +0.0 +1.0 +2.0 +1.7 +98 +95 12 +4.8 4.1

*one sample was excluded from the T1 and T2 measurements
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Figure 6-9: Graph of T1 and T2 during 80 W, 3.5 minute ablation
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Figure 6-10: Graph of T1 and T2 during 120 W, 5 minute ablation

The T1 distance averaged among all experimental measurements was 9.5 mm. The
maximum possible T1 distance measured and averaged among all histology slides was 10.1 mm

with a range of 8.3 to 12.7 mm. The T2 distance averaged among all experimental measurements
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was 4.8 mm. The minimum possible T2 distance measured and averaged among all histology

slides was 2.4 mm with a range of 1.4 to 3.6 mm.

The differences in simulated to experimentally measured T1 and T2 temperatures are

displayed in Table 6-6 and Table 6-7, respectively.

Table 6-6: Bone ablation experimental vs. simulated AT1 in ex vivo vertebrae

Power Tpee Time | Experiment Simulation Simulation
ideal static tissue properties | T-dependent tissue properties
(W) (°C) (min) ATl ATl Aexp-sim AT1 Aexp-sim
80 20 3.5 33.6 31.3 -7% 30.5 -9%
80 37 3.5 33.5 31.9 -5% 12.2 -64%
120 20 3.5 63.2 61.4 -3% 50.8 -20%

Table 6-7: Bone ablation experimental vs. simulated AT2 in ex vivo vertebrae

Power Topee Time | Experiment Simulation Simulation
ideal static tissue properties | T-dependent tissue properties
(W)  (°C) (min) AT2 AT2 Aexp-sim AT2 Aexp-sim
80 20 3.5 15.0 13.4 -11% 13.8 -8%
80 37 3.5 10.8 6.8 -37% 9.7 -10%
120 20 3.5 323 21.8 -33% 243 -25%

A gross image of a longituduinal section of an experimental ablation zone and the
corresponding histologic image are show in Figure 6-11. Figure 6-12 is a longitudinal (sagittal
plane) section, cut across half of a cross sectional (transverse plane) slice of an ablation zone that
includes an adjacent unablated vertabra and associated intervertebral disc and the corresponding
histologic image. Figure 6-13 shows 10x magnification of H&E stained sections of intensely

heated, moderately heated, and healthy bone tissue.
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Figure 6-11: Gross image of an axial slice, along the DMWA applicator pathway, of 120 W,
5 minute, room temperature initial temperature ex vivo ablation zone (A) and
corresponding H&E stained slide at 1x magnification (B)

Figure 6-12: Gross image of a sagittal plane section of approximately half of a cross-
sectional (axial plane) slice of 120 W, 5 minute, room temperature initial temperature ex
vivo ablation zone (right side of A), the adjacent unablated vertebrae ( left side of A) and
associated intervertebral disc; Corresponding H&E stained slide section at 1x
magnification (B)
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Figure 6-13: H&E stained, S pm thick, sections at 10x magnification showing a region very
near the DMWA applicator antenna where intense heating caused loss of cellular detail
within the marrow with precipitation and clumping of debris (A), a region more distant
from the DMWA applicator where heating caused red blood cell lysis and structural
preservation of blood cell precursors (myeloid/lymphoid) is present (B), and normal
vertebrae from an unablated specimen (C).

Figure 6-14 and Figure 6-15 show the extents of the 45 and 55 °C isothermal contours
representing the zone of possible thermal damage and zone of complete thermal ablation,
respectively, during an 80 W each, 5-minute two DMWA applicator procedure in a normal
human vertebrae. Figure 6-16and Figure 6-17 shows the extents of the same isothermal contours
if the vertebrae contained a 2 cm spherical tumor having biophysical properties mimicking
normal muscle tissue. Figure 6-18 and Figure 6-19 shows the extents of the same isothermal
contours if the vertebrae contained a 2 cm spherical tumor having biophysical properties

mimicking cortical bone tissue.
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Figure 6-14: 80 W each, S minute, two-DMWA applicator human vertebrae in vivo ablation
simulation with no tumor — YZ plane. The 55 °C isothermal contour is transparent red
while the 45 °C isothermal contour is transparent green.

0.02 -0.01 0 0.01

-0.04 Y ] f

0.02

-0.02

Y

L

— e 30

Figure 6-15: 80 W each, 5 minute, two-DMWA applicator human vertebrae in vivo ablation
simulation with no tumor — XY plane. The 55 °C isothermal contour is transparent red
while the 45 °C isothermal contour is transparent green.
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Figure 6-16: 80 W each, 5 minute, twvo-DMWA applicator human vertebrae in vivo ablation
simulation with a 2 cm tumor with biophysical properties mimicking muscle — YZ plane.
The 55 °C isothermal contour is transparent red while the 45 °C isothermal contour is
transparent green.
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Figure 6-17: 80 W each, 5 minute, two-DMWA applicator human vertebrae in vivo
ablation simulation with a 2 cm tumor with biophysical properties mimicking muscle — XY
plane. The 55 °C isothermal contour is transparent red while the 45 °C isothermal contour
is transparent green.
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Figure 6-18: 80 W each, 5 minute, two-DMWA applicator human vertebrae in vivo
ablation simulation with a 2 cm tumor with biophysical properties mimicking cortical bone
— YZ plane. The 55 °C isothermal contour is transparent red while the 45 °C isothermal
contour is transparent green.
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Figure 6-19: 80 W each, 5 minute, two-DMWA applicator human vertebrae in vivo
ablation simulation with a 2 cm tumor with biophysical properties mimicking cortical bone
— XY plane. The 55 °C isothermal contour is transparent red while the 45 °C isothermal
contour is transparent green.
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6.4 Discussion

The primary uses of bone MWA would likely be treating metastatic tumors that have
biophysical properties similar to soft tissues, and osteoid osteoma that has biophysical properties
similar to bone tissue [102]. The interactions of microwaves in soft tissues (liver, lung, kidney,
etc.) throughout the course of a MWA procedure, including how the biophysical properties of
those tissues change at elevated temperatures, is relatively well understood. However, how
microwaves interact in bone and how bone tissue biophysical properties change during thermal
ablation has not been rigorously presented in the literature.

First, there was a large difference in the extents of the simulated 55 or 60 °C isothermal
contours compared to the extents of the visibly discolored regions in the experimental tissue
specimens post-ablation, with the visible ablation zone being much smaller than the simulated 55
or 60 °C contours. However, the T1 measurement data showing temperatures rising to averages
of 53.4 — 80.3 °C approximately 9.5 mm from the applicator suggests the visible region of
discoloration in ex vivo bone is not a good indicator of the extents of the 55-60 °C heating like it
is in other soft tissues. This may be due to reduced or different mechanisms of changes in the
physical properties of the bone tissue that otherwise lead to coloration changes in soft tissues at
ablative temperatures. Based on histology, it seems the whitening of the ablation zone may be
caused by the lysis of red blood cells, which seems to occur throughout a region that extends
slightly beyond the macroscopically visible discolored region. The extents of the
macroscopically visible ablation zones for each power/time/starting temperature ex vivo
experiment model correlated to slightly different specific temperatures. The 80 °C contour was
selected for uniformly reporting the simulated “ablation zone” for correlation to experimental

results. However, this may not have a clinically relevant meaning, as it likely underestimates the
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zone region of tissue that receives an ablative thermal dose. Further confounding these results,
the boundary of visible discoloration in the bone ablation samples is quite faint, making it
difficult to accurately measure. Furthermore, the process of using a bandsaw to section the ex
vivo vertebrae may alter the cut surface of the specimen, impacting accurate gross, and perhaps
even histologic assessment of ablation zone extents.

Given that bone tissues already have a relative permittivity and electrical conductivity
about one half (cancellous bone) to one quarter (cortical bone) of most soft tissue [106], this
study made an initial assumption that those values would not change appreciably during thermal
ablation (bone has less water content to dehydrate, fewer proteins to desiccate, 70% inorganic
hydroxyapatite constitution). However, to test the full range of possible bone tissue temperature
dependence, ex vivo simulations were also run that modeled bone tissue with the same
temperature dependence exhibited by soft tissues. As previously discussed, because the extent of
the grossly visible ablation zone cannot be reliably used as an indicator of ablation zone
temperature without further study, the temperature data recorded from experiments was used to
validate the computational models.

However, since each vertebra has a non-uniform size and shape, and placement of the
DMWA applicator and the temperature sensors had to be referenced external to the vertebrae at
the time of the experiments, there was significant uncertainty as to the exact placement of the
temperature sensors. This would have a high impact on correlating simulated and experimental
results. The exact placement of T1 and T2 during the ablation experiments could also not be
identified on the histology slides, however, the maximum T1 and minimum T2 placement
distances could be calculated. The average T1 distance, based on histologic measurement,

showed 10.1 mm as the maximum T1 distance. This means the average distance of 9.5 mm for
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T1 placement recorded during the ablation procedure could have been accurate. A much larger
discrepancy was observed between the average T2 distance recorded during the ablation
procedure (4.8 mm) and the optimal minimum T2 distance averaged from the histology slide
measurements (2.4 mm). This may be because the spinal canal has a non-uniform diameter
though a vertebra (it widens towards the center), which is not accounted for with externally
referenced distance measurements. The optimal minimum T2 distance measured and averaged
from the histology slides was likely more representative of actual T2 placement than what was
measured during the experiments and therefore used to determine the simulated T2 temperatures.
For both T1 and T2, there could have been error in placing the temperature sensors exactly
within the same vertebral cross-sectional plane as the DMWA applicator. An analysis of this
range of possible error could not be reconstructed post-experiment, but in general, less than
optimal placement would have resulted in lower experimental T1 temperatures, but potentially
higher experimental T2 measurements due to the sidelobes of the DMWA applicator radiation
pattern.

Though bone tissue properties likely do exhibit some temperature dependent changes
during microwave ablation, based on the differences in simulated vs experimental temperatures
at T1 and T2 shown in Table 6-6and Table 6-7, it seems the static tissue property model predicts
T1 temperature significantly better while the temperature-dependent tissue property model
predicts T2 measurement only moderately better. Considering there is less certainty in the
experimental placement of T2, a computational model assuming static bone tissue biophysical
properties could be an acceptable starting point for developing an in vivo model of using DMWA

to treat metastatic disease in human vertebrae.
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It is important to note that the pigs used in the experimental study were young and their
vertebral bodies would likely have a higher composition of bone marrow than that of a more
mature model [107]. Further study should be conducted to determine if a different tissue
composition within the vertebral body would have a meaningful impact on the microwave
ablation zone when treating metastatic disease in elderly patients.

Although the very high T1 temperatures observed in ex vivo simulations and
experimentation may be concerning, considering the need for spatial control of thermal damage
in clinical use, the high T1 temperatures may be caused by the experimental setup where a
relatively small tissue sample was surrounded by air. Air is a thermally insulative material
compared to soft tissues, which means much of the heat input within the tissue specimen would
be contained in it, creating a sort of “oven effect”, causing elevated temperatures. Simulations in
which the surrounding medium of air was replaced with muscle showed much lower final
temperatures at T1 (Table 6-4and Figure 6-8). Further ex vivo experimentation could be
conducted with more soft tissues surrounding the vertebral specimens, however, the surrounding
soft tissue will make exact placement and measurement of the DMWA applicator and
temperature sensors more challenging.

Expanding the computational model to include tissue-specific blood perfusion distributed
cooling effects showed a two-applicator DMWA procedure has the potential to fully ablate (raise
the temperature to 55 °C) a 2 cm spherical osteolytic lesion in the center of a human vertebrae
while limiting the spinal cord temperature to below 45 °C. These modeling results show DMWA
applicators, previously optimized for use in liver tissues, still offer the necessary spatial control
of the thermal ablation zone to provide minimally invasive curative or palliative treatment of

bone tumors.
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6.5 Conclusion

The physics of microwave ablation in bone have not been extensively studied previously.
However, based on the experimental evidence presented, the extent of microwave transmission
and heating in bone tissues can be effectively modeled and simulated. Advanced computational
models show DMWA has potential for clinical application treating metastatic tumors in the

vertebral body and potentially other bone sites.
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Chapter 7 - Conclusion and Future Work

Over the past several decades, there has been substantial development of thermal ablation
technologies as a minimally invasive treatment option for patients who are otherwise not good
candidates for surgery, chemotherapy, or radiation therapy. Microwave ablation (MWA) in
particular has seen a growing increase in popularity due to its ability to rapidly heat relatively
large volumes of tissue in both highly perfused and low-impedance tissues. Recent technical and
clinically-motivated development in the field of MWA has focused on incremental
improvements in the size and sphericity achievable by current omni-directional applicators,
techniques for post-procedural imaging assessment of treatment outcome, and the development
and integration of treatment planning tools to aid in the placement of the applicators and proper
selection of the thermal dose. However, all current commercial MWA systems are configured to
deliver maximum power to achieve the largest possible ablation zones in highly perfused organs,
the tradeoff being a lack of precise spatial control of the thermal treatment zone when used in
diverse clinical environments.

A directional microwave ablation (DMWA) applicator offers many of the same benefits
of traditional MWA such as fast treatment times and the ability to radiate through low-
impedance tissues, but also has the potential to provide the improved spatial control necessary
for precision treatment. In Chapter 2, we described some of the new treatment approaches that
could be enabled by DMWA and discussed some of the clinical sites where DMWA could
provide improved treatment of niche cases or even offer new ability to provide a minimally
invasive treatment option, both within and beyond interventional oncology. These include

precise ablation of tumors in the kidney and lung, metastases in bone, and benign targets in the

121



adrenal or thyroid glands, among other potential targets. Though these proposed various
treatment techniques and clinical uses range from moderately beneficial to disruptive, DMWA
use beyond soft tissue cancer tumor ablation will require significantly more experimental and
clinical evidence to support FDA approval and insurance reimbursement — the joint keys to
treating patients en masse.

However, though prior DMWA applicator designs have been proposed in the literature,
and some have even achieved FDA clearance, none are currently in clinical use. The challenges
of minimizing the size of a MW frequency directional antenna, delivering sufficient energy to
ablate a clinically meaningful tissue volume, and constructing a device small but robust enough
for clinical use sum to be a technically challenging task. In Chapter 3 we described our
methodology to balance electromagnetic and thermal performance with clinical usability
requirements in the development of a practical DMWA design. Chapters 4 describe experimental
evaluation of our best hand-built DMWA prototypes in a clinically relevant testing environment.
The consequences of our design methodology was a DMWA applicator that can be highly
directional (high forward to backward ablation depth ratio, > 10.0), but creates substantially
smaller ablation zones (10-15 mm forward depth) than existing omni-directional ablations (30-40
mm short axis width).

Looking to enhance the directional performance of the DMWA applicator, in Chapter 5
we showed a 10 second period, 70% duty cycle, 100 W generator setting power pulsing protocol
showed a 40.1% reduction in the backward ablation depth, a 1.0% reduction in the forward
ablation depth, and a 59.6% increase in the directivity ratio in in vivo liver.

Looking to begin building a description of biophysics of microwave heating in bone

needed to support DMWA’s clinical use treating metastatic and primary disease in bone tissue,
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Chapter 6 shows a computational model with static bone tissue biophysical properties was able
to predict the temperature change during DMWA in the forward direction within 3 — 7% and in
the backward direction within 11 — 37% of what was recorded during ex vivo DMWA in freshly
excised bone. This computational model was further modified to include tissue-specific
perfusion values and demonstrated two DMWA applicators operated at a 80 W generator setting
each for 5 minutes could heat the entirety of a 2 cm metastatic tumor in the center of vertebral
body to ablative temperature (55 °C) without exceeding 45 °C in the spinal canal.

Based on the presented research and experimental evidence, we strongly believe the
current DMWA applicator design can meet several compelling clinical needs at its current
performance level. Therefore, we have begun extensive efforts to advance the technologies
presented in this dissertation towards a stage where they can be evaluated in the clinical setting.
In order to translate the technology from an academic engineering research lab setting, we have
collaborated with experienced medical device manufacturers to design devices suitable for
manufacturing at scale within a quality-controlled environment. Furthermore, we have engaged
in close collaboration with clinical end-users to guide the further development of the system. As
described in Chapter 3, these efforts have since yielded significant progress and technical success
and we are eager to proceed to working on the next major milestones towards delivering a new
medical device suitable for evaluation in the clinical setting. Briefly, our planned next steps
towards this translation include:

1. Conduct focus groups with clinical experts to determine where improvements should be
made in the applicator physical properties and ergonomics as well as improvements to the
generator user interface.

a. Transmission bundle weight, flexibility, and overall length
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g.

h.

Applicator shaft rigidity/mechanical performance

Applicator hub/handle size

Applicator shaft marker band placement

Need for external and/or imaging indicators of directionality

Types of clinical uses, including outside oncology, which could be a good fit for
DMWA including anticipated frequency of cases

Number of generator MW output channels and other features desired

Water cooling pump interface options for multiple applicators

. Enter design controls and begin developing a quality system and design history file

Select a predicate system and conduct performance and safety testing (based on the

possible predicates, clinical data is not expected to be necessary), biocompatibility

testing, self-life testing, etc.

. File for FDA 510(k) clearance for a class II device.

Obtain institutional approval to conduct first-in-human testing.
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