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Abstract

Microwave (MW) ablation has emerged as a minimally invasive therapeutic modality and is in
clinical use for treatment of unresectable tumors and cardiac arrhythmias, neuromodulation,
endometrial ablation, and other applications. Components of image-guided MW ablation systems
include high-power MW sources, ablation applicators that deliver power from the generator to the
target tissue, cooling systems, energy-delivery control algorithms, and imaging guidance systems
tailored to specific clinical indications. The applicator incorporates a MW antenna that radiates
MW power into the surrounding tissue. A variety of antenna designs have been developed for MW
ablation with the objective of efficiently transferring MW power to tissue, with a radiation pattern
well matched to the size and shape of the targeted tissue. Here, we survey advances in
percutaneous, endocavitary, and endoscopic antenna designs as an integral element of MW
ablation applicators for a diverse set of clinical applications.
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. THERMAL ABLATION

Thermal ablation is the destruction of tissue by localized heating to elevated temperatures,
typically in excess of 50°C. Its medical applications includes tumor destruction in the liver,
lung, kidney, and other organs, disrupting conduction pathways for treatment of cardiac
arrhythmias, neuromodulation by destroying nerves (e.g., renal denervation), and tissue
reshaping.1~# Heating can be achieved through a variety of energy sources, including:
microwave (MW), laser, radiofrequency (RF) current, and ultrasound (US).> Ablative effects
can also be obtained by freezing, termed cryoablation, and irreversible electroporation,
which is a non-thermal ablative modality using high-voltage pulsed electric fields.5:
Technologies have been developed for delivering ablative energy via percutaneous,
intracavitary, endovascular, endoscopic, laparoscopic, and open surgical approaches to a
range of tissue targets. Suitable approaches for specific target sites are determined by factors
such as the size, location within the body, accessibility, and biophysical properties of the
targeted tissue. Figure 1 illustrates schema for thermal ablation devices that have been
developed and are in clinical use in the liver, urethra, renal artery, and esophageal tract.8-10
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Regardless of the energy modality, the biologyical effects of tissue heating are a function of
the intensity of heating and the time for which the tissue is exposed to that temperature. In
general, the higher the temperature, the shorter the amount of heating time required to
deliver ablative treatment. A review of mathematical models of thermal damage following
heating is provided by Pearce.11

Of the various ablation technologies in clinical use, RF ablation devices have been most
widely used, with major applications including treatment of cardiac arrhythmias and tumor
ablation. The use of MW energy for thermal tissue ablation was first reported in the late
1970s, when several studies described monopolar MW antennas for surgical coagulation in
soft tissues.12 To date, the vast majority of development of MW ablation technology has
been focused on thermal ablation of large unresectable tumors in vascular organs such as the
liver. Compared to RF ablation, MW ablation devices enable heating of larger tissue
volumes. Researchers focused on optimizing needle-based MW applicators such as dipole,
monopole, and coaxial slot antennas to provide large spherical ablation pattern. As reviewed
in Bertram et al. and O’Rourke et al.,13:14 efforts were focused on suppressing the backward
current on the surface of the coaxial cable outer conductor by adding chokes and sleeves as
well as keeping the electric fields concentrated around the antenna tip antenna.1>:16 Another
technique was to create a better coupling between the antenna and the surrounding tissue by
loading the antenna with a dielectric material with electrical permittivity closer to that of the
tissue.1” Although these modifications improved the ablation pattern, there was still room to
make the applicators thinner and less invasive. Thinner applicators were introduced by
integrating a matching network into the coaxial cable, using an air-filled coaxial section at
the end of a Teflon-filled coaxial line and integrating a balun on the coaxial cable outer
conductor itself.18-20 The need for their use in medical applications other than hepatic
cancer has led to some newer designs that offer directional heating pattern, making it possi-
ble to ablate diseased tissues safely next to critical structures.?1:22 Although antennas
employing rigid coaxial feedlines have primarily been developed for tumor ablation, helix
and spiral antennas have been integrated within flexible catheter-based devices for cardiac
ablation and treatment of Barrett’s esopha-gus.23:24 MW energy may be delivered to the
tissue through a coupling medium enclosed within a bal-loon surrounding the antenna. Small
and localized ablation patterns have been achieved by using transmission-line-based
applicators for collagen reshaping on the cornea, endometrial ablation, and bone drilling.
25-27 Coaxial cable and circular waveguides can create a hotspot at their tip. One of the main
requirements in minimally invasive ablation is the small diameter of the device. This has
limited the design to coaxial applicators. However, applicability of printed circuit board
technology in MW ablation has been investigated by choosing a higher operation frequency
aiming for small ablation zone and designing dual-mode devices for dielectric measurement
and ablation.28:29

The antenna is an integral element of a MW ablation device and has a significant impact on
the ablation pattern. Here, we review MW ablation antenna designs that have been
developed to address clinical needs for a diverse set of applications.
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II. OVERVIEW OF MW ABLATION

A. Biophysics of MW Tissue Heating

Propagation of electromagnetic energy is determined by the dielectric permittivity and
magnetic permeability of the medium within which the waves travel. Like many other
materials, the relative magnetic permeability of most biological tissues is approximately
equal to one. However, the dielectric permittivity varies widely among tissue types and is
generally complex valued. The complex permittivity of tissue(e;k) is often expressed in terms

of relative permittivity(e/) and effective electrical conductivity (o), which are defined as in
Eq. (2):

c
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where w [rad/s] is the angular frequency and ¢ is permittivity of free space. The Poynting
theorem shown in Eq. (2) describes the conservation of elec-tromagnetic energy:
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where P is the Poynting vector, and E and H are electric and magnetic fields, respectively.
The Poynting vector represents the directional energy flux of an electromagnetic field and is
given by P = E x H. The real component of V - P in Eq. (2) quan-tifies the ability of a
material to store electrical and magnetic energy, whereas the imaginary component of V - P
determines how well electromagnetic energy is absorbed by a material. It is noted that
effective conductivity [computed from imaginary part ofe in Eq. (1)] captures the

contribution from time-varying electric fields (displacement current), specifically rotation of
dipoles in polar materials as they realign with the orientation of the applied alternating
electric field. In most biological tissues, the main contribution to losses at MW frequencies
is the displacement current. The rotation of dipoles generates heat inside biological tissues,
which is known as dielectric heating.30:31

Both relative permittivity and effective conductivity are dependent on frequency,
temperature, and other factors in biological tissues such as water content. As an example,
Fig. 2 shows the relative permittivity and effective conductivity of liver tissue over the
frequency range 10 Hz to 100 GHz.32

The electromagnetic wavelength in tissue can be calculated from the relative permittivity
using the relationship(,l = cO/( f\/Er)). The wavelength is a particularly important parameter

for antenna design; antennas are often efficient when their critical dimension is of the order
of wavelength. The relatively ong wavelength (on the order of centimeters) in biological
tissue places constraints on the minimum antenna size that can be employed for practical
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ablation applications. Electromagnetic wavelength in liver tissue as a function of frequency
is shown in Fig. 3.

B. MW Ablation Systems

A block diagram of an image-guided MW ablation system is shown in Fig. 4. In this system,
power is transferred from a high-power MW source to the target tissue through an applicator.
An imaging system assists the physician in locating the targeted tissue and positioning the
applicator accordingly. The imaging system, as well as auxiliary sensors (potentially
integrated within the applicator), may provide some assessment of the treatment progress,
which the physician may use to adjust the treatment parameters. For example, in the case of
percutaneous tumor ablation, changes in Hounsfield units observed on CT imaging may
provide some assessment of the region where ablative energy is deposited. Other physical
variables that may provide some assessment of treatment progress include antenna
impedance mismatch (as assessed by changes in reflected power), temperature, and pressure.
Selection of the treatment delivery parameters (e.g., applicator positioning, applied power
level, and treatment duration) for individual treatments are most often selected based on the
physician’s experience. Model-based treatment planning tools guiding ablation procedures
are the subject of active research.33

Most MW ablation systems in clinical use operate at 915 MHz and 2.45 GHz. The rationale
for selection of these frequencies is that they fall within industrial, scientific, and medical
band and they exhibit larger penetration depth and less cable heating, which increases with
frequency. However, there are some merits to higher frequencies as explored at 9.2 GHz, 10
GHz, 14.5 GHz, 900 MHz to 18 GHz, and 24 GHz.26:29:34-38 | \Yoon et al.2? and Sawicki et
al.,3" the effect of MW frequency on ablation zones was assessed using dipole and planar
antennas. These studies suggested that thermal conduction has a more significant role in
creation of the ablation zone at higher frequencies compared with low frequencies, where
MW power absorption is dominant. Furthermore, the ablation zone dimensions remain
comparable in size over frequency for constant input power and ablation duration, although
the active length of the device becomes smaller as frequency increases. A smaller antenna
could allow more flexible routing near organ boundaries or around major blood vessels.
However, a drawback of using high frequencies is larger ohmic heating along the feed-line
due to the smaller skin depth, which can lead to a teardrop ablation zone at high power
levels.

Different components of the ablation system have been under investigation to achieve an
effective treatment. Much effort has been focused on designing applicators capable of
creating large spherical ablation patterns in highly vascular organs such as the liver or
ablation patterns conformal to the organ under treatment. Some researchers have
characterized thermal and electrical properties of different tissues and investigated the
biological effects of different energy modalities to improve simulation models for device
design. This would reduce the cost and number of iterations in the device designprocess.
Incorporation of an imaging system capable of real-time monitoring of the ablation progress
would be a significant step toward enabling delivery of adequate thermal doses to targeted
tissues. Finding a parameter to estimate the growth of the ablation zone instead of an
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imaging system is another option to be employed as feedback. One example of a feedback
parameter is tissue impedance change relative to its desiccation rate, as commonly employed
in RF ablation systems.39

MW ABLATION APPLICATORS

The goal of thermal ablation procedures is to heat targeted tissue regions to ablative
temperatures while minimizing damage to non-targeted tissue regions. Applicators for MW
ablation consist of a feeding transmission line terminated by a radiating antenna; the electric
field radiated by the antenna is absorbed in surrounding tissue regions leading to heating.

Because practical transmission lines are made of conductors and dielectrics with non-
negligible attenuation, the transmission line heats up when MW power supplied from the
generator passes through. The geometry of the radiating antenna, frequency of operation,
and the electromagnetic properties of the surrounding media determine the spatial profile of
the radiated electric field into tissue, as well as the applicator’s efficiency at transferring
power from the feeding transmission line to the radiating antenna.

Antenna return loss (RL) represents the ratio of power delivered to the antenna to the power
reflected back to the source due to impedance mismatch between the transmission line and
antenna:

P.
1
RLdB =10 loglOP_r (3)

Although it is desirable to maximize RL, in practice, RL > 10 @B provides an approximate
design goal, representing 90% of power transferred to the antenna. Inefficient applicators
will require larger applied power levels at the transmission line input terminal to achieve the
same ablation size as an efficient applicator. Attenuation within the feeding transmission line
leads to heating of the applicator, which often requires the use of active cooling strategies to
maintain applicator integrity and to minimize passive heating of tissue that may be in contact
with the applicator. Therefore, highly efficient applicators are desirable because they reduce
the burden on cooling of the feeding transmission line.

A typical cooling system integrated to the applicator consists of circulating coolant fluid
through two inflow and outflow lumens. “Examples of coolant fluids include saline solution
and pressurized CO2 gas.*041 Advantages of cooling are sparing the healthy tissue along the
feedline, increasing the sphericity of ablation zone by mitigating the backward heating, and
higher power delivery. Figure 5 shows a cooling strategy on a dipole antenna. Cooling may
be implemented using an arrangement of concentric tubes for coolant inflow/outflow. If the
coolant used is electromagnetically lossy, then circulating the coolant to the distal tip of the
radiating antenna will result in MW absorption within the fluid, coupling less power to the
tissue and potentially reducing the efficacy of the cooling.

The antenna geometry relative to the electromagnetic wavelength at the operating frequency
also determines the pattern of the radiated electric fields. It is desirable to select antenna
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geometries that yield electric field radiation patterns that are well matched to the tissue
regions targeted for ablation. Although the electromagnetic power absorbed is proportional
to |E|?, thermal profiles in tissue are also affected by passive conduction of heat and cooling
due to blood flow and these effects should be considered during antenna design
optimization.42

The efficiency and ablation pattern of candidate MW applicator designs can be evaluated
under a variety of experimental conditions. Antenna RL can be measured by immersing the
antenna in a tissue mimicking load. A variety of tissue-mimicking phantoms with tunable
dielectric properties have been reported in the literature.4344 Measurement of the antenna’s
specific absorption rate (SAR) pattern may be helpful for assessing the radiation pattern of
an antenna, but neglects the effects of thermal conduction on ablation zone profiles.4°
Furthermore, SAR measurements typically do not account for the changes in antenna
radiation pattern due to temperature-dependent changes in tissue dielectric properties.
Ablation devices are often characterized in ex vivotissue. The size and shape of the ablation
is defined by tissue discoloration at elevated temperatures.*6 To account for effects of blood
perfusion, which acts as a heat sink, ablation zones must be evaluated in an 7 vivo animal
model or by emulating the perfusion using a perfusion chamber.448 Ablated tissue is
resected after /n vivo ablations for histopathologic analysis; viability stains may assist in
accurate determination of the ablation zone boundary.

A. Early MW Ablation Applicators

Semi-rigid coaxial cables have been widely used as feeding transmission lines within MW
ablation applicators. This is because their cylindrical geometry facilitates insertion within
rigid catheters and antennas can be readily integrated by modifying the geometry of the
distal tip of the cable. Ablation applicators are designed to fit within an insulating material
(e.0., arigid catheter) to facilitate insertion, prevent the device from adhering to the ablated
tissue, provide protection and mechanical stability, and improve power coupling to the
tissue. Figure 6 illustrates insulated coaxial dipole, monopole, and slot antennas that have
been extensively characterized for moderate hyperthermia and thermal ablation.49-51

Generic dipole antennas consist of two equal length conductors separated by a small gap
where the feeding transmission line is connected. As illustrated in Fig. 6, the coaxial dipole
antenna incorporates a Agffective/4 length of conductor separated from the cable, where
Aefrective Fepresents the effective wavelength for a concentric multi-layered structure of an
insulated conductor surrounded by electromagnetically lossy tissue.>2 The effective
wavelength is a function of the coaxial cable diameter, thickness of the insulating catheter
and dielectric properties of the surrounding tissue and the catheter. For instance, the
Aeffective/4 length for liver tumor ablation could be around 10.9 mm at 2.45 GHz for a dipole
made of UT-85 coaxial cable (0.085-inch outer diameter) inserted within a thin polyolefin
heat-shrink tubing(e,~2.1). The length of the gap is usually designed to be much smaller than

the wavelength to approximate it as an infinitesimal source. The gap acts as an effective
source for propagation of electromagnetic waves. The second leg of the dipole is formed by
the section of the coaxial cable proximal to the gap. The differences in the length of these
two legs leads to an unbalanced dipole antenna. The difference in construction of the dipole
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and slot is that, in the dipole, the distal end is a solid metallic cylinder, whereas, in the slot, it
is a coaxial cable shorted at the end. The monopole antenna is formed by stripping a
Aeffectivel/4 Section of the coaxial cable’s outer conductor.

Major shortcomings of these antennas are the dependence of the ablation profile and
resonant frequency on the insertion depth of the device, backward heating, and non-spherical
ablation profile. Current travels toward the antenna inside the coaxial cable on the inner
conductor surface and inside surface of the outer conductor. A part of the current would
travel back toward the MW source on the outer surface of the outer conductor due to
unbalanced structure of coaxial cable. This current generates unwanted heat along the feed
cable and decreases the sphericity of the ablation pattern. One effective solution to these
limitations is the addition of a choke or sleeve to the outer conductor of the cable to suppress
the backward currents and keep the power deposition localized to the radiating part of the
antenna.1>16 Another solution to improve the ablation pattern sphericity is the addition of a
cap and dielectric loading of the antenna radiating section with materials such as Teflon,
alumina, or ceramic,17.53-55

Figure 7 shows incorporation of chokes, a sleeve, and a cap in the original antennas. The
difference between a choke and a sleeve is the electrical connection of the choke with the
coaxial cable outer conductor. A dielectric such as Teflon is usually used to hold the sleeve
in place and to prevent electrical connection to the outer conductor. Length of a choke is
usually Aeffective/4, Whereas that of sleeve is approximately Agfrective/2.26 The sleeve/ choke
is typically based a short distance from the antenna junction; optimization techniques for
determining geometry of sleeve antennas are presented in Prakash et al.#2:¢ The principle of
operation of antenna chokes is similar to that of baluns, which are commonly used with
coaxial dipole antennas. It has been observed that adding a choke element may also improve
antenna impedance matching.>*>7 The principle of operation of a choke is similar to a balun
in a coaxial dipole antenna. It has been also observed that addition of a choke also aids in
impedance matching.>*57 One technique to localize the radiation of the antenna to the distal
end of the applicator is to add a cap to tip of the antenna. The cap increases capacitance and
may be implemented using a variety of shapes such as disk, ring, or arrow. Figure 7 also
illustrates a design that employs a biopsy needle as both an introducer and a choke to obtain
a thinner device.47:57:58

Another antenna design to improve the radiation localization with the goal of achieving a
more spherical ablation pattern even without a choke is a multi-slot coaxial antenna.59-61
The multi-slot antenna is similar to the single-slot antenna shown in Fig. 6 except with more
slots scattered along the coaxial cable. In a dual-slot antenna, an active choke is created by
destructive interference of the phase of currents from the proximal and distal slots along the
antenna shaft that suppresses the backward current and truncates the heating pattern,61.62

As an illustrative example, Fig. 8 depicts fabrication of a coaxial dipole antenna, with and
without a sleeve. The simulated and measured return loss of the two antennas are compared
in Fig. 9. The simulated and measured return loss of two dipole antennas, one with and
another without the sleeve, are compared in Fig. 9. Both antennas exhibit a very wide
bandwidth. Simulated power absorption and temperature profiles of the dipole antennas are
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shown in Fig. 10. Photographs of experimental ablation patterns of the two dipole antennas
in ex vivo muscle tissue are also shown in Fig. 11.

B. Reduced-Diameter MW Ablation Antennas

Although integration of chokes and caps improves the antenna performance by achieving
highly localized SAR patterns, these elements make the applicator more invasive by
increasing the overall diameter. Recent efforts have been focused on integrating the choke or
sleeve within the coaxial cable. Figure 12 shows three different designs for suppressing the
backward current. Figure 12a shows a balun-free design.18 The principle of this approach is
to operate the antenna at the second resonant frequency where electrical length of the helical
antenna is half a wavelength. The SAR pattern is then highly localized to the applicator tip
as a result of a current minimum at the feed point of the helix. This current minimum
provides a high feed impedance that acts as a natural choke and suppresses currents excited
on the outer surface of the outer conductor. However, the input impedance creates a large
mismatch between the coaxial feedline and antenna. This problem is resolved by integrating
a quarter-wavelength transformer or z-matching network. These matching networks can be
designed and implemented by choosing different dielectric materials such as air for the
coaxial cable and by altering the thickness and diameter of the inner and outer conductor.

Figure 12b shows a technique for incorporating a choke or sleeve within the antenna without
increasing its diameter.19 The technique utilizes an air-filled coaxial section at the end of the
common Teflon-filled coaxial feedline with the goal of achieving a smaller diameter. Using
air and Teflon permittivity to calculate the dimensions of a coaxial cable with 50 Q
characteristic impedance, a 30% smaller diameter is obtained for the same inner conductor
diameter. A choke or sleeve can be implemented on the air-filled section of the coaxial to
avoid increase in overall diameter of the applicator.

The main reason to use a choke or sleeve on a percutaneous MW ablation antenna is to
suppress the backward currents on the outer surface of the outer conductor of the coaxial
feedline. Backward currents exist due to the inherent unbalanced structure of the coaxial
cable. By gradually changing the shape of the outer conductor to create a balanced
transmission line, the backward current problem may be addressed. Figure 12¢ shows a
dipole antenna design with a tapered balun.2? The outer conductor has been gradually
tapered into two parallel strips that act as the second arm of the dipole. The first arm of the
dipole is the extension of the inner conductor. In addition to achieving a highly localized
SAR without using an external choke or sleeve, the tapered balun improves the antenna
return loss by acting as a matching network. Further, the gradual taper of the balun increases
the antenna bandwidth.

C. Directional Applicators

Most MW ablation applicators employ a needle-based design and yield an ovoid ablation
pattern. In practice, the applicator is usually placed in the center of the targeted tissue and
the ablation zone progresses radially outward. In cases when the target is next to critical
structures, caution must be taken to prevent any damage to non-targeted tissues. One
technique to overcome this adverse effect is fluid instillation between the target and adjacent
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tissue (hydrodisplacement) to protect vulnerable organs. The fluid such as dextrose 5% in
water or saline increases the distance between the MW source and the target structure and
further acts as a heat sink. This technique directs the energy primarily to sites away from
where the fluid is instilled.53

Recently, a few antenna designs capable of restricting MW radiation to a preferred direction,
approximately one half of the angular expanse, have been reported. Such applicators may be
used for ablation of targets in proximity of critical structures without requiring any space for
fluid displacement. Figure 13 shows two antenna designs with directional radiation patterns
suitable for integration within rigid catheters/needles. A proof-of-concept device is shown in
Fig. 13a.21 This design consists of a monopole antenna with water cooling incorporated
through its shaft. The coaxial feedline is concentrically placed within two inner (water
inflow) and outer (water outflow) tubes. The inner tube, made of metal, is cut into a
semicylinder from the base of the monopole and extended beyond the tip of the monopole.
This semicylinder would act as a reflector to direct the MWs to one side of the monopole
antenna. The outer tube, made of dielectric (polyimide or PEEK), extends beyond the
reflector and allows water to circulate back to the reservoir. The circulating water provides
active cooling that mitigates heating along the feedline and makes the device less invasive by
eliminating the need for choke or sleeve for backward heating. Additionally, water high
electrical permittivity (e; = 78 @ 2.45 GHz) reduces the wavelength, thereby limiting overall
antenna radiating length.

A thinner (2.5 mm) diameter with deeper radial ablation depth was obtained by modifying
the monopole shape and reflector of Fig. 13a. The monopole antenna of McWilliams et al.?1
is pushed toward the outer tube wall. The placement of the monopole antenna in close
proximity to the outer tube wall and closer to the tissue would allow a larger portion of near-
field MW energy to be coupled to the tissue and reduce the loss of energy to the cooling
water. However, this placement increases the heating in the tissue behind the reflector.
Shifting the reflector away from the monopole and toward the wall of the outer tube or using
a parabolic shape reflector would help in increasing the radiation in the forward direction
and provide a better shield in the reverse direction.%4

Figure 13b shows an applicator that provides a directional heating pattern by incorporating a
reflector and a slot into a monopole antenna.22 To limit the diameter of the device, the
reflector is made by extending a portion of the coaxial cable’s outer conductor. The slot is
also etched out next to the base of the monopole. The reflector is the main component in
reducing the radiation behind the reflector. However, addition of the slot would create
constructive and destructive electric fields in front of and behind the reflector, respectively.
The slot improves the directionality of the applicator and suppresses the backward currents
by creating a significant mismatch between the antenna and coaxial feedline. Although use
of a slot leads to a thinner applicator (2.9 mm diameter) by eliminating the need for a balun,
it creates a mismatch at the operation frequency that could be addressed by integrating a
matching network into the coaxial cable. A r-matching network is implemented in the
coaxial cable by using a different dielectric material inside the cable and changing the
thickness of the outer conductor.
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Sebek et al.? integrated a modified version of the directional device of McWilliams et al.21
shown in Fig. 13a into a standard endoscopic cap for the application of treating esophageal
varices (see Fig. 1d). The study investigates feasibility of using MW ablation for treating
esophageal varices with the goal of achieving a safer and more effective treatment compared
with endoscopic variceal ligation. A suction mechanism similar to variceal ligation captures
the vessel by creation of a vacuum. When the vessel is sucked into the cap, the MW antenna
located in the wall of the cap delivers MW energy to coagulate blood and seal the vessel.
The antenna consists of a water-cooled monopole with a reflecting element. The monopole
has been angled to improve the energy deposition to the vessel while sparing the surface.
The distal end of the reflector has been formed into a hood to guide the water flow toward
the backward flow channel. This would reduce the likelihood of air bubble formation that
may come out of solution as the water trapped at the distal tip is heated.

A photo of a fabricated directional device is shown in Fig. 14. Simulated normalized power
absorption profiles for a conventional monopole antenna compared with a directional
antenna are shown in Fig. 15. Experimental ablation patterns for both antennas are shown in
Fig. 16. These images illustrate the ability of the directional antennas to restrict ablation to
approximately one-half of the angular expanse.

D. Helix and Spiral Antennas

The helical antenna is a basic antenna made of a wire wound in the form of a helix. The
helix is usually connected to the inner conductor of a coaxial transmission line with the
coaxial cable outer conductor as the ground. Helical antennas can be operated in axial and
normal modes. When the helix diameter and spacing of the turns are comparable to the
wavelength of the operation frequency, its maximum radiation intensity is along the axis of
the helix. This end-fire radiation pattern could be obtained by adjusting the circumference of
the each turn to the order of one wavelength and spacing between turns to approximately
one-quarter of a wavelength. In the normal mode, the maximum radiation of the antenna is
in the plane normal to the helix and minimum along its axis. This mode is achieved when
diameter and spacing between turns are small compared with the wavelength.%°

Helical antennas for thermal therapy applications were originally designed and
experimentally evaluated for hyperthermia applications. Figure 17 shows three variations of
helical antennas investigated by Satoh and Stauffer.56 The antennas were constructed by
stripping off part of the outer conductor from one end of the coaxial cable. Coils made of
copper wire were installed on the dielectric of the coaxial cable. In the helical coil-connected
(HCC) variation, the distal end of the coil is electrically connected to the coaxial cable inner
conductor and its proximal end is shorted to the outer conductor. In the helical coil-separated
(HCS) variation, only the distal end is connected to the coaxial cable inner conductor. In the
helical coil-open (HCO) variation, only the proximal end is shorted. HCC configuration has
been analytically characterized by Mirotznik et al.” and investigated by Reeves et al.23 for
the treatment of Barrett’s esophagus. Liu et al.58 investigated the HCO configuration at 433
and 915 MHz. HCS has also been implemented for ablation of atrioventricular junction by
Langberg et al.5% The number of the turns, length of the radiating part, and connection
configuration of the coil are factors that can be optimized to obtain a desirable heating
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pattern.6® The advantages of the helical antenna over a simple dipole antenna are a stable
heating pattern regardless of the insertion depth and a uniform heating pattern along the
helix axis with limited radial penetration.

In Gu et al., 24 a spiral antenna is proposed for cardiac ablation. The advantage of a spiral
antenna is its radiation pattern maximum normal to its surface. The spiral antenna can be
modeled as a large circular loop. The excited fields by currents on the loop add up
constructively inside the loop and cancel out each other outside the loop. Therefore, the
radiation pattern of the spiral antenna, similar to that of the loop, makes it a good candidate
for creating a planar heating profile when placed on the tissue surface. The resonant
frequency of the spiral is dependent on the length of the antenna and the thickness and
material of its dielectric coating. In another implementation, the spiral antenna is deployed
inside a balloon inflated with a low-loss, low-dielectric-constant fluid such as air or nitrogen.
0 The fluid not only prevents heating of the blood within the heart chamber, it also delivers
more power to the heart tissue when less fluid is in front of the spiral than behind it.

E. Transmission-Line-Based Devices

For applications beyond oncology, it may be desirable to create small, localized ablation
patterns. This may be achieved by employing open-ended transmission lines such as coaxial
cables and waveguides. Fundamentally, an antenna plays the role of a matching network for
coupling energy from a transmission line to a medium. Antennas are designed to provide a
desirable radiation pattern for the corresponding application. Nonetheless, open-ended
transmission lines are capable of radiation without an antenna. Swicord et al. have calculated
the energy deposition pattern at the tip of an open-ended coaxial probe and shown that the
total power is absorbed within a hemispherical region around the tip.”! Devices capable of
delivering this energy deposition pattern have been applied to cornea reshaping for
correcting hyperopia, keratoconus, or myopia in Trembly et al.2> An open-ended coaxial
probe with an integrated cooling system is positioned in proximity of the cornea. MW
energy is used to elevate the temperature to 55-58°C to shrink the cornea stroma
permanently. The stroma is the central, thickest layer consisting of collagen fibers. Although
the region of shrinkage is a disk approximately 1 mm in diameter, the enforced cooling
spares the surface to a depth of 0.6 mm. The cooling is integrated to the transmission line by
using a hollow inner conductor. The shrinkage results in a flattened cornea that leads to
correction of keratoconus.

Jerby et al. harnessed the capability of an open-ended coaxial cable to concentrate energy in
a small hotspot to implement a MW drill.2” The inner conductor of the coaxial cable is
extendable. When extended, the open-ended coaxial cable turns into a monopole antenna
that functions as the drill bit (Fig. 18). The MW drill can be used for bone drilling
applications.”? First, the coaxial cable creates a confined hotspot under its tip. The hotspot
increases the dielectric losses on the bone in a thermal runaway process that produces a soft
or molten spot for penetration of the extendable inner conductor deeper. An advantage of the
MW drill is that there is no rotating part involved in the process and it does not produce
debris. Further, the generated heat under the drilling tip may immediately fuse bone
vasculature, thereby eliminating hematomas.
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In Hodgson et al., 2% an open-ended circular waveguide was utilized for endometrial ablation.
Endometrial ablation is an alternative option to hysterectomy for the treatment of heavy
menstrual bleeding. The open-ended waveguide applicator can produce a local
hemispherical ablation zone with a radius of 5-6 mm. The applicator is translated inside the
uterine cavity in a point-to-point fashion to completely ablate the endometrium layer. An 8
mm diameter device was achieved by choosing an operation frequency of 9.2 GHz and using
a dielectric inside the waveguide instead of air. The applicator and how it creates a hotspot
inside an egg white phantom are shown in Fig. 19. The dielectric has been extended beyond
the waveguide tip and formed in a half circle to prevent perforation of the uterine tissue. The
four wires around the tip are temperature sensors. Figure 19b shows the tip of the device
prior to energizing the device and Fig. 19¢ shows 5 mm coagulated egg white around the tip.

F. Printed Planar Applicators

Coaxial-based antennas are the dominant class of applicators for MW ablation due to their
symmetric and minimally invasive profiles. Although printed circuit board technologies such
as microstrips provide the freedom to design antennas with diverse ablation patterns,
achieving a practical device with an overall diameter less than 3 mm is not feasible at
common MW ablation frequencies of 915 MHz and 2.45 GHz due to the large wavelength.
In Colebeck et al., a slot antenna was printed on the back side of a microstrip line with
ultrawideband characteristic.”? The device is capable of creating ablation zones at 915 MHz,
2.45 GHz, and 5.8 GHz. However, the overall width of the device is 5.5 mm, making it
unsuitable for most clinical MW ablation applications.

Operation at higher frequencies allows for designing applicators with practical dimensions
due to shorter wavelength of higher frequencies. Assessment-treatment dual-mode
applicators have been developed based on open-ended planar coaxial aperture structure.28:29
In the assessment mode, broadband dielectric properties of the tissue in contact with the
aperture is measured. In the treatment mode, power is delivered to the tissue for ablation at
18 GHz. The goal of such a device is to first distinguish malignant tissues from normal ones
and then switch to treatment mode to destroy the tumor. A very compact and cost-effective
MW ablation device was implemented by Kim et al.”4 by integrating an entire MW
generator consisting of a voltage-controlled oscillator, a driver amplifier, and a high-power
am plifier plus directional coupler and power detectors to a similar dual-mode device in
monolithic MW integrated circuits technology. Figure 20 shows another dual-mode
applicator consisting of two oval split ring resonators (SRRs) printed on the back side of a
coplanar waveguide (CPW).”> The SRR is coupled to the CPW line and is modeled as an LC
resonant circuit. Resonant frequency of the SRR is a function of its dimensions and the
material it is in contact with. The unloaded resonance frequency of the SRR is 12 GHz. The
resonance frequency would be different for malignant and normal tissues. Figure 21a shows
measured transmission coefficient of the SRR when loaded with phantoms mimicking
normal and tumorous tissues. A shift in frequency of Af= 350 MHz has been observed.
When a tumor is detected, the treatment mode is activated and ablation is performed at the
resonance frequency. Figure 21b-21e shows the simulated and experimental ablation zone of
the SRR. In general, the dual-mode applicators are capable of creating ablation zones with
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input powers as small as 2 W; however, their ablation zone is limited to malignancies
smaller than 20 mm.29

Figure 22a shows a conceptual design of an array of two planar dipoles loaded with two
surface-mounted capacitors on each arm.’® The dipoles are printed back to back and fed by a
stripline. The idea is to obtain the desired ablation pattern by controlling the current
distribution on each dipole through optimizing parameters such as the capacitance values,
capacitor positions along the arms, and the feed point along the length of the dipole.

The applicability of a traveling wave antenna structure for Barrett’s esophagus has been
investigated by Hancock et al.3> The goal is to create a band of controlled heating around the
sphincter of esophagus to give controlled tightening. As shown in Fig. 22b, a series of slots
are created on the ground plane of a microstrip line on a flexible substrate. By adjusting the
size of each slot, uniform power coupling from the microstrip line to slots is achieved. This
leads to uniform heating along the microstrip line. Two 30- slot structures have been fed by a
coaxial cable in a “T” arrangement to have enough length for creating a band of 270°
ablation zone. An operation frequency of 14.5 GHz has been selected to have a very shallow
heating, thereby preventing muscle damage or perforation. For deployment inside the
esophagus, the antenna has been attached to the outer surface of a balloon. The balloon will
be inserted into esophagus through the instrument channel of a gastroscope in deflated form
and will be inflated by filling the balloon with air or a liquid such as saline solution.

In a preclinical study, efficacy of a resonant planar structure integrated to a electrosurgical
device has been investigated for endoscopic procedures.”” The device uses RF energy to cut
and MW energy to coagulate and injects fluids to raise the lesion from the wall of the body
lumen. The MW coagulator is a half wavelength microstrip line resonating at 5.8 GHz with
dimensions of 2 and 8.66 mm for width and length, respectively. The top and bottom plates
of the microstrip also act as the bipolar RF scalpel. The selected frequency of operation
provides well-controlled coagulation depth.

G. Additional Designs

Although the common radiation pattern of MW ablation applicator is omnidirectional, other
designs have been developed with different radiation patterns for applications such as
snoring treatment, tumor ablation, non-contact circumferential endocardial ablation, and
global endometrial ablation (Fig. 23).78-81

In Cresson et al.,”8 a two-prong fork made of coaxial cable was developed for snoring
treatment. Figure 23a shows that one prong of the applicator is the extension of the coaxial
cable inner conductor and the other one is a needle electrically connected to the coaxial
cable outer conductor. This configuration would create a hotspot at the tip of the prongs
while less heat is generated on the proximal end. The treatment goal of the device is to
create a deep-seated fibrous scar in the soft palate tissue while sparing its surface by
constraining the temperature. Ablation would change the soft palate to a fibrous scar that
reduces vibratory capacity of the soft palate, thereby decreasing snoring.
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Most of the implemented applicators for MW ablation of tumors are inserted into the center
of the tumor and create an outward growing ablation zone to cover the whole tumor. In
Shock et al.,82 a monopole antenna was suggested that takes a loop form when deployed
(Fig. 23b). With this design, the tumor is encircled by the loop and is heated from the
outside in. This may help in rapid truncation of the blood supply to minimize the blood heat
sink effect. Further, the loop configuration would decrease tumor recurrence due to
malignant cell proceeding during placement of needle form applicators because it is
positioned next to the tumor. It is noted that, for complete coverage of the tumor, more than
one applicator would be required due to less symmetric ablation pattern of the loop. Some
disadvantages of the loop design is the more complicated targeting procedure of the tumors.
Moreover, the loop is energized during deployment for easier placement, which can cause
complications if it hits surrounding critical organs.82

A monopole with drooping ground radial wires has been implemented for noncontact
circumferential endocardial ablation.89 As shown in Fig. 23c, the design target is to create a
circumferential ablation pattern in the antrum of the pulmonary vein for isolation of the
source of atrial fibrillation. Theoretically, the addition of four 45° drooped radial wires
electrically connected to the outer conductor provides a pure resistive 50 Q input impedance.
Radial wires usually have a length of Aefrective/4 and play the role of a ground plane. The
radiation pattern of this antenna is above its ground plane. In other words, the radiation
pattern is tilted toward the monopole arm and is slightly directional. This design takes
advantage of the pulmonary vein flow for keeping the surface of the myocardial tissue cool.

Figure 23d shows a loop antenna inserted to the uterine cavity for globally ablating its inner
lining, the endometrial layer, as a treatment for heavy menstrual bleeding.8! The loop
consists of an extension of the inner conductor of a coaxial cable that is electrically
connected to the coaxial cable outer conductor at its tip. The large loop antenna is resonant
at a perimeter of one wavelength and changing its shape does not appreciably change the
loop resonant frequency. The loop is inserted into the uterine cavity in an endocervical
approach and deployed inside the cavity. The small diameter of the device does not require
any dilation of the cervix. The loop conforms to the anatomy of the uterine cavity and create
a planar ablation pattern. MW energy is majorly delivered along the loop wire, whereas the
center of the loop is ablated through thermal conduction. Simulated and experimental
ablation patterns shown in Fig. 24 confirms the creation of planar ablation patterns in the
shape of the loop. Ablation depths at different cuts are also shown in Fig. 24.

H. Alternative Ablation Pattern Control Techniques

The ablation pattern of MW applicators is primarily determined by the antenna structure.
Alternative techniques to shape or tailor the antenna pattern have been incorporation of
cooling, use of balloon, shifting to higher frequencies, and employing multiple devices in an
array configuration.

Use of a balloon is an effective technique in intracavitary applications such as Barrett’s
esophagus, renal denervation, benign prostate hyperplasia, and cardiac ablation.”0.83-85
While the MW antenna is held in the center of the balloon, the balloon is inflated and filled
with a coupling material such as saline or gel. These materials provide more efficient
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coupling of power from the antenna to the tissue compared with air because their electrical
properties are similar to body tissues. In Qian et al.,34 deep circumferential heating is
reported while sparing the transmural arterial wall in renal denervation application.

When treating large target volumes (e.g. tumors with diameter > 3 cm), a single applicator
may not be able to provide a sufficiently large zone of ablation.8¢ The heat sink effect of
local blood flow is the main reason for this limitation, which can increase the chances of
incomplete ablation and risk of tumor recurrence. Therefore, the use of multiple applicators
has been proposed to achieve a larger ablation volume. An SAR pattern of arrays of four
antennas in square configuration has been investigated for different antenna types by Ryan et
al.*> Helical antenna in square and crescent array form has been investigated by Sherar et al.
87 for prostate cancer thermal therapy. The feasibility of using triple MW antennas
simultaneously in the treatment of liver tumors intraoperatively has been shown by Simon et
al.88 An array of multiple antennas may not create a sphere cal ablation zone, but the final
ablation pattern can adequately cover the tumor by precise placement of the antenna
elements.

IV. SUMMARY

There has been considerable interest in the development of MW ablation technology for a
range of clinical indications. A critical component of MW ablation systems is the applicator,
which includes an antenna for coupling applied MW power from a generator to the targeted
tissue. Here, we have reviewed MW antennas designed for site-specific thermal ablation of
tissue. The use of active cooling strategies for minimizing unintended heating along the
feeding transmission line and antenna chokes/ sleeves and cooling for adjusting the length of
ablation zones were discussed. Ongoing developments incorporating sensors for assessing
treatment progress may yield improved control of MW thermal ablation zones.
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FIG. 1.
Examples of technologies for delivering ablative energy via (A) percutaneous, (B)

intracavitary (adapted from Burtnyk et al.8), (C) endovascular (adapted from Fernandez-
Ruiz19), (D) endoscopic approaches (adapted from Sebek et al.?).
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Dependence of liver dielectiric properties on frequency based on technology described by
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FIG. 3:
Electromagnetic wavelength in liver tissue versus frequency
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Components of an image-guided MW ablation system
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FIG.5:
Integration of a cooling system to a coaxial dipole antenna. Arrows indicate direction of
coolant flow.
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FIG. 6:
Early MW antennas for interstitial thermal therapy: dipole, monopole, and slot (black: metal,

grey: dielectric)
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FIG. 7
Examples of coaxial antennas with sleeve, choke, and cap and a monopole in a triaixal

configuration (black: metal, grey: dielectric)
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FIG. 8:
Fabrication steps of a dipole antenna with sleeve: (A) simple dipole, (B) addition of an

insulation layer (polyimide), (C) addition of the metal sleeve, and (D) covering of the dipole
with heat shrink
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Measured reflection coefficients (S11) of dipole antennas with and without sleeve
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FIG. 10:
Simulated (A) power absorption profile and (B) temperature profiles of dipole antennas with

(left) and without (right) sleeve. Estimated extent of the ablation zone is overlaid in black.
(Pin = 60 W, duration = 2 minutes).
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FIG. 11:
Example ablation patterns of dipole antennas (A) with and (B) without sleeve in ex vivo

procine muscle (Pj, = 60 W, duration = 2 minutes)
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FIG. 13:
(A) Proof of concept (adapted from McWilliams et al.2) and (B) slot/monopole (adapted

from Mohtashami et al.22) directional antennas (black: metal, grey: dielectric, white: air,
patterned: water)
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FIG. 14
Example of a fabricated directional monopole antenna without the outflow polyimide tube

(courtesy of Pegah Faridi)
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FIG. 15:
Example power absorption profiles of: (A) a conventional antenna and (B) a directional

antenna

Crit Rev Biomed Eng. Author manuscript; available in PMC 2019 February 27.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Hojjatollah and Punit Page 35

Conventional Directional

FIG. 16:
Comparison of directional and conventional monopole antenna ablation patterns in liver

tissue
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FIG. 17:
Variations of helical antenna (adapted from Satoh et al.6) (black: metal, grey: dielectric)
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FIG. 18:
MW bone drill (adapted from Eshet et al.59)
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FIG. 19:
Waveguide applicator for endometrial ablation. (A) 9.2 GHz circular waveguide applicator

for endometrial ablation in egg white (B) before and (C) after ablation. (Reprinted with
permission from John Wiley and Sons, Copyright 2005.26)
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FIG. 20:
Dual-mode applicators consisting of oval SRR on the back side of a CPW. (Reprinted from

Reimann et al. under a Creative Commons Attribution 4.0 International license: http://
creativecommons.org/licenses/by/4.0/.7%)
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FIG. 21:
Performance of the dual mode SRR sensor of Reimann et al.”> Shown is the frequency shift

in the: (A) assessment mode, (B) simulated ablation zone, and (C-E) experimental ablation
zone in liver tissue in treatment mode. (Reprinted from Reimann et al. under a Creative
Commons Attribution 4.0 International license: http://creativecom-mons.org/licenses/by/
4.0/. 79)
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FIG. 22:
Array of two planar dipoles loaded with capacitors (A) (reprinted with permission from AIP

Publishing, Copyright 201776) and (B) a traveling wave antenna (adapted from Hancock et
al.3%)
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FIG. 23:
Two-prong fork device for treatment of snoring (A) (adapted from Cresson et al.”8), double

loop applicator (B) (reprinted with permission from Springer Nature, Copyright 200579),
drooped ground monopole antenna (C) (reprinted with permission from John Wiley and

Sons, Copyright 201580), and loop antenna for global endometrial ablation (D) (adapted

from Fallahi et al.81)
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FIG. 24:
Simulated and experimental ablation pattern of a loop antenna with planar heating.

Estimated extent of the ablation zone (60°C isotherm) are overlaid on the simulated
temperature profiles.
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