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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 × 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.1-3 The appropriate treatment options can 
significantly enhance survival outcomes,4,5  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.6 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.7,8 

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.9,10 

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.11

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.12,13 

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.14 Simulations were performed for a real 
large liver tumor from a database15 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.16 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.9,13,14 

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 × 27.6 mm × 22.4 mm) (red solid surface), 
which belonged to a 54-year-old male,15 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.14 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.14 Parameters describing tumoral 
tissues, healthy tissues, and blood are listed in Table 1.

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 

Fig. 1. Schematic view: 3D model of the liver (gray 
surface) and tumor with dimensions 56.8 mm × 
27.6 mm × 22.4 mm (red solid surface) taken from 
a database.15

Table 1.
The thermophysiological parameters used in this study.

Parameter
Tissue

Liver Tumor Blood

Density [kg/m3] 1079 1040 1060

Specific heat [J/kg/°C] 3540 3960 3600

Thermal conductivity [W/m·°C] 0.52 0.57 0.5

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. 15
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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. 

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. 

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 tissue17: 

To quantify the amount of damaged healthy tissue (DT) 
during MWA, we can use the following formula12: 

 

The mean volume of the human liver is around 1750 cm3, 
whereas VTUMOR was 13 cm3. 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%. 

Discussion
This study focused on the effect of the dual-antenna 

MWA on the liver tumor (56.8 mm × 27.6 mm × 22.4 mm) 
(taken from a database15). All simulations were performed 
using the developed and tested software SimSurgery14 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.18 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.
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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.15

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 15 is 
represented by the white surface.

Table 2. 
VD and DT after 600 s and 900 s of dual-antenna MWA (3 cm 
separation and 16 W per antenna).

MWA VDAMAGED (cm3) VD (%) DT (%)

16 W after 600 s 12.4 77.5 0.7

16 W after 900 s 23 143.7 1.3
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