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Abstract

Microwave ablation (MWA) is a minimally invasive energy-based thermal ablative technique designed to destroy tumor cells
using microwave energy. Each tumor indeed has unique characteristics, including size, shape, and location, which significantly
influence treatment options. The primary goal is to eliminate malignant cells while preserving as much surrounding healthy tissue
as possible. The tissue damage depends on the input power, procedure duration, and the spatial position of the radiator. Thus, it is
crucial to determine optimal parameters for maximizing efficacy while minimizing side effects. The ability to adjust the placement
and power output of each antenna can lead to more precise treatment, enabling clinicians to tailor the procedure to the specific
tumor characteristics. Recent advancements in numerical modeling have enhanced the understanding of ablation procedures.
These models simulate the effects of microwave energy on biological tissue, leading to improved procedural efficiency. This study
focuses on the destruction of a real large-elongated tumor with maximum dimensions of 56.8 mm % 27.6 mm X 22.4 mm. The
investigation employs two identically parallel-positioned probes equipped with multi-slot coaxial antennas. The dual-antenna
configuration allows for a more concentrated energy delivery to the tumor, enhancing the effectiveness of the ablation process.
The simulation model includes the geometry of the tumor, antenna configuration design, and characteristics of both tumoral and
healthy tissues. The findings indicate that utilizing a dual-antenna setup with a power output of 16 W per antenna effectively
ablates tumors of interest while sparing healthy tissue.(International Journal of Biomedicine. 2024;14(4):583-586.)
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Introduction

Hepatocellular carcinoma (HCC) is a primary hepatic
cancer ranking among the top causes of cancer-related
mortality worldwide.l? The appropriate treatment options can
significantly enhance survival outcomes,** but surgical options
can pose significant risks, particularly concerning major blood
loss, especially in surgeries involving larger tumors or those
located in challenging anatomical positions. These risks are
amplified in elderly patients, who may have comorbidities that
complicate surgical intervention.* MWA is a minimally invasive
technique that effectively treats various cancers, including HCC,
by utilizing microwave radiation to generate hyperthermia,
leading to the destruction of cancer cells.Z&
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MWA is indeed a promising technique for treating
tumors, particularly HCC. It is less invasive than traditional
surgical methods, allowing quicker recovery times and reducing
the risk of complications. MWA uses a thin needle to transmit
microwaves into tumors to destroy cancer cells with heat. By
carefully controlling the placement of the antenna, the input
power, and the duration of treatment, clinicians can enhance the
efficacy of MWA while minimizing risks to surrounding healthy
tissues. Cell death is immediate when temperatures exceed
60°C, and prolonged exposure to temperatures exceeding 42°C
permanently damages cell function. Assessing the distribution
of heating damage caused by temperatures between 42°C and
60°C is the most challenging task in MWA because it is a
function of time and highly depends on tissue type and blood
vessel distribution.

In addition to clinical studies, computational models
have emerged as important for predicting MWA outcomes.>1
For example, the design of antennas for MWA relies heavily on
computer models, which offer a quick, convenient, and accurate
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method of estimating antenna performance. A numerical
model of the antenna-tissue system plays an important role
in providing vital information on the thermal behavior of the
tissue during MWA 1L

It has been found that two-antenna configurations are
less invasive than single-antenna configurations. Ablation
zones created using two antennas are smaller, resulting in less
damage to the healthy tissue than zones created using a single
antenna. Two-antenna configurations produce more uniform
thermal profiles and higher peripheral tissue temperatures. '

To emphasize the importance of determining optimal
conditions for each patient individually, we used the developed
and tested simulation software SimSurgery open-source
software components.** Simulations were performed for a real
large liver tumor from a database'® using two identical 10-slot
coaxial antennas operating at 2.45 GHz. It is crucial to evaluate
tissue damage during MWA, as it significantly impacts treatment
outcomes. Understanding the correlation between temperature,
exposure time, and tissue properties is vital for optimizing
MWA .18 As temperature increases, tissue properties change,
influencing how microwaves interact with the tissue. The water
content in tissue affects both thermal and dielectric properties.
Higher water content enhances the tissue’s ability to absorb
microwave energy, leading to more effective heating. Blood
flow acts as a cooler and strongly influences the temperature
distribution, especially near large blood vessels. Tissue ablation
reduces blood flow, altering temperature distribution and,
consequently, the material properties of the tissue.

Methodology

The equations governing the calculation of the electric-
field distribution through the tissue and the heat generated
by the electromagnetic field during the MWA procedure
have been described in detail in previous publications 21314
The change in temperature over time can be calculated using
Pennes’ bio-heat equation, where electromagnetic radiation
is an external heat source. As the first step in modeling, it is
necessary to determine the optimal number and position of
antennas, depending on the tumor shape. A single antenna in
the MWA is recommended for treating tumors up to 3 cm in
diameter, whereas multiple antenna designs are more useful
for larger tumors. Figure 1 shows a 3D simulation model of
the tumor (56.8 mm x 27.6 mm % 22.4 mm) (red solid surface),
which belonged to a 54-year-old male,’* and its position in the
liver (gray surface). The liver is typically much larger than the
tumor and antenna setup. The center of the tumor was located
between the antennas and in the zone of maximum radiation.
Both antennas contributed to the formation of ablation
zones. Simulations were performed using the developed and
optimized software package SimSurgery.l* In the simulation
model, both the specific heat capacity and thermal conductivity
were significantly larger in tumor tissue, whereas the blood
perfusion rate was a linear function of temperature up to
60°C, when coagulation occurred and blood flow stopped. The
relative permittivity and electric conductivity directly affect
the electric-field distribution.* Parameters describing tumoral
tissues, healthy tissues, and blood are listed in Table 1.

Fig. 1. Schematic view.: 3D model of the liver (gray
surface) and tumor with dimensions 56.8 mm %
27.6 mm x 22.4 mm (red solid surface) taken from
a database. 2

Table 1.

The thermophysiological parameters used in this study.

Tissue
Parameter
Liver Tumor Blood
Density [kg/m?] 1079 1040 1060
Specific heat [J/kg/°C] 3540 3960 3600
Thermal conductivity [W/m-°C] 0.52 0.57 0.5
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Fig. 2. Temporal temperature evolution (in °C) during two 10-
slot antennas microwave ablation. The separation is 30 mm,
while the input power is 16 W per antenna. The green triangular
surface represents the tumor. £

The absorbed energy is transformed into thermal energy,
leading to an increase in the tissue temperature. Figure 2
shows the temperature evolution during MWA using two 10-
slot antennas separated by 30 mm with an initial power of 16
W. With the multi-slot antenna structure, a more localized
near-spherical heating distribution can be achieved. The
temperature rises as the ablation time reaches a maximal value
at approximately 600 s. After 600 s of MWA, a large part of
the tumor remained in the zone at 60°C, and the entire tumor
was inside the zone at 50°C or higher. On the other hand, after
an ablation time of 900 s, most parts of the tumor were in the
zone at a temperature of 60°C or higher.

Figure 3 illustrates the ablation of a tumor during 900 s
of MWA using dual-antenna configurations. With increasing
time, two highly spherical ablation zones from each antenna
merge into a comet-like zone. The shape of the temperature
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distribution followed the shape of the calculated distribution
of the fraction of necrotic tissue. The center of the tumor is
located between the antennas and in the zone of maximum
radiation. During the 900 s ablation, the ablation zone expands
very slowly and remains stable.

Fig. 3. Fraction of necrotic tissue during MWA using two 10-
slot antennas with 30-mm separation and an input power of 16
W for 900 s. The white triangular surface corresponds to the
tumor 2

Figure 4 shows the comparison of necrotic tissue
fractions during MWA using different configurations of 10-slot
antennas, revealing important insights into the effectiveness of
treatment. When a single 10-slot antenna is used, the ablation
zone is limited to the area directly surrounding that antenna.
In contrast, employing two 10-slot antennas simultaneously
leads to forming two connected ablation zones. The combined
area of the ablation zones from the two antennas is slightly
larger than the simple sum of the individual zones created
by each antenna when operated separately. This indicates a
synergistic effect when using multiple antennas, which can
enhance the overall treatment efficacy.
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Fig. 4. Fraction of necrotic tissue during MWA using
a single 10-slot antenna powered by 16 W after (a)
600 s and (b) 900 s. Black curves represent the shape
of the ablation when a two 10-slot antenna (16 W
per antenna) configuration is used. The tumor 2 is
represented by the white surface.

The damage to the healthy tissue during MWA should
be minimal compared with the reduction in tumor size.
Volumetric damage (VD) is the ratio of the volume of damaged
healthy tissue to tumor tissue'”:

VD :M.IOO%

TUMOR

To quantify the amount of damaged healthy tissue (D7)
during MWA, we can use the following formula'2:

VDA MAGED

DT = -100%

VLIVER — Y TUMOR

The mean volume of the human liver is around 1750 cm?,
whereas V- was 13 cm’. Table 2 shows results for VD and
DT after 600 s and 900 s of MWA. Both VD and DT increased
with time. After 600 s, the VD and DT were 77.5% and 0.7%,
respectively. After 900s, VD=143.7% and DT=1.3%.

Table 2.

VD and DT after 600 s and 900 s of dual-antenna MWA (3 cm
separation and 16 W per antenna).

MWA Vs iee €) | VD (%) | DT (%)
16 W after 600 s 12.4 77.5 0.7
16 W after 900 s 23 143.7 1.3
Discussion

This study focused on the effect of the dual-antenna
MWA on the liver tumor (56.8 mm x 27.6 mm x 22.4 mm)
(taken from a database!). All simulations were performed
using the developed and tested software SimSurgery* for
two identical parallel-positioned probes with 10-slot coaxial
antennas separated by 3 cm and powered by 16 W for each
antenna. The temperature distribution, necrotic tissue fraction,
and estimated amount of damaged healthy tissue during MWA
are presented and analyzed. The fastest temperature rise occurs
near the radiating slots. Due to the combined radiation, the
area between the probes can reach a much higher temperature
than that achieved with a single probe. The conclusion is that
by using lower power and longer duration of the MWA, it is
possible to target the same tumors, but with a much smaller risk
of unnecessary damage and more predictable ablation zones.
The obtained simulation results indicate that the ablation
zones at 16 W per antenna are sufficient for complete tumor
necrosis encompassing a small amount of healthy tissue. The
results presented here align with those presented in a study by
Gorman et al.!8 Based on our study, we may conclude that the
dual-antenna technique represents a promising advancement
in tumor ablation therapies, highlighting the importance of
innovation in medical technology for improving patient care.
The ability to create a larger and more effective ablation zone
is significant for ensuring comprehensive treatment of tumors,
potentially improving patient outcomes. Understanding these
dynamics is crucial for optimizing configurations in MWA
clinical applications.

Sources of Funding

The authors acknowledge that this research was
supported by the Science Fund of the Republic of Serbia
(GRANT No. 7739583, SimSurgery).



586 N. Boskovié¢ et al. / International Journal of Biomedicine 14(4) (2024) 583-586

Conflicts of Interest

The authors declare no conflict of interest.

References

1. Villanueva A. Hepatocellular Carcinoma. N Engl
J Med. 2019 Apr 11;380(15):1450-1462. doi: 10.1056/
NEJMral713263. PMID: 30970190.

2. Armnold M, Abnet CC, Neale RE, Vignat J, Giovannucci
EL, McGlynn KA, Bray F. Global Burden of 5 Major
Types of Gastrointestinal Cancer. Gastroenterology. 2020
Jul;159(1):335-349.¢15. doi: 10.1053/j.gastro.2020.02.068.
Epub 2020 Apr 2. PMID: 32247694; PMCID: PMC8630546.
3. LlovetJM, Kelley RK, Villanueva A, Singal AG, Pikarsky
E, Roayaie S, Lencioni R, Koike K, Zucman-Rossi J, Finn
RS. Hepatocellular carcinoma. Nat Rev Dis Primers. 2021 Jan
21;7(1):6. doi: 10.1038/s41572-020-00240-3. Erratum in: Nat
Rev Dis Primers. 2024 Feb 12;10(1):10. doi: 10.1038/s41572-
024-00500-6. PMID: 33479224,

4. Ttoh S, Ikeda Y, Kawanaka H, Okuyama T, Kawasaki
K, Eguchi D, Korenaga D, Takenaka K. Efficacy of surgical
microwave therapy in patients with unresectable hepatocellular
carcinoma. Ann Surg Oncol. 2011 Dec;18(13):3650-6. doi:
10.1245/s10434-011-1831-z. Epub 2011 Jun 15. PMID:
21674268.

5. Pucci C, Martinelli C, Ciofani G. Innovative approaches
for cancer treatment: current perspectives and new challenges.
Ecancermedicalscience.  2019;13:961.  doi: 10.3332/
ecancer.2019.961. PMID: 31537986; PMCID: PMC6753017.
6. Phan K, An VV, Ha H, Phan S, Lam V, Pleass H.
Hepatic resection for malignant liver tumours in the elderly:
a systematic review and meta-analysis. ANZ J Surg. 2015
Nov;85(11):815-22. doi: 10.1111/ans.13211. Epub 2015 Jun
15. PMID: 26073054.

7. Tan W, Deng Q, Lin S, Wang Y, Xu G. Comparison
of microwave ablation and radiofrequency ablation for
hepatocellular carcinoma: a systematic review and meta-
analysis. Int J Hyperthermia. 2019;36(1):264-272. doi:
10.1080/02656736.2018.1562571. Epub 2019 Jan 24. PMID:
30676100.

8. Facciorusso A, Abd El Aziz MA, Tartaglia N, Ramai D,
Mohan BP, Cotsoglou C, Pusceddu S, Giacomelli L, Ambrosi
A, Sacco R. Microwave Ablation Versus Radiofrequency
Ablation for Treatment of Hepatocellular Carcinoma: A Meta-
Analysis of Randomized Controlled Trials. Cancers (Basel).

2020 Dec 16;12(12):3796. doi: 10.3390/cancers12123796.
PMID: 33339274; PMCID: PMC7766963.

9. Boskovi¢ N, Radjenovic B, Radmilovi¢-Radjenovi¢ M.
Optimal parameters for the efficient microwave ablation of
liver tumor from the 3D-IRCADb-01 database. Acta Bioeng
Biomech. 2024 Apr 22;26(1):47-54. doi: 10.37190/abb-
02406-2024-04. PMID: 39219087.

10. Tehrani MHH, Soltani M, Kashkooli FM, Raahemifar
K. Use of microwave ablation for thermal treatment of solid
tumors with different shapes and sizes-A computational
approach. PLoS One. 2020 Jun 15;15(6):¢0233219. doi:
10.1371/journal.pone.0233219. PMID: 32542034; PMCID:
PMC7295236.

11. Wang J, Huang S, Gao H, Liu J, Zhang Y, Wu S.
Computer Simulations of Dual-Antenna Microwave Ablation
and Comparison to Experimental Measurements. Applied
Sciences. 2023;13(1):26. doi: 10.3390/app13010026

12. Ge M, Jiang H, Huang X, Zhou Y, Zhi D, Zhao G,
Chen Y, Wang L, Qiu B. A multi-slot coaxial microwave
antenna for liver tumor ablation. Phys Med Biol. 2018 Sep
6;63(17):175011. doi: 10.1088/1361-6560/aad9¢5. PMID:
30102247.

13. Boskovi¢c N, Radjenovi¢ B, Nikoli¢ S, Radmilovic-
Radjenovi¢ M. Effectiveness of microwave ablation using two
simultaneous antennas for liver malignancy treatment. Open
Physics. 2024;22(1): 20240079. doi: 10.1515/phys-2024-0079
14. Boskovi¢ N, Radmilovi¢-Radjenovi¢ M, Radjenovi¢ B.
Finite Element Analysis of Microwave Tumor Ablation Based
on Open-Source Software Components. Mathematics. 2023;
11(12):2654. doi: 10.3390/math11122654

15. 3D-IRCADb. Available online: https://www.ircad.fr/
research/3dircadb/

16. Harari CM, MagagnaM, BedoyaM, Lee FT Jr, Lubner MG,
Hinshaw JL, Ziemlewicz T, Brace CL. Microwave Ablation:
Comparison of Simultaneous and Sequential Activation of
Multiple Antennas in Liver Model Systems. Radiology. 2016
Jan;278(1):95-103. doi: 10.1148/radiol.2015142151. Epub
2015 Jul 2. PMID: 26133361; PMCID: PMC4699493.

17. LeBrun A, MaR, Zhu L. MicroCT image based simulation
to design heating protocols in magnetic nanoparticle
hyperthermia for cancer treatment. J Therm Biol. 2016
Dec;62(Pt B):129-137. doi: 10.1016/j.jtherbio.2016.06.025.
Epub 2016 Jul 7. PMID: 27888926.

18. Gorman J, Tan W, Abraham J. Numerical Simulation
of Microwave Ablation in the Human Liver. Processes.
2022;10(2):361. doi: 10.3390/pr10020361.



https://www.ircad.fr/research/3dircadb/
https://www.ircad.fr/research/3dircadb/

