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Abstract

Objective—The aim of the present study was to assess the temperature map and its 

reproducibility while applying two different MWA systems (915 MHz vs 2.45 GHz) in ex vivo 
porcine livers.

Materials and Methods—Fifteen fresh pig livers were treated using the two antennae at three 

different settings: treatment time of 10 minutes and power of 45 W for both systems; 4 minutes 

and 100 W for the 2.45 GHz system.

Trends of temperature were recorded during all procedures by means of fiber optic-based probes 

located at five fixed distances from the antenna, ranging between 10 mm and 30 mm. Each trial 

was repeated twice to assess the reproducibility of temperature distribution.

Results—Temperature as function of distance from the antenna can be modeled by a decreasing 

exponential trend. At the same settings, temperature obtained with the 2.45 GHz system was 

higher than that obtained with the 915MHz thus resulting into a wider area of ablation (diameter 

17mm vs 15mm). Both systems showed good reproducibility in terms of temperature distribution 

(root mean squared difference for both systems ranged between 2.8 °C and 3.4 °C).
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Conclusions—When both MWA systems are applied, a decreasing exponential model can 

predict the temperature map. The 2.45 GHz antenna causes higher temperatures as compared to 

the 915 MHz thus, resulting into larger areas of ablation. Both systems showed good 

reproducibility although better results were achieved with the 2.45 GHz antenna.
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INTRODUCTION

Percutaneous radiofrequency ablation (RFA) and microwave ablation (MWA) are commonly 

used to treat primary and metastatic liver tumors [1–7]. MWA is a relative new modality and 

data regarding its efficacy are fewer than those available for RFA. With both techniques, the 

amount of damaged tissue depends on temperature distribution within the tissue; as a 

consequence, effective RFA and MWA need predictable and reproducible temperature 

distribution within the target tumor. Indeed, during hyper-thermal treatments it is crucial to 

know where the lethal isotherm (60 °C to 100 °C) will occur.

MWA relies on dielectric hysteresis. Basically, an electromagnetic field is applied to the 

target tumor through an antenna. As a result, dipoles are forced to continuously realign with 

such electromagnetic field thus, producing frictional energy then converted into heating [8]. 

Although dielectric properties can change during treatment, MWA is relative insensitive to 

tissue features (e.g., impedance, perfusion, etc.); therefore, MW energy can radiate through 

all biological tissues thus, resulting in faster procedures and larger areas of ablations 

compared to RFA [8].

Common available MWA systems work in the range of 915 MHz – 2.45 GHz. However, data 

comparing both systems are limited [9, 10] due to the fact that MWA is a recent emerging 

technology. The aim of the present study was to evaluate the temperature map while 

applying two different MWA systems (915 MHz vs 2.45 GHz) in ex vivo porcine livers and 

to investigate its reproducibility.

MATERIALS AND METHODS

MWA was performed on 15 healthy ex vivo porcine livers. Trials were carried out using two 

different MWA systems: a 915 MHz cooled-shaft antenna (Evident Ablation System, 

Covidien, USA) and a 2.45 GHz cooled-shaft antenna (Emprint™ Ablation System, 

Covidien, USA). With the 915 MHz system each experiment lasted 10 minutes and was 

carried out using 45 W as output power; with the 2.45 GHz system experiments were 

performed with two different settings: i) 10 minutes at 45 W, aiming to compare the two 

systems with the same settings, and ii) 4 minutes at 100 W in order to have a similar short 

axis of the ablation zone (i.e. 30 mm) with respect to the 915 MHz system, according to the 

specifications provided by the manufacturer.
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Experiments were performed at environmental temperature (22±2 °C) and the initial 

temperature of livers measured just before starting the treatment, was almost equal to the 

environmental one. Temperature was always measured along the short axis of the ablation 

zone by means of two Fiber Bragg grating (FBG) sensors (1 cm grating length), connected 

to an optical spectrum analyzer, OSA (Optical Sensing Interrogator, sm125, Micron Optics). 

The sensors’ output was acquired with a sample frequency of 250 Hz. FBGs were placed at 

5 different distances from the antenna (i.e., 10 mm, 15 mm, 20 mm, 25 mm, 30 mm) by an 

ad hoc designed poly methyl methacrylate (PMMA) mask described elsewhere [11]. At the 

end of each trial, the treated liver was cut in order to assess the ablation zone; if by chance 

large vessels were included into the ablation zone, the trial was not included in the study 

analysis and accordingly repeated. The schematic representation of the sensors’ position is 

reported in Fig. 1. FBG sensors were inserted coaxially within the tissue by means of a 16G 

needle extracted after inserting the sensor.

Temperature measurements were repeated twice for each distance in order to assess 

reproducibility of thermal distribution when the same system was applied. At the end of 

each procedure, temperature data were reported as function of distance. A decreasing 

exponential model was used to describe the relationship between these two parameters. The 

exponential fitting was performed on the first set of trials and then it was tested on the 

second set of trials. In the end, the agreement between the experimental data and the 

proposed model was investigated.

All the data analysis was performed in MATLAB.

RESULTS

Results obtained with the two different systems at different settings are summarized in Table 

1.

• Trials performed with the 915 MHz system

Temperature trends measured by the sensors during trials performed with the 915 MHz 

system at 45 W and 10 minutes are reported in Fig. 2A. Experiments showed that 

temperature increased along with treatment time and that the lower the distance from the 

antenna the higher the temperature at the end of the procedure. The decrease of temperature 

with distance was non-linear. Such decrease can be modeled by a decreasing exponential 

trend (Fig. 2B) expressed as:

(1)

where ΔT is the temperature increment experienced by the tissue, d is the distance from the 

antenna, a and b are two constants obtained by means of the fitting experimental data 

(a=434.9°C and b=0.1674mm−1). The good agreement between the proposed simple model 

and the experimental data obtained during the first set of trials was confirmed by the high 

value of the correlation coefficient (R2>0.99) and of the root mean squared error (RMSE 
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≈1.8°C). The model was also validated on the second set of trials showing good results 

(R2>0.96, RMSE ≈1.8°C).

Temperature experienced by the tissue showed good reproducibility between the two 

repeated trials: at 10 mm, the difference between the maximum temperature experienced by 

the tissue between the two trials was about 11 °C, but for all the other four distances the 

difference was always lower than 3 °C. The root mean squared difference considering 

temperatures measured at the 5 distances during the two trials was 3.4 °C.

Lethal isotherms were considered where the temperature of the tissue was >60 °C at the end 

of the procedure. Considering an initial temperature of about 22 °C, lethal isotherms have to 

fulfill the requirement ΔT≥38°C. Therefore, tissue experienced lethal isotherm at 15 mm 

from the antenna (Fig. 2B).

• Trials performed with the 2.45 GHz system

Temperature trends measured during trials performed with the 2.45 GHz system at 45 W and 

10 minutes are reported in Fig. 3A. Also in this case temperature increased along with 

treatment time and decreased non-linearly with the distance from the antenna.

At 45 W for 10 minutes with the 2.45 GHz system, the relationship between the temperature 

increment and the distance from the antenna can be expressed in accordance to (1) 

(a=435.0 °C and b=0. 1481 mm−1, Fig. 3B). The good agreement between the proposed 

simple model and the experimental data obtained during the first set of trials was confirmed 

by the high value of the correlation coefficient (R2>0.98) and of the root mean squared error 

(RMSE ≈6.3 °C). The model was also validated on the second set of trials showing good 

results (R2>0.98, RMSE ≈4.5 °C).

Temperature experienced by the tissue showed a good reproducibility: the difference 

between the two trials at 10 mm was 5 °C; moreover, the root mean squared difference 

considering the temperature measured at the 5 distances during the two trials was 2.8 °C. 

The diameter of lethal isotherm occurred at 17 mm from the 2.45 GHz antenna (Fig. 3B).

Temperature trends measured during trials performed with the 2.45 GHz system at 100 W 

and 4 minutes are reported in Fig. 4A. Also in this case temperature increased along with 

treatment time and decreased non-linearly with the distance from the antenna.

Also in this case, the relationship between temperature increment and distance from the 

antenna can be expressed in accordance with (1) (a=262.0 °C and b=0.1402 mm−1, Fig. 4B). 

The good agreement between the proposed simple model and the experimental data obtained 

during the first set of trials was confirmed by the high value of the correlation coefficient 

(R2>0.99) and of the root mean squared error (RMSE ≈1.7 °C). The model was also 

validated on the second set of trials showing good results (R2>0.95, RMSE ≈4.5 °C).

Temperature experienced by the tissue showed good reproducibility: the difference between 

the two trials at 10 mm was 1 °C; moreover, the root mean squared difference considering 

the temperature measured at the 5 distances during the two trials was 2.8 °C.
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With the 2.45 GHz system, tissue experienced the lethal isotherm 14 mm away from the 

antenna (Fig. 4B).

DISCUSSION

MWA yields several advantages compared to RFA including faster heating, radiation 

through all biological tissues, generation of higher temperatures (often > 100°C) and 

reduced exposure to the “heat-sink effect” [8]. This latter aspect is not negligible in liver 

given its rich vascular network [8, 14].

Currently, two different frequencies (915 MHz or 2.45 GHz) are used in MWA and we 

aimed at comparing both systems at the same settings and at different settings to have 

similar extension of the ablation zones. Such approach was slightly different than that 

applied by Sun et al [10], who compared both systems only at similar settings in an ex-vivo 
animal model. They reported higher temperature with the 915 MHz antenna as compared to 

the 2.45 GHz one [10]. Although we compared both antennas with only one similar setting 

(10 minutes, 45W), we found higher temperatures with the 2.45 GHz antenna as compared 

to the 915MHz. As a consequence, the ablation zone was wider with the 2.45 GHz (i.e. 

17mm) as compared to the 915 MHz (i.e. 15mm). The discrepancy between our results and 

those obtained by Sun et al may be explained by the different type of 2.45 GHz device we 

have used, which incorporates a new technology (Thermosphere®) providing a predictive 

spherical area of ablation [13]. Such result is critical in tumor ablation and is achieved by 

combining three different levels of control:

1. “field control”: due to the specific design of the antenna, electrons moving within 

the antenna are focused on its tip. As a consequence, the electromagnetic energy 

is focused on the tip of the device thus, contributing to generate the precise 

desired shape (i.e. spherical) of the electromagnetic field.

2. “thermal control”: it is achieved by a continuous saline-mediated internal cooling 

of the entire antenna. This process avoids high-temperature direct contact 

between the antenna and the target tissue thus preventing tissue eschar and 

sticking.

3. “wave-length control”: as tissue coagulates and desiccates during the ablative 

process, fluids move peripherally away from the probe thus, determining a 

continuous change of the dielectric properties of the tissue consistent with an 

increased wavelength of the field. This results into an elongated and elliptical 

shape of the ablation zone. On the contrary, the new “wave-length control” 

technology allows a constant and favorable material environment in close 

proximity to the probe thus, avoiding a strong influence on the ablation area 

mediated by tissue changes during the ablation.

An example of the spherical shape of the ablated region we have obtained at the end of our 

trials performed with the 2.45 GHz device is shown in Fig. 5A and compared to the more 

elliptical shape obtained with 915 MHz antenna (Fig. 5B).
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As regards peak temperature, our results are in line with those obtained by Sun et al. 
regarding the 915 MHz system [10]: they found a peak temperature of 62 °C at a distance of 

15 mm with the 915 MHz system at 50 W after 10 minutes of treatment (corresponding to a 

delivered energy of 50 W × 600 s = 30000 J). On the other hand, we found a temperature 

increase of 34 °C and 35 °C (which corresponds to a peak temperature of 56 °C and 57 °C) 

during the two trials performed with the same system, at the same distance and treatment 

time and with a slightly lower output power (i.e., 45 W, delivered energy 45 W × 600 s = 

27000 J).

As regards the trials performed with the 2.45 Ghz systems at different settings (100 W, 4 min 

and 45 W, 10 min), higher temperatures were obtained in the second case, despite the lower 

power applied, due to longer treatment time. In fact, during the treatment performed at 45W, 

10min the energy delivered was 27000J (45W × 600s = 27000J) vs 24000J delivered at 

100W, 4min (100W × 240s = 24000J).

In our trials, temperature was measured by means of fiber optic sensors. They are based on 

fiber Bragg technology and their performance has been already assessed during hyper-

thermal laser ablations [15, 16]. These sensors are not prone to inaccuracy due to heat 

conduction and absorption errors affecting thermocouples and thermistors [17]; moreover, 

they can be employed in harsh environmental conditions of very strong electromagnetic 

fields [18]. Lastly, the use of the custom made PMMA mask allowed highly accurate 

insertion of the sensors at selected distance from the antenna, as also reported in previous 

studies [11, 19].

In terms of reproducibility of the area of ablation, our study showed that both systems are 

reliable either when the same antenna is applied either when both systems are applied with 

different settings. The 2.45 GHz antenna was more reliable than the 915 MHz especially, but 

not only, at reduced distance from the antenna (Table 1, data regarding temperature at 10 

mm) probably due to the new Thermosphere (®) technology. Despite the type of antenna 

applied, temperature distribution into the biological tissue was always predicted by a 

decreasing exponential model, which showed good agreement with the experimental data.

A major limitation of our study was that trials were performed on healthy ex vivo porcine 

livers thus, underestimating the impairment of blood perfusion (i.e., “heat-sink effect”). 

Moreover, MWA was performed at environmental temperature, which is lower than in vivo 
systemic temperature (22 °C vs 37 °C). These two effects work against each other; therefore, 

it may be speculated that a sort of compensation exists between these two effects. A further 

limitation is that experiments were performed with a limited number of settings.

In conclusion, temperature increase and diameters of lethal isotherm generated by the two 

MWA systems (915 MHz and 2.45 GHz) can be predicted by a decreasing exponential 

model. The 2.45GHz antenna causes higher temperature compared to the 915 MHz thus, 

resulting into larger areas of ablation. Both systems showed good reproducibility although 

better results were achieved with the 2.45 GHz antenna.
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Figure 1. 
Schematic representation of sensors positioning.
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Figure 2. 
Temperature data obtained by using the 915 MHz system at 45 W and 10 minutes: A) 

increase of tissue temperature during the whole treatment at the 5 distances for the two 

trials; B) maximum temperature increase reached at the end of the treatment as a function of 

the distance. Experimental data (dots) and their best exponential fitting are also shown.
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Figure 3. 
Temperature data obtained by using the 2.45 GHz system at 45 W and 10 minutes: A) 

increase of tissue temperature during the whole treatment at the 5 distances for the two 

trials; B) maximum temperature increase reached at the end of the treatment as a function of 

the distance. Experimental data (dots) and their best exponential fitting are also shown.
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Figure 4. 
Temperature data obtained by using the 2.45 GHz system at 100 W and 4 minutes: A) 

increase of tissue temperature during the whole treatment at the 5 distances for the two 

trials; B) maximum temperature increase reached at the end of the treatment as a function of 

the distance. Experimental data (dots) and their best exponential are also shown.
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Figure 5. 
A) Spherical ablated region obtained by using the 2.45 GHz antenna and B) elliptical ablated 

region obtained with 915 GHz antenna. In both cases, the contours of the ablation zone are 

marked.
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