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ABSTRACT

Microwave ablation (MWA) is an alternative locoregional therapy to surgical resection of solid tumors in the
treatment of malignancies, and is widely used for hepatic tumors. It has a slightly higher overall survival (OS) rate
compared to external beam radiation therapy (EBRT), and proton beam therapy (PBT), and better long-term
recurrence-free OS rate compared to radiofrequency ablation (RFA). In this paper, current commercial devices,
most recent noncommercial designs, and the principles behind them alongside the recently reported de-
velopments and issues of MWA are reviewed. The paper also provides microscopic insights on effects of micro-
wave irradiation in the body. Our review shows that MWA is a safe and effective, minimally invasive method with
high ablation completion rates. However, for large tumors, the completion rates slightly decrease, and recurrences
increase. Thus, for large tumors we suggest using a cooled shaft antenna or multiple antenna placements. Com-
parisons of the two common ablation frequencies 915 MHz and 2.45 GHz have shown inconsistent results due to
non-identical conditions. This review suggests that 915 MHz devices are more effective for ablating large tumors
and the theory behind MWA effects corroborates this proposition. However, for small tumors or tumors adjacent
to vital organs, 2.45 GHz is suggested due to its more localized ablation zone. Among the antenna designs, the
double-slot antenna with a metallic choke seems to be more effective by localizing the radiation around the tip of
the antenna, while also preventing backward radiation towards the skin. The review also pertains to the use of
MWA in COVID-19 patients and risk factors associated with the disease. MWA should be considered for COVID-19
patients with hepatic tumors as a fast treatment with a short recovery time. As liver injury is also a risk due to
COVID-19, it is recommended to apply liver function tests to monitor abnormal levels in alanine aminotransferase
(ALT), aspartate aminotransferase (AST), total bilirubin, and other liver function indicators.

1. Introduction

data has also shown that the use of MWA has increased compared to
surgical resection during the pandemic, primarily due to shorter post-

Tumor ablation involves the removal or destruction of tumors by
means of thermal therapies [1, 2]. Among different ablation techniques,
Microwave ablation (MWA) is capable of being used as a minimally
invasive technique and has gained attention in 21 century, along with
advances in imaging technology [2, 3, 4, 5, 6, 7]. The current work is a
comprehensive and unique review article about percutaneous hepatic
MWA that covers the science behind the technique, the engineering of
the microwave delivery to the tissue, commercial devices, case reports
after 2014 for MWA of different tumor sizes and ablation devices, limi-
tations of this technique, new insights from the analysis of the literature
reviewed, as well as the effect of the current pandemic on MWA. We
believe MWA can be important these days with the progression of the
COVID-19 pandemic [8, 9], for reasons discussed in this review. Recent
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operative stay and hospitalization time following MWA [9, 10].

MWA ablation techniques can use one or multiple antennas to deliver
microwave radiations to the tissue. The antennas used in MWA are
commonly thin and can be placed on or inserted into the tumor tissue. In
modern MWA devices, antennas up to 2 mm in diameter can deliver a
high-power microwave radiation. The ease of use and small width of the
antenna make it a suitable candidate for percutaneous use.

Microwave radiation in general has applications in various fields such
as communications [11], medicine [12, 13], food industry [13, 14], and
manufacturing [15]. However, in medicine, one of the main applications
of microwave radiation is as a heat source and a means of delivering
powerful energy to parts of human body such as in [16]:

Received 7 October 2020; Received in revised form 22 February 2021; Accepted 4 March 2021
2405-8440/© 2021 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:kghandi@uoguelph.ca
http://crossmark.crossref.org/dialog/?doi=10.1016/j.heliyon.2021.e06454&domain=pdf
www.sciencedirect.com/science/journal/24058440
http://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2021.e06454
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.heliyon.2021.e06454

P. Afaghi et al.

. Cardiology

. Benign prostatic hyperplasia (BPH)

. Tumor ablation

. Endometrial ablation

. Liposuction

. Microwave balloon angioplasty

. Microwave treatment of microbial infections [13]. This is mostly
focused on two types of medical applications of microwave radiation:
killing or inactivating pathogenic microbes (e.g., some bacteria), and
the SARS-CoV-2 virus [13].

NO U A WN-

This review article is focused on liver disease and in particular, liver
cancer. Among cancers, liver cancer has been classified as one of the
leading causes of cancer related deaths, with the 5t Jethal level in the
United States [17, 18]. Liver cancer occurring in liver cells (hepatocytes)
is referred to as hepatocellular carcinoma (HCC). This type of cancer is
the most common type of primary liver cancers, causing about 80% of
hepatic malignancies globally, followed by cholangiocarcinoma (CC),
which is the cancer of the bile ducts, that are responsible for carrying bile
to the gallbladder. A major cause of HCC is chronic hepatitis B virus
(HBV) or hepatitis C virus (HCV) infections [19], as insertion of the viral
hepatitis B genome into the telomerase reverse transcriptase (TERT) of
the human genome results in a mutation accounting for 60% of HCC
cases [20]. HVB and HCV are more prevalent in Asia and Africa, and less
prevalent in developed countries. However, HCV is slightly more prev-
alent than HBV in developed countries and for instance, HCV rates in
Canada and the United States are 0.8% and 1.8%, respectively [21, 22,
23, 24]. The significance of liver diseases can also be perceived by the
fact that the Nobel Prize in Physiology or Medicine 2020 was awarded for
the discovery of HCV as an unknown cause of chronic hepatitis that
causes cirrhosis and liver cancer.

The histopathological features of HCC include vascularized tumors
with cytological atypia, mitotic activity, Kupffer cell count reduction, and
reticulin network disassembly [25]. However, these factors tend to be
patient dependent and will manifest differently from person to person
[26]. CC arises in any segment of the intrahepatic (pre)biliary tree, and
due to its proximity to the liver, it is an increased risk factor for metastatic
CC of the liver [27]. Following MWA of the liver, the amount of necrosis
of the ablated area is dependent on the irradiated power used [28]. The
ablation area is confined by palisading, histiocytic, giant cells, and
accompanying inflammation [29]. Ablated area has faded nuclei and
eosinophilic cytoplasm [29]. In areas where ablation could not
completely destroy malignant tissue, tumor cells display cytoplasmic
eosinophilia, but with present nuclei, indicating these tumor cells could
still be functional [29]. The majority of MWA lesions develop a sur-
rounding rim of characteristic tissues, which takes approximately a week
to heal/disappear. Increased disappearance time or failure for the ring to
fade could be an indicator of residual tumor tissue or tumor reoccurrence
[28, 29]. Post treatment biopsies 1-3 months following successful MWA
of all malignant tissues reveals that tumor tissue will be completely
replaced by fibrosis [28].

One of the most common applications of microwave ablation is for the
treatment of liver cancer. However, microwave ablation applications in
the liver are not limited to cancer therapy, and includes the ablation of
liver cysts as well [30]. Microwave ablation of liver tissue is the conse-
quence of localized microwave heating with an antenna, which leads to
cell destruction and shrinkage of the tissue. Ex vivo microwave heating of
bovine liver for the purpose of tissue ablation has shown to shrink the
tissue about 30% [31]. The conventional liver cancer treatment is sur-
gical resection, which may not always be an option for most patients, due
to limitations such as the presence of cirrhosis and poor liver function
[32, 33, 34]. Other methods such as liver transplants and radiation
therapy have their own well-known complications. Moreover, MWA
ablation provides an alternative minimally invasive and safe method to
the surgical resection, as described in section 4 [35].
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Thermal ablation techniques such as radiofrequency ablation (RFA)
and microwave ablation (MWA) are two alternatives to surgical resection
[36, 37]. There are other alternative techniques, such as irreversible
electroporation, cryoablation, high intensity focused ultrasound (HIFU),
and percutaneous ethanol injection (PEI). Among ablation methods,
MWA is ideal for treatment of vascularized tissues and tumors adjacent to
blood vessels, since blood perfusion has less of a negative effect on mi-
crowave thermal ablation compared to RF ablation [38, 39, 40]. In fact,
in RFA, convective heat transfer will occur between the hot tissue and the
colder blood flowing through the tissue. Since RFA growth is slow, the
blood perfusion acts as a heatsink and prevents the ablation process
especially when large vessels with high blood perfusion rates are in the
vicinity [41]. Moreover, MWA has shown to have a sharper effective zone
boundary compared to techniques such as RFA, cryoablation (CRYO) and
irreversible electroporation (IRE) [42]. In a study on HCC patients
treated with MWA and RFA, MWA had similar 1-year overall survival
(OS) rate to that of RFA, but showed a better 5-year OS without recur-
rence (28.1% vs 19.6%) [43].

Some other non-thermal therapy techniques, such as external beam
radiation therapy (EBRT) and proton beam therapy (PBT), use ionizing
radiation [44, 45, 46]. They can be effective treatments, however, as a
comparison, the average OS rate after 1 year follow up for 770 HCC
patients treated with MWA from the data in this review (from small to
large tumors) was 88% [47, 48, 49, 50]; whereas the average 1-year OS
rate for EBRT among 1051 patients was 83% [45]. In a study on 162 HCC
patients treated with PBT, the average 1-year OS rate was 79% [51]. So
overall, MWA seems to be slightly more effective than other types of
radiation therapy.

2. Technical discussion

MWA is done by irradiating the tumor using the microwave radiation
and typically, deposition of the microwave induced heat on demand in
the tumor, which leads to increase in the temperature of the tissue,
therefore killing the tumor cells. In microwave ablation, the amount of
absorbed microwave energy by the tissue depends on its permittivity.
The permittivity is frequency-dependent and describes how the material
behaves in the presence of an external electric field. When a tissue as a
dielectric medium is exposed to an external electric field, the organiza-
tion of the electric charges will be affected by the external electric field
via electric dipole reorientation of its polar molecules and charge
migration of its ions. Other effects are the changes to the hydrogen
bonded clusters and network of the hydrogen bonding. In biological
systems like the body, other factors also play role, such as changes to the
hydrophobic and hydrophilic structures. As the electric field moves
through the dielectric, it shifts the electrons alongside the field direction
in such a way that the negative charges are attracted to the positive di-
rection of field, and vice versa, to reach an equilibrium. The shift is to the
partial charges in the medium. This shift creates an opposite field which
cancels out that electric field. Higher permittivity means more shift in
electrons, and in general, partial charges which results in higher micro-
wave energy deposition. Some of this deposited energy is then dissipated
into heat and rises the tissue temperature.

Table 1 demonstrates the difference between the permittivity of
normal and malignant human liver tissue at two common microwave
frequencies. There is a difference between the electrical properties of
normal and malignant cells, which results in higher microwave energy
dissipation in the tumor and higher temperatures. The difference has
been associated to an increase in negative electrical charge on the outer
surface of the cellular membranes when transforming to malignant cells
[52], which consequently affects the transmembrane potential [53]. The
increased negative charge results in higher electrical conductivity of the
tissue and an increase in migration of the mobile charges under an
applied external electric field. The increase in temperature is due to the
dissipation of this excess ordered kinetic energy by coupling of this
motion with other degrees of freedom in the tissues. This energy
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Table 1. Average relative permittivity and effective conductivity for in vivo normal and malignant human liver tissue at 915 MHz and 2.45 GHz [54].

Frequency Normal Malignant

& 6 (S-mt) & 6 (S-m™!)
915 MHz 59.94 1.16 64.09 1.34
2.45 GHz 57.55 1.95 62.44 2.18

dissipation is the cause of the increased temperature. Despite this pro-
posed mechanism, these effects are not fully understood and need
extensive research to probe all microwave effects in the normal and
malignant tissues. Such an understanding requires the following in-
vestigations: 1) impacts of the electric fields of the microwave indepen-
dent of thermal effects, if any; 2) impacts of the magnetic fields of the
microwave independent of thermal effects, if any; 3) impacts of the
thermal effects of the microwave; 4) probing such impacts using in situ
methods [12].

The dielectric properties of materials in general are commonly tem-
perature dependent. In a study [55], a relation for relative permittivity of
the liver tissue at 2.45 GHz and at different temperatures ranging from 1
°C to 100 °C was evaluated.

€.(T) =47.043 — 0.0424T €))

where T is the temperature of the tissue in °C. Although the value is
slightly different with that of shown in Table 1, it implies that the relative
permittivity does not vary much in the mentioned temperature range.

2.1. Microwave ablation devices

What we describe in this section is not limited to liver cancer. It can
apply to other liver diseases and to infectious diseases that can be treated
using microwave systems [15]. Common MWA systems are divided into
three main parts: the microwave generator, the coaxial cable, and the
microwave antenna [56]. The microwave generator could be a solid-state
device or a magnetron. The two main frequencies provided by micro-
wave sources for microwave ablation are 915 MHz and 2.45 GHz [57]. In
a study on ex vivo porcine liver using a MWA system manufactured by
Kangyou Medical using a cooled-shaft antenna, it was shown that the
peak temperature of the tissue at distances greater than 1 cm at 915 MHz
was significantly higher than that at 2.45 GHz [58]. According to the
authors, this is due to the higher penetration depth and lower attenuation
of 915 MHz microwave radiation compared to those of 2.45 GHz Figure 1
demonstrates the comparison of the peak temperature achieved at the
two frequencies, at two different powers 50 W and 80 W, and at different
distances from the cool-shaft antenna based on their result. This result
conforms to the permittivity values in Table 1.

On the other hand, in another study, the difference of the two fre-
quencies were evaluated on 48 patients with a total of 124 hepatic tu-
mors and it was shown that a 2.45 GHz applicator provides a larger
ablation zone and significantly shorter ablation time compared to a 915
GHz, making the 2.45 GHz frequency more suitable for larger tumors
[59]. However, the 915 MHz system had three separate 45 W antennas,
whereas the 2.45 GHz system had a single 100 W antenna, which makes
the comparison difficult. The reason for more effectiveness of 2.45 GHz
frequency is most probably the impedance mismatch between cables and
antennas in the 915 MHz system [59].

Considering this inconsistency, the differences in the thermal ablation
by microwave radiation with the two frequencies were investigated with
three approaches: theoretical, simulation, and ex vivo experiment [60].
The ex vivo experiment was performed by using a custom-designed,
single and dual interstitial dipole non-cooled antenna fed with a 30 W
microwave source and with effort to minimize the differences of any
other factors between the two frequencies. For an infinitesimal dipole
antenna, the E- and H-field components in spherical coordinates are [61]:
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Figure 1. The comparison of peak temperature achieved for ex vivo MWA of
porcine liver at the two common frequencies 915 MHz and 2.45 GHz, at two
different powers 50 W and 80 W, and at different distances from a cooled shaft
antenna [58].
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where 1 is the total length of the dipole antenna, I, is the current
amplitude, k is the wave number, E and H are the electric and magnetic
fields respectively, and n is the wave impedance which is dependent of
the permeability and the permittivity of the medium. k is the wave-
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number and k = % where 1 is the wavelength. Figure 2 is the illustration
of the wave propagation for an infinitesimal dipole antenna at 2.45 GHz
and 915 MHz based on Egs. (4) and (5).

Both simulations and experimental results of a single antenna show
that 915 MHz provides a wider spherical ablation zone compared to 2.45
GHz. At large distances from the antenna, using 915 MHz will result in
reaching higher temperatures in shorter times. Whereas for small dis-
tances from the antenna, 2.45 GHz is more effective by reaching higher
temperatures faster. This is due to higher ion displacement frictions by
the microwave radiation, which results in more absorption near the an-
tenna and attenuation for 2.45 GHz compared to 915 MHz. The fre-
quencies are not limited to 2.45 GHz and 915 MHz. In fact, a recent study
has shown that with a novel 14.5 GHz MWA system for ex vivo ablating
of human liver, an efficient, reproducible, and large spherical ablation
zone can be achieved [62]. It has also been identified as the optimum
frequency for ablating tissues with the high-power microwave radiation
and it provides a limited depth of penetration that leads to a faster and
more sharp-edged spherical ablation zone. This microwave energy is
dissipated in the tumor. This will also result in performing ablation in a
shorter time. The applied MicroBlate system in this study has a solid-state
microwave source with maximum output of 50 W, a coaxial antenna with
a ceramic sheath, and a low power mode (10 mW) for measuring the
complex impedance of the tissue [63]. A new multi-functional antenna
design capable of working at this frequency has been introduced [64].
The permittivity of the liver at this frequency is half of the reported ones
for 915 MHz and 2.45 GHz [65]. The depth of electric penetration in the
tissue is the depth that the electric field reaches to le times that of at
antenna and is defined by:

1 fep [N -4
% =om {2 b+ (21‘51/8) 1} @

where &g is the electric field penetration depth, € and p are absolute
permittivity and absolute permeability of the tissue respectively, v is the
frequency of the microwave radiation, and ¢ is the conductivity of the
tissue. For example, according to this formula, the electric penetration
depth in colon at 2.45 GHz and 14.5 GHz are 19.3 mm and 1.83 mm
respectively [63].
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Figure 2. The wave pattern for the electric component of an infinitesimal dipole
antenna at 915 MHz and 2.45 GHz with an arbitrary constant current amplitude
for both frequencies.

Heliyon 7 (2021) e06454

2.2. Antenna

The main part of the microwave delivery is the antenna. The radiation
pattern inside the tissue and the reflection coefficient are the parameters
that are related to the antenna design [66]. For minimally invasive
purposes and ease of use, microwave radiation is commonly delivered
using a microwave coaxial antenna (MCA). The most common micro-
wave delivery systems for microwave ablation are coaxial-based systems
(Figure 3) which typically use one of these three antennas [57]:

1. Dipole antenna
2. Monopole antenna
3. Slot antenna

And the three shapes of antennas (Figure 3) are as follows [67]:
1. Straight

. Loop
3. Triaxial

N

Dipole antenna is the simplest form of antenna which comprises of
two axial conductive components. The current oscillations generate the
microwave radiation. Monopole antenna is like a dipole antenna, but a
ground plate is used instead of one the conductive components. Slot
coaxial antennas are currently the most popular ones for MWA applica-
tions due to their small size and low manufacturing costs [55]. They
comprise of a radiating element which is made by cutting an opening on a
ground plane [61]. This could be single-slot or double-slot. The latter one
provides a more localized and spherical microwave absorption pattern in
the tissue.

In slot coaxial antennas, with impedance mismatch between the an-
tenna and the tissue, propagation of surface currents generated at the slot
between the outer conductor of the coaxial cable and the catheter may
cause an extreme increase in the temperature at the electric current site
and cause the backward heating problem. Sometimes, backward heating
is useful, such as to stop residual bleeding [67], but for
minimally-invasive methods and in particular, percutaneous methods, it
may cause some undesired burns to the skin around the insertion area.
Although a simple solution is cooling the insertion area, a modification to
the slot antenna design could prevent or minimize this problem, such as
the coaxial choke and extended tip choke designs [68]. The straight
antenna design is the simplest shape of antenna which is widely used
whereas the loop antenna comprises a round loop-shaped antenna which
is more suitable for ablating large surface tumors [69]. The triaxial an-
tenna will be discussed later in details in this article. Figure 3 demon-
strates the schematic representation of the common antenna designs.

Monopole

. Dipole

Double-slot

Choked double-slot

Triaxial

Figure 3. Schematic representation of the common antenna designs.
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2.3. Choked antenna

The choked design of slot antennas was originally designed for car-
diac MWA, but can be used in percutaneous hepatic MWA applications as
well [70]. They are used as a solution to the backward heating problem,
by connecting an annular thin metallic choke, usually of the wavelength
long to minimize the reflected microwave power towards the whole
antenna shaft and to localize the microwave power in the distal tip of the
antenna [71]. In fact, the choke matches the antenna to the coaxial
transmission line and the proximal end of the choke acts as an open
circuit to prevent any returned current from transmission line. In addi-
tion, the capacitance of the tip increases due to the enlarged inner
conductor and the annular cap, leading to enhancement of microwave
radiation emitted from the tip of the antenna [69].

Although this type of antenna has low reflection and good microwave
absorption pattern inside the tissue, the tip needs to be inserted up to 1.5
mm larger in diameter than the feed cable, since the surrounding metallic
choke around the antenna causes an increase in diameter [67]. Figure 4
demonstrates a double-slot antenna with the metallic choke.

In a study, some designs of this type of antenna have been discussed
and have optimized the position of the metallic choke by using finite
element method (FEM) electromagnetic simulations to achieve the
minimum power reflection coefficient of -20.9 dB and minimized the
backward heating [72]. This increases the overall MWA efficiency and
leads to a better distribution of microwave energy in the liver in a larger
ablation zone and decrease in undesired microwave energy along the
antenna shaft.

2.4. Triaxial antenna

Triaxial antenna is a new microwave antenna design for ablation,
which has been optimized for delivering a good microwave absorption
pattern (i.e., more spherical pattern and low power reflection) with
keeping the insertion depth at a minimum [73, 74]. This antenna is a
coaxial monopole antenna within a biopsy needle [75]. The biopsy
needle creates a triaxial structure when inserted into the tissue and
maximizes the energy transfer to the tissue while minimizing the heating
of the feed cable and invasiveness [73]. Figure 5 shows a schematic
representation of the antenna.

2.5. Coaxial cable

As previously mentioned, coaxial cable is the conventional delivery
method of microwave power from the source to the antenna. The
attenuation constant is a measure of power loss in the cable which has
two components [16]:

o0=0 + 0 ®

where o, is related to conductor loss and a4 is related to dielectric loss.
The dielectric loss is a measure of how much electromagnetic energy
dissipates when the waves propagate inside a material due to the relax-
ation and resonance effects of the dipole molecules. The relaxation effect
occurs when the electric field of the microwave radiation polarizes the
dielectric material dipole molecules absorb and re-scatter the electric

Slots

AN

e e
———, -~
—

Metallic choke

== Dielectric
Antenna sheath

== Outter conductor
Inner conductor

Figure 4. Axial and radial schematics of a coaxial-based double slot choked
antenna designed for hepatic microwave ablation (MWA).
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Antenna base

Coaxial feed

Active length =34 /4

Biopsy needle :
psY Insertion depth = A /4

Figure 5. Schematic representation of a coaxial monopole antenna inserted

through a biopsy needle. The active length of the antenna and the insertion

depth through the needle can be adjusted according to the tissue properties.

field. But the dipole response is not instantaneous and is always delayed
by some phase with respect to the field and it opposes to the electric field
in each cycle. The resonance effect happens when the electric field of the
microwave radiation resonates with the movement of partial charges or
and vibrionic/rotational transitions of the dielectric medium and the
dielectric absorbs the energy to perform such transition and the energy
dissipates due to frictional interactions with the matrix. In principle, the
energy loss in electric transmission lines has two components, one is
related to the conduction properties of the transmission line, and the
other one is related to the dielectric properties of it and is frequency
dependent.

0.023/v 1 D
=—————(1+—] dB 9
0= D< + d> /m ©
03 =0.0909v V& tand dB/m (10)

where tand is the dielectric loss factor, v is the frequency, D is the inner
diameter, and d is the outer diameter.

2.6. Present commercial devices

There are currently nine widely used commercial microwave ablation
systems used for hepatic cancer. In the United States, the most used FDA-
approved system is Covidien product [76]. Figure 6 lists the common
commercial MWA systems with their specs. The 915 MHz Covidien MWA
system by Vivant Medical, Inc. (Valleylab) was approved by FDA (Food
and Drug Administration) in 2003 and later, it was acquired by Covidien
plc which was purchased by Medtronic. In the U.S., MWA devices, which
are commonly classified as Class II medical devices, require the FDA
premarket notification 510(k) clearance as a summary of safety and
effectiveness report. A MWA system can deliver microwave radiation to
one or more than one applicator. Small tumors commonly are ablated by
using a single antenna at a single position. However, in some situations,
larger ablation zones are needed for large, multiple, or non-spherical
tumors, requiring irradiation at multiple antenna positions [74]. With
multiple applicator MWA systems, a single MWA unit connected to two
or more antennas can be used simultaneously to achieve a better tem-
perature gradient for a larger zone.

MedWaves uses a modulated power delivery system. It means that the
generator generates maximum power until the temperature sensed by a
thermocouple at the distal tip of the antenna reaches 110 °C. Then, the
power is modulated to maintain the temperature [77].

3. Percutaneous microwave ablation of liver tumors

The percutaneous approach provides a minimally invasive procedure
compared to laparoscopic and laparotomic approaches. In percutaneous
microwave ablation techniques, the antenna is positioned at the tumor
site, guided by imaging techniques including ultrasound (US) imaging
and computer tomography (CT) scanning. Although ultrasound sonog-
raphy is used in all types of HCC treatments, in some cases, such as small
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tumors (<1 cm) or tumors located below the diaphragm, US is not an
option [78]. CT-guided MWA compared to US-guided MWA, provides a
better resolution of the anatomy and the antenna position, as well as a
better visualization for small ultrasonically invisible HCCs [79]. Safety
and effectiveness of microwave ablation has been of concern to physi-
cians. Safety in terms of causing damage to surrounding healthy tissues,

* . amm)~ Medtronic (Covidien)
Emprint

~ Frequency: 2.45 GHz
) Max. Power: 100 W
Single applicator
i 13-gantenna
- Water-cooled
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especially in ablation areas abutting other vital organs, such as the dia-
phragm, lung, and heart [80]. In cases where the tumor is adjacent to
these vital organs, techniques such as artificial ascites or intraductal sa-
line perfusion may be applied. Post-MWA follow-ups of the patients are
typically done a few months to 2 years after the ablation by using CT and
MRI (Magnetic Resonance Imaging) scans [36].

Medtronic (Covidien)
Evident

Frequency: 915 MHz
Max. Power: 45 W
Multiple applicators (3)
13-g antenna
Water-cooled

3
= - Perseon (BSD Medical)
Lo} MicroThermX

Frequency: 915 MHz
Max. Power: 60 W
Multiple applicators (3)
w 14-g antenna

®  water-cooled

-

HS Medical
HS AMICA

Frequency: 2.45 GHz
Max. Power: 100 W
Multiple applicators (2)
14-g, 17-g antennas
Water-cooled

Neuwave Medical
w Certus 140

Frequency: 2.45 GHz
Max. Power: 65 W
. Multiple applicators (3)
b 17-g antenna
C02-cooled

Microsulis Medical
Acculis / Accu2i

Frequency: 2.45 GHz

Max. Power: 140 W

Single applicator

15-g antenna g
Water-cooled ) )

Alfresa-Pharma
Microtaze

Frequency: 2.45 GHz
Max. Power: 70 W
16-g antenna
Water-cooled

Qinghai
FORSEA

Frequency: 2.45 GHz
Max. Power: 100 W
Multiple applicators
14-g antenna
Water-cooled

Kangyou Medical
KY-2000

Frequency: 2.45 GHz
1 Max. Power: 100 W
15-g antenna
Water-cooled

MedWaves
AveCure

Frequency: 915 MHz
Max. Power: 32 W (mod.)
Single applicator

14-g, 16-g antennas

Figure 6. Common commercial microwave ablation systems.
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A research group surveyed the safety and effectiveness of percuta-
neous MWA of hepatic tumors abutting to the diaphragm and have
showed that it is a safe technique in terms of not causing damage to the
diaphragm [81]. Percutaneous microwave ablation was performed under
general anesthesia using Certus 140 MWA system by NeuWave Medical.
Imaging guidance for antenna placement was achieved by either ultra-
sound (E9, GE Healthcare) or CT fluoroscopy (Light-Speed Advantage,
GE Healthcare). Even when the percutaneous approach is not feasible, it
has been shown that laparoscopic approach is still a safe and effective
method in MWA treatment of HCC tumors [50]. MWA was performed
using AMICA-GEN and a single 14- or 16-gauge transcutaneous, AMICA
PROBE water-cooled antenna. In a recent study, 220 patients diagnosed
with HCC, underwent CT-guided MWA using Qinghai Ltd. MWA system
[47]. There were 390 tumor nodules in total with the dimension range of
9-62 mm with an average of 30 mm (188 nodules <30 mm, 166 nodules
30-50 mm, and 36 nodules >50 mm). Table 2 shows the effectiveness of
MWA from this study. The Qinghai MWA system in this study. The an-
tenna shaft was kept cool by circulating 4 °C saline solution driven by a
Qinghai with the rate of 40 ml/min through dual channels inside the
antenna shaft.

All patients were followed up for 2 years. Table 3 shows the recur-
rence rates observed in patients within two years after MWA.

As it is shown in the results, large tumors (tumor diameter >50 mm)
have less chance of success and more chance of recurrence compared to
smaller ones. In another study which was focused on MWA of large HCC
tumors (5-6 cm) in 82 patients, local efficacy and long-term outcomes
were investigated [48]. A Qinghai FORSEA MWA system with a 14-gauge
cooled shaft antenna was used in this study. It was shown that MWA of
large tumors is still a safe procedure with a good efficacy rate of 89%
after ablation. On the other hand, long-term outcomes of patients with
large tumors are still a matter of concern, as the follow-ups showed that
one, three, and five years after ablation, the OS rates were about 93%,
63%, and 41% respectively. We believe the reason for the higher than
average 1-year OS rate for such large tumors is the use of a cooled shaft
antenna. A cooled shaft antenna provides a better and larger ablation
zone by reducing the risk of surface tissue burning and giving a better
control over the ablation zone during treatment [82].

The results of CT-guided MWA of 48 patients with tumors in the
hepatic dome were evaluated in a recent study [80]. 42 of all patients
were diagnosed with HCC. Four different 2.45 GHz MWA systems were
used in this study: AMICA by HS Medical, NeuWave by NeuWave Med-
ical, Acculis Microwave Tissue Ablation (MTA) system by AngioDy-
namics, and Covidien. Microwave antennae ranged in size from 14- to
16-g. 32 of all patients were treated using AMICA MWA system. The
range of tumors size was 9-52 mm with an average of 22 mm. They
resulted in a high rate of overall ablation success (94%) with minimum
collateral damages to the surrounding tissues after gadolinium-enhanced
MRI assessments.

In terms of accuracy and procedural safety of stereotactic CT-guided
MWA of liver tumors, 20 patients were surveyed in a study [83]. One
of the main concerns are bleeding due to multiple repositioning of the
microwave antenna when it is not positioned properly and moreover,
respiration may cause some movements in the liver and makes it harder
to position the antenna. These respiratory movements were minimized in
the patients by using high-frequency jet ventilation (HFJV) technique in
which a ventilator delivers very small volumes of tidal short-pulsed gas
[84, 85, 86]. They confirmed that the combination of stereotactic
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CT-guided percutaneous MWA and HFJV as a safe and efficient proced-
ure. A European Conformity-marked navigation system dedicated to
stereotactic image-guided procedures was used. The MWA system that
was used in this study was Accu2i by Microsulis Medical with a
water-cooled antenna.

Different liver conditions (cirrhosis or previous chemotherapy treat-
ment) does not make any significant difference in MWA procedure in
terms of safety and effectiveness as was shown in a study on 60 patients
with different approaches (percutaneous, laparoscopic, and laparotomic)
[87]. A Covidien Emprint MWA system with Thermosphere technology
and a 13.5-g antenna was used in this study. They have also assessed
MWA in vivo compared to ex vivo models and confirmed the reproduc-
ibility of ex vivo models on human based on ablation zone volume and
ablation time.

As previously mentioned, US guiding could also be used for MWA. In
a study on 30 patients with colorectal liver metastases (CRLM), 43 tu-
mors within the range of 14-100 mm (with mean size of 44 mm) were
ablated by using percutaneous US-guided MWA combined with syn-
chronous transcatheter arterial chemoembolization (TACE) [88]. The
US-guided MWA performed in this study was by using an ECO-100C
water-cooled MWA system by ECO Medical Equipment Co. The com-
plete ablation rate was about 81% and US-guided MWA combined with
TACE reported as a safe and effective procedure. However, after a 2-year
follow-up, the survival rate was about 24%. In fact, some other recent
studies have shown that when TACE is combined with MWA in HCC
patients, treatment could have higher response and effectiveness
compared to TACE alone, especially in case of large tumors where TACE
fails to achieve a complete tumor necrosis [44, 89, 90]. For medium or
large tumors, combining TACE with MWA tends to be more effective
compared to when TACE is combined with RFA due to larger ablation
zone of MWA [44, 89].

In a rather large scale and recent study, the outcomes of US-guided
percutaneous MWA in 433 patients diagnosed with HCC and different
tumor sizes (<100 mm) were assessed [49]. The real-time US-guided
percutaneous MWA procedures were performed using a 2.45 GHz
MTC-3C microwave generator and a 15-g cooled-shaft antenna by Vision
Medical. Table 4 shows the complete ablation (CA) results based on the
tumor size.

The follow-ups were done 1, 2, and 3 years after the ablation. After
the final follow-up, 72.3% of total patients developed tumor recurrences.
In our view, multiple tumor numbers, largeness of tumors (typically >5
cm), and TACE before ablation are the factors that could decrease the OS
rate of the patients significantly and therefore these parameters should be
investigated in depth in larger and longer studies.

Table 5 summarizes some of the recent reports on MWA treatment of
liver tumors. CA rate represents the complete ablation successfulness,
and OS represents the overall survival rate after follow-ups.

With the results presented in Table 5 as well as above discussions, we
can infer a selection criteria, describing which patients would benefit
most from MWA. Primarily, tumor size and location must be considered.
As seen throughout these studies and mentioned previously, tumors <
3cm appear to have the best rates for overall survival. Recommended
tumor classification for MWA treatment can be given by ECOG level
(0-2), Barcelona Clinic Liver Cancer (BCLA 0 to A), and/or Child-Pugh
score (A to B) [47, 48, 49, 88]. Depending on tumor location (within
the tumor or on the surface), MWA would be preferable, but not limited,
to tumors buried within the liver [91]. Hepatic resection (HR) would be

Table 2. Complete ablation success rate in a recent study [47]. Complete ablation is defined as no enhancement in the ablative area as at abdominal triphasic

CE-CT/CE-MRI 1 month after ablation.

Tumors' condition

Complete ablation success rate

Tumors with a diameter <50 mm

Tumors with a diameter >50 mm

100%
79%

Tumors close to key anatomical sites or organs (lungs, porta hepatis, diaphragm, gallbladder, kidney, intestine, and stomach) 89%
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Table 3. The recurrence rate in patients after a 2-year follow-up in a recent study
[47].

Recurrence rate
28%
13%
30%
60%

Patients' condition

All patients
Patients with a tumor diameter <30 mm
Patients with a tumor diameter 30-50 mm

Patients with a tumor diameter >50 mm
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compared to MWA or RFA [95, 97]. On the other hand, radiation therapy
techniques that are used for primary or metastatic liver tumors, have
their own complications which are commonly due to the fact that a
portion of normal liver is also irradiated with high energy particles [98].
This may lead to radiation-induced liver disease (RILD), which usually
occurs a few months post radiation therapy [95]. These limitations of
conventional radio therapy have led to developing new techniques to
minimize these collateral damages by trying to localize the radiation
inside the tumor such as selective internal radiation therapy (SIRT) [98].

On the contrary, the localized nature of MWA could make it a safer

Table 4. Complete ablation (CA) rates of 427 HCC tumors based on tumor size [49].

Tumor size <3 cm 3-5cm

>5cm Total

CA rate 243 (100%)

118 (100%)

66 (91.7%) 427 (98.6%)

the preferable method for tumors located on the liver surface, however,
poor liver function or cirrhosis often complicates HR procedures, making
MWA the optimal choice in such scenarios [92, 93]. Therefore, liver
function considerations would be another measure. Studies often check
for serum alanine transaminases (<60 U/L), serum aspartate trans-
aminases (<60 U/L), total bilirubin (<25 pmol/L), coagulation mal-
function (<5 x 10° platelets/L), prothrombin activity (>50%), and other
liver indicators [47, 48, 49, 88]. Such liver function tests may be per-
formed before MWA, 3-7 days after, and 1 month after the procedure.
ECOG/BCLA/Child-Pugh classification should also be appropriate in-
dicators of liver condition post MWA [94]. Risks/complications covered
in section 4 should also be considered if the patient experiences associ-
ated symptomology or could be at risk due to an already poor liver
function baseline.

4. Complications of hepatic microwave ablation

As described in sections 1-3 and also by previous research, Micro-
wave ablation is considered as a safe technique with minimum compli-
cations compared to surgical resection [95, 96]. Complications
associated with the surgical resection are commonly due to the
post-surgery poor liver function that is caused by the disrupted vital
serum protein production system of the liver. Another major resection
complication is bile leakage (BL), which may require interventional
radiology [95]. The complication rate of hepatic resection is significant

option compared to the radiation therapy techniques. MWA complica-
tions resemble those of RFA due to similarity of the two techniques and
using thermal energy to destroy malignant cells [98]. Major complica-
tions are those that significantly impact scale and duration of
post-ablation care, hospitalization and patient morbidity. Major com-
plications of MWA may be categorized into four groups: vascular, biliary,
mechanical and infectious [99]. Vascular and biliary are those that are
result of damage to blood vessels or bile ducts respectively due to
physical damage from antenna or microwave thermal damage. Me-
chanical complications include collateral damages to surrounding tissues
such as gallbladder, diaphragm, colon and stomach. Infectious and
functional complications are related to infection of surrounding tissue
and ablation zone, respectively.

Death as a result of MWA is extremely rare. However, in a very recent
report in 2019, following MWA of HCC in a liver transplant patient with
bilioenteric anastomosis (BEA), death was caused by septic shock [100].
In a study of complications of percutaneous MWA on 554 patients with
various tumor size and types, no deaths were reported, but major com-
plications were reported in 17 (3%) cases [101]. In the study of 433 HCC
patients with different tumor sizes (<100 mm) treated by percutaneous
MWA which was mentioned previously, 23 (5.3%) encountered major
complications such as renal insufficiency, hyperbilirubinemia, and
reactive pleural effusion [49]. The complication rate was significantly
higher in patients with large HCC tumors (>5 cm) compared to patients
with smaller tumors. The authors proposed that the reason might be

Table 5. Summarization of some recent reports on MWA treatment of liver tumors.
overall survival (OS) rate after follow-ups.

CA rate represents the complete ablation successfulness, and OS represents the

Report # patients (# tumors) Age+SD Tumor size+SD Diagnosis Approach Guide CArate 1-yr OS
Z. Wu et al. (2016) 30 (43) 61.6 +10.3 1.4-10.0, CRLM Perc. Us 81.4% 46.7%
4.4 +26
T. Yin et al. (2016) 220 (390) 59.2+9.1 0.9-6.2, HCC Perc. CT 92.8% 95.4%
3.0+20
Y. Xu et al. (2016) 82 (82) 58.5 +11.7 5.1-6.0, HCC Perc. Us 89% 92.7%
5.6 £ 0.3
N. Asvadi et al. (2016) 46 (48) 64.4 0.9-5.2, HCC (88%)/CRC (12%), hepatic dome Perc. CT 94% (2-year)
2.2 73.9%
A. Smolock et al. (2015) 42 (55) 59.4 1.1-3.9, HCC (54%)/Met (42%)/Hepatocellular adenomas (4%) Perc. US and CT 94% OS time:
25+1.4 11 months
J. Engstrand et al. (2017) 17 (25) 69.6 1.5+ 0.6 HCC (65%)/CRC (29%)/GIST (6%) Perc. CT 100%
+9.2
S. Ma et al. (2017) 433 <3 57%, HCC Perc. Us 98.6% 83.5%
3-5 28%,
>5 15%
S. Gruttadauria et al. (2016) 35 64 28 +1.2 HCC Lapa. Us 75% 85.7%
+7.9
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hyperbilirubinemia and renal failure due to releasing large amounts of
bilirubin and other cellular components in ablating large tumors.

Many MWA complications arise from lacking sufficient control over
the microwave radiation zone. Even when the microwave antenna is
accurately in place by using ultrasound or CT imaging, during the MWA
procedure, a portion of surrounding healthy tissue can be also affected by
the microwave radiation. This collateral damage is more crucial when the
ablation zone is adjacent to a vital organ. However, there are promising
novel designs with targeting these limitations for MWA that offer mini-
mized collateral damage, among which, are new methods offering
temperature-controlled microwave radiation therapy [13]. Currently, the
major complications of hepatic MWA are rather scarce with averaging
around 5% of all cases reviewed by the author. Using microwave radia-
tion still remains as a safe and effective technique for ablating liver tu-
mors as well as other solid tumors and by using novel designs and
minimizing the major complications, it can become an unrivaled tech-
nique in this scope.

5. Microwave ablation and COVID-19

Since the emergence of the COVID-19 pandemic, one of the con-
cerning risk factors has been COVID-19-associated liver injury which can
be a result of a pre-existing liver condition and/or a worsening liver
condition during COVID-19 illness and treatment [102]. The worsening
liver condition could be attributed to the following effects:

1) Inflammatory response of the immune system [103, 104].

2) Possible cytotoxic activities of SARS-CoV-2 viral materials in the liver
[105, 106].

3) Drug-induced liver injury (DILI) associated with anti-COVID-19 drugs
such as remdesivir, tocilizumab, lopinavir, chloroquine and hydrox-
ychloroquine [105, 107, 108].

The effects of the SARS-CoV-2 virus on the host's immune system has
been a significant area of research in order to understand the disease's
progression and treatments. The S-glycoprotein of this virus consists of
two subunits, S1 and S2, each of which are shown to partake in the
binding process to ACE2 receptors on the cell membrane [109]. Heptad
repeat 1 (HR1) and heptad repeat 2 (HR2) interact with the S2 subunit,
organizing into a six-helix bundle (6HB), guiding the S1 receptor binding
domain onto the ACE2 receptor [110, 111]. From here, the S1 and S2
units are cleaved by the intracellular protease TMPRSS2, followed by
endocytosis of the virus into the cell [109]. Upon gaining entry, viral
RNA is released, and the replication process of SARS-CoV-2 begins. Viral
release from the infected cells results in apoptosis, subsequently trig-
gering the release of a “cytokine storm”, involving the elevation of IL-2,
IL-7, IL-10, G-CSF, IP-10, MCP-1, MIP-1A and TNF-a [112]. Additionally,
this elevated cytokine situation induces inflammatory CD14 + CD16 +
monocytes promoting a positive feedback expression of IL-6, further
accelerating inflammation and organ damage [113].

However, there are conflicting opinions between literature describing
whether or not this particular virus is capable of infecting hepatocytes,
directly causing liver dysfunction [114, 115, 116, 117]. The paper pub-
lished by Wang and colleagues presents data indicating the presence of
viral materials within such hepatocytic structures, but the relatively low
ACE2 gene expression within the liver, and seemingly analogous struc-
tures between cell and viral materials has been a cause for debate on
these results [114, 115, 116, 117]. With that said, it's reasonable to
suggest that the SARS-CoV-2 virus is capable of hijacking ACE2 receptors
in the liver, even with low expression. For example, despite differences
between low lung and high intestine ACE2 gene expression, it's observed
that severe respiratory symptomology is unequivocally dominant during
sustained infections. This suggests additional factors are associated with
viral load, other than ACE2 expression, which may also indicate a similar
mechanism is occurring in the liver [118, 119, 120].
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Considerations to make when evaluating the susceptibility and
severity of patient and organ infection would be potential up/down
regulation of ACE2 gene expression upon viral entry into subjects with or
without cancer. While there doesn't appear to be information on the
expression level of ACE2 specifically within virally infected liver cancer
cells, it has been determined that the engagement of the SARS-CoV spike
protein (the 2002 variant) downregulates ACE2 expression on cell
membranes, and a similar process is at play with the current virus [121,
122, 123]. This down-regulation results in an imbalance between the
RAS and ACE2/Ang-11/Ang-(1-7)/MAS pathway, contributing to dysre-
gulated inflammation and ultimately, organ damage [122, 124]. Addi-
tionally, it has also been shown that ACE2 is downregulated in a variety
of tumour types, including HCC, which is associated with poor prognosis
for this cancer type [125, 126]. Interestingly, administration of human
recombinant soluble ACE2 (hrsACE2) has shown promising results in
treatment of the virus, likely due to hrsACE2 intercepting the virus before
it can interact with membrane bound ACE2 [121,127]. Seeing as a
downregulation of ACE2 correlates with a poor outcome for COIVD-19
and HCC patients, perhaps it would be of interest to develop a method
involving supra-physiological/exogenous injections of hrsACE2, com-
bined with MWA to the malignant area, for those suffering from both the
virus and HCC.

One of the largest cohort studies enrolling 1,099 COVID-19 patients
in China suggests statistical significance of some characteristics and
variables associated with liver conditions. The study showed that 21
(2.1%) had hepatitis B infection. Moreover, 22.2% (168/757) and 21.3%
(158/741) showed concentration elevation of transaminase enzymes,
aspartate aminotransferase (AST) and alanine aminotransferase (ALT),
respectively. These elevations were more significant in severe patients
compared to non-severe patients for both AST (39.4% vs 18.2%) and ALT
(28.1% vs 19.8%). Elevated bilirubin levels were also found in 10.5%
(76/722) of the patients [128]. Highest levels of AST can be found in
liver and skeletal muscle. On the other hand, ALT is predominantly
present in liver, followed by kidney and skeletal muscle [129]. Therefore,
one of the main reasons for AST and ALT elevations in serum are asso-
ciated with liver injury and secretion of the enzymes into extracellular
space [130]. Serum bilirubin is another biomarker where high levels
could be an indication of liver diseases [131]. All these biomarkers have
been shown to be related to HCC, as the most prevalent type of liver
cancer [132]. Other studies have shown considerable rates of liver
dysfunction in COVID-19 patients which resulted in longer hospitaliza-
tion times [133, 134]. However, the extent of HCC, and in general, liver
injury as a COVID-19 risk factor is still unclear [105, 135]; for example,
susceptibility to COVID-19 for patients with pre-existing liver disease due
to compromised immune system [134], severity of COVID-19 in these
patients, and the role of the virus in liver injury and deteriorating liver
conditions are not completely understood [105]. Nevertheless, one major
concern during pandemics like COVID-19 would be the negative impact
on quality of care and mortality rates for COVID-19 patients with un-
derlying liver conditions [136].

To combat these uncertainties and concerns, MWA in COVID-19 pa-
tients admitted to hospitals suffering with early stage hepatic malig-
nancies may be an optimal solution. Such a treatment during these times
is actually recommended in HCC classified by the BCLC as BCLC O or A,
where these subcategories include tumours <3 cm [137]. However,
perhaps larger or multiple growths can be efficiently ablated by using
more effective antenna designs or simultaneous application of multiple
antennas [138]. Further advantages of MWA can be attributed to its
shorter postoperative stay in the ICU and lower risk of complications,
compared to surgical resection or liver transplantation, leaving more
clinical resources available during pandemics [9, 137, 139].

The use of combination therapies with MWA, such as ablation
induced immunomodulation/immunotherapy, would be another
consideration for treating HCC patients suffering from COVID-19. Un-
fortunately, there appears to be no published studies linking the effec-
tiveness of these treatment combinations in HCC subjects with the virus.
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Nonetheless, effects of MWA and immunotherapies have been explored
independently of COVID-19, so assumptions can be made until further
data is available.

Thermal ablation of tumours generates an antitumor response
through a process known as the abscopal effect, which is capable of
eliminating remaining malignant cells post ablation to reduce tumour
reoccurrences [140]. This effect is quite weak on its own and can be
combined with immunotherapies to significantly strengthen it, but a
possible concern lies within over activating the immune response in
those diagnosed with COVID-19. Patients with severe symptoms of the
virus can experience cytokine storm syndrome (CSS), resulting in upre-
gulation of inflammatory proteins (i.e. IL-6 and many others), ultimately
leading to organ failure and death if not controlled [141, 142]. However,
part of the usefulness of MWA in the treatment of HCC is the ability for
this method to induce the abscopal effect [143, 144]. Following certain
ablation techniques, such as RFA or MWA, secretion of IL-1, IL-6, and
HSP 70 are all elevated, but the effect in MWA is significantly less
compared to its other ablation counterparts [144]. This is a positive
outcome in terms of treating cancer patients with COVID-19, as a weaker
immune response would be safer for patients with severe symptoms.
Therefore, MWA is probably preferred to RFA for these patients.
Conversely, this may imply that MWA is less effective at reducing tumour
reoccurrences compared to RFA. Yet, this is not the case, likely because
the abscopal effect is already rather weak on its own, as stated earlier.
Additionally, two meta-analysis studies in 2019 comparing MWA and
RFA concluded that MWA has lower tumour reoccurrence, which may be
due to the nature of MWA, as it is able to produce a more uniform
ablation pattern and larger tumour necrosis. The shape and size of the
ablation zone in RFA is often unpredictable and can lead to an insufficient
ablation zone area in comparison [145, 146].

Using immunotherapy compounds or immune checkpoint inhibitors
(ICIs) to treat cancer in patients with COVID-19 is also a topic that is still
being repeatedly explored [147, 148, 149, 150]. Based on current liter-
ature summarized by Gambichler and colleagues, they essentially
concluded that the administration of ICIs such as PD-1 inhibitors and
anti-CTLA-4 compounds show no risk of increased vulnerability of
COVID-19 infection [147]. There does appear to be some support that the
use of PD-1 inhibitors on CD8+ lymphocytes could actually be beneficial
to those suffering from both cancer and early stages of COVID-19, as this
ICI treatment can restore cytotoxicity within tumours and virally infected
cells through decreasing T cell exhaustion [148]. Although, the data is
limited and conflicting when it comes to treating patients with ICIs if they
have both the virus and cancer, it seems that combination of immuno-
therapy compounds and MWA could be a suitable option for those who
do not have severe Covid-19 infections.

6. Conclusions

This review aimed at the recent reports on MWA treatment of liver
tumors. All of them confirm the safety and effectiveness of this technique.
The preferable approach is percutaneous, but even when percutaneous
approach is not feasible; the laparoscopic approach is still safe and
effective. Commonly for small tumors (<3 cm), a single antenna insertion
is sufficient whereas for larger tumors, multiple overlapped ablations
may be required. The complete ablation (CA) rates for small tumors (<3
cm) are relatively very high with the minimum complication rate.
However, for larger tumors, especially tumors larger than 5 cm in
diameter, the completion rates and the OS rates decrease, while the
complication rates and recurrence rates increase. Regardless of number
and type of the antennas, 915 MHz is recommended for large tumors
whereas for small tumors, 2.45 GHz provides more localized ablation
zone, sharper ablation zone and with less damage to the surrounding
tissue. 2.45 GHz is also recommended for tumors close to the vital organs.
Based on section 3 and the complications mentioned in section 4, MWA is
recommended over other techniques including surgical resection for tu-
mors up to about 5 cm and when the tumor is not adjacent to vital organs.
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One problem with the percutaneous microwave ablation is forming
undesired skin burns around the inserted antenna and one effective way
to reduce this problem is to use double-slot antenna with metallic choke.
The metallic choke reflects the unwanted radiation from the tip of the
antenna towards the surface of the body and the skin. Another effective
way to minimize the risk of surface tissue burns, is to use a cooled shaft
antenna. A cooled shaft antenna has also shown to be more effective for
large tumors by providing a better and larger ablation zone.

For COVID-19 patients admitted to hospitals, it is recommended to
perform liver function tests including ALT and AST, and bilirubin mea-
surements to evaluate the risk factors and consider MWA. More rigorous
monitoring and assessments are suggested for cases where the patient is
treated with drugs including remdesivir, tocilizumab, lopinavir, chloro-
quine and hydroxychloroquine.
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