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Abstract—Low-cost and reliable methods for monitoring the
size of the ablation zone during microwave thermal ablation
(MTA) are crucial in the oncological clinical practice. The aim
of this work is to test the performance of electrical impedance
tomography (EIT) for the real-time monitoring of the ablation
area where relevant temperature increases occur. In this work,
two experimental studies were performed with a 16-electrode
EIT system using a liver-mimicking agar phantom. First, an
EIT system was tested to monitor the cooling of the phantom
from an initial temperature of about 72ȗC. Secondly, the heating
and the consequent cooling of the phantom were monitored. The
heating was performed using the MTA applicator operating at
30W for 10 minutes at 2.45GHz. The results reporting the
voltage and temperature data acquired, as well as the
reconstructed time series images, confirm the feasibility of EIT
to monitor the changes of the electrical conductivity with
temperature.
Index Terms—microwave thermal ablation, electrical
impedence tomography, image reconstruction, electrical
conductivity, temperature.

I.

INTRODUCTION

Microwave thermal ablation (MTA) is a well-established
technique used to treat solid tumours such as hepatocellular
carcinoma, renal tumours, lung tumours and bony lesions [1].
During the MTA procedure, an antenna operating generally at
915 MHz or 2.45 GHz is inserted in the target region. The
electromagnetic field radiated by the antenna is absorbed by
the biological tissue. The consequent increase of the
temperature within 50 – 60ȗC triggers biological mechanisms
(e.g. protein denaturation, cell membrane destruction)
inducing the rapid cellular death of the tissue under treatment
[2], [3].
In order to obtain satisfying results during the MTA
procedure, the ablation area (i.e. the area where the
temperature exceeds 50 - 60ȗC) should completely cover the
tumour region (plus a safety margin of at least 5 mm [2]).
Moreover, the healthy tissue around the tumour should be
preserved from excessive temperature increase [4], [5]. In this
context, real-time monitoring of the ablation procedure is
needed to control the size of the ablation zone and the related

temperature increase [6]. The continuous monitoring of the
ablation procedure aims at achieving complete ablation in the
tissue target, in particular in cases where blood vessels could
cause a heat sink effect and consequently cause an
inhomogeneous ablation zone. A further goal is to prevent
undesired overheating and damage to the surrounding healthy
tissue, in the cases where the target is in proximity to critical
structures (e.g. diaphragm, vital blood vessels, functional
tissues) [6]  [8].
The main techniques currently used to monitor ablation
treatments generally involve ultrasound (US), computed
tomography (CT) or magnetic resonance imaging (MRI) [8],
[9], [10]. The high intensity focused ultrasound technique
requires a skilled operator to treat localised tumour during the
MTA treatment due to the echogenic scatter induced by the
vapour generated in the tissue target caused by the increase of
temperature. MRI using proton frequency resonance can
provide highly sensitive temperature distributions with
accurate spatial resolution. However, the MRI requires the
antenna to be MRI compatible and considerable costs. In the
case of CT, the principal drawback is related to the ionizing
radiation dose provided to the patient and potentially to the
operator. Thus, CT is commonly used to assess the antenna
positioning and the ablation zone pre- and post- treatment,
respectively; but not for real-time monitoring. Following the
above, MTA procedures lack of a reliable, non-invasive, and
cost-effective method for real time monitoring of the evolving
thermal ablation area [11]. Recent studies investigated
applicability of microwave imaging to derive, from the
changes in the dielectric properties of tissues induced by the
temperature increase [12], the map of the temperature in the
treated area [13], [14].
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Fig. 1: Experimental setup including: the monopole-based microwave antenna operating at 2.45 GHz and equipped by an
integrated cooling system (A), the microwave generator powering the antenna at 30 W for 10 min (B), a peristaltic pump
connected to the integrated cooling system of the applicator (C), the optical thermometer (D) placed inside the agar phantom
(E) and the ring of electrodes (F) connected to EIT system.
Electrical impedance tomography (EIT) is a low cost and
non-ionizing radiation imaging method that could represent a
valuable alternative to the traditional imaging techniques for
the monitoring of the thermal ablation treatments [15], [16].
Over the past years, EIT has been adopted in the monitoring
of the bladder volume [17], the cardiac stroke volume [18],
the brain function [19], the pulmonary regional ventilation
[20] and in cancer imaging [21], [22]. The technology is based
on the injection of small alternating currents through
electrodes surrounding the region of interest and on the
following measurement of the resultant surface voltages. The
monitoring of the target region is performed through analysis
of these collected voltages and, consequently, through the
interpretation of the reconstructed images of the area under
test.
In this paper, EIT is used: 1) to monitor the changes of the
electrical conductivity during the cooling of an agar phantom
measuring approximately 128 mm in diameter and 135 mm in
height, 2) to identify the changes in the electrical conductivity
induced by microwave heating in the agar phantom.
II.

METHODOLOGY

The experimental setup includes a non-perfectly
cylindrical (i.e. the circumference changes with the height of
the tank) tank measuring 412 mm circumference (at the height
of the electrode ring), 131 mm inner diameter and 135 mm
height. The tank is surrounded by 16 equally spaced electrodes
(two consecutive electrodes are about 25 mm apart) placed at
85 mm from the lower boundary of the tank (Fig. 1).
In the first experimental scenario, an agar phantom
mimicking liver dielectric property at 2.45 GHz was made by:
1700 ml deionised water, 17 g NaCl, 17 g sucrose and 170 g
agar powder (i.e. 10% of the water weight) (Fisher
BioReagentsTM, Thermo Fisher Scientific, Waltham, MA,

U.S) [23]. The mixture was heated up to about 72ȗC, and,
while at this temperature (72ȗC), it was poured in the abovementioned tank up to a height of 135 mm. Then, the raw EIT
data and temperature data were recorded for around 60 min
during the cooling of the phantom.
In the second experimental scenario, MTA was performed
on the agar phantom (10%, i.e. made with the same recipe
above described). A fully cooled coaxial-based monopole
antenna (outer diameter = 1.2 mm; insulator = 0.9 mm; inner
diameter = 0.3 mm) optimized to work at
2.45 GHz was placed in the centre of the tank. A cooling
system prevents the overheating along the applicator cable and
the detuning between the antenna and the material under test
during the MTA. The applicator is connected to a peristaltic
pump (DP2000, Thermo-Fisher Scientific Inc., Waltham,
Massachusetts, US) circulating water at 18ȗC at 50 ml/min;
and to a microwave generator (Sairem, SAS, France)
operating at 2.45 GHz frequency, through a low-loss coaxial
cable (50 Ohm characteristic impedance). The antenna was
powered at 30 W for 10 min. The raw EIT data and
temperature data were recorded simultaneously during the
ablation treatment (10 min) and for 20 minutes after the
heating source was switched off.
In each experimental study, the temperature data were
acquired over time at 0.1 s time steps using a fibre optic sensor
(Neoptix Inc., QuĠbec, CA) that was inserted in the sample
under test and maintained approximately in the middle of the
circular electrodes array. The optical thermometer was
connected to a laptop. Post-processing after the experimental
session included a moving average operation (0.4%
percentage error between the actual data and the averaged
data) performed to minimise the environmental noise
overlapping the measured data.
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Fig.2: Temperature (blue line) and voltage (red line) data related to the cooling of the agar phantom acquired over 62 min (Fig.
A); time series images at 60 seconds step intervals reconstructed with GREIT representing the physical changes in the medium
during the cooling of the phantom (Fig. B).
The system dedicated to acquiring the temperature data and
the EIT system were manually synchronised.
EIT data were recorded with a calibrated Sentec (formally
Swisstom) Pioneer EIT set (Sentec.com, Switzerland) using
small alternating currents (6 mAp-p) at an injection frequency
of 45 kHz with a skip (i.e. the gap between the injection
electrodes) of four electrodes. This EIT system is designed for
32 electrodes. In this study, due to the small tank diameter,
post-processing was performed on the signals recorded by 16
electrodes only. The voltage frame data (i.e. EIT data acquired
during one cycle of current applications and voltage
measurements) were collected with a rate of 14.96 frames/s.
The raw EIT data recorded during each experiment were
loaded using the open-source EIT and Diffuse Optical
tomography Reconstruction Software (EIDORS) [24] 3.9.1
and the Sentec .eit file reader. EIDORS was used to remove
injection electrode measurements leading to 208 (n×n-3×n
where n = 16 electrodes) measurements per frame. For image
reconstruction, the commonly employed time-difference
algorithm GREIT was used with a noise figure of 0.5 [25]. In
the case of the cooling of the agar phantom, the reference
measurement was the mean of the first 10 frames acquired in
the recording. During the experiment involving the MTA of
the phantom, the reference frame was the mean of the first 10
frames recorded at the start of the ablation. The image
reconstruction was carried out using a finite element model
(FEM) representing the tank with circular surface electrodes
and a homogeneous background conductivity of 1 S/m.
III.

RESULTS AND DISCUSSION

In this study, an agar phantom was used to test the
performance of EIT in detecting the electrical conductivity
changes related to the temperature. The main goal of this study
was to use EIT in the detection of the changes occurring
during MTA.
First a preliminary experiment was conducted to test the
capability of the EIT system in monitoring the changes in
temperature occurring during the cooling of the agar phantom.

During this experiment, the initial high temperature of the
material under test was achieved using a hot plate. The results
of this first experiment are reported in Fig. 2. Fig. 2(A) shows
the mean magnitude voltage (over the 208 measurements per
frame at each time step of about 0.067 s) and the temperature
data acquired during the cooling of the agar phantom (62 min).
The initial temperature of the agar phantom measured by the
fibre optic sensor was 71.7ȗC. After 62 min, the internal
temperature of the phantom detected by the thermal sensor
was 59.8ȗC. Thus, a 19.9% difference between the initial
temperature and the final temperature was observed. As the
electrical conductivity is related to the movements of the ions
in the material under test, this parameter decreases over the
observation time with the cooling of the material. In the EIT
system, the decrease of the electrical conductivity induces an
increase in the voltage measured by the electrodes around the
tank, as the system is current-controlled (fixed injection
current). The percentage difference between the initial and the
final mean voltage value over 62 min is 21.5%. Fig. 2(B)
shows the reconstructed images displaying the variation in
conductivity every 60 s. Progressive changes in the phantom
under test related to the decrease of the temperature are
observed over 62 min. The colourbar represents the pixel
intensity: lower intensity corresponds to smaller changes in
conductivity and higher intensity corresponds to larger
changes. The distribution of the cooling in the material under
test could be related to thermodynamic effects linked with the
presence of a thick insulating material, such as plastic, at the
boundary.
After the preliminary experiment related to the cooling of
the agar phantom, the EIT system was used to acquire changes
in voltage values induced by MTA, during and after the
heating. Fig. 3 shows the related results. In particular, Fig.
3(A) shows temperature and voltage data acquired over about
35 min. From Fig. 3(A) an approximately constant voltage and
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Fig. 3: A: Temperature (blue line) and voltage (red line) data acquired over about 2100 s (35 min). MTA was performed from
around 360 s to 971 s (i.e. approximately 10 min). Time series reconstructed images at about 10 s time steps related only to
the time when the MTA was conducted (Fig. B).
temperature over the first 6 min, when only the EIT system
and the cooling system of the microwave applicator were
switched on, can be derived (i.e. the heating source was off).
Then, the decrease in voltage and increase in temperature
during 10 min of ablation (up to 16 min in Fig. 3(A)) are
shown. The increase of temperature due to the delivery of the
microwave energy into the material induces an increase of the
movement of the ions in the phantom. Accordingly, the
progressive increase of the electrical conductivity of the agar
phantom induces the decrease of the voltage measured from
the electrodes. When the microwave generator is switched off,
the percentage differences of the temperature values and the
voltage values are 51.6% and 4%, respectively. As the extent
of the area heated during the MTA is smaller compared to the
area involved in the cooling process (first experimental study),
a smaller percentage difference in the mean magnitude voltage
values (4%) is observed. During the 20 min (from 16 min to
35 min in Fig. 3(A)) after the MTA, the temperature values
decrease, whereas the increase of the voltage is about 0.3%.
This result suggests an irreversible change in the composition
of the agar phantom. As the temperature detected is around
55ȗC, a loss of the original water content inside the phantom
is reasonably the cause of the quasi-permanent change of the
electrical conductivity of the material.
In Fig. 3(B), the time series of the reconstructed images at
10 s time intervals are reported. The reconstructed images are
presented for the time interval during the MTA. The rapid
change of the electrical conductivity due to applied MW
energy is seen for approximately 10 min. In particular, Fig.
3(B) shows the progressive increase of the size of the region
where conductivity changes occurred, pointing out a relation
between the changes in the properties (i.e. electrical
conductivity) of the material under test and its temperature
changes.
These results support the hypothesis of exploiting EIT to
monitor the heating patterns and the ablation effects during the
ablation therapy. Further investigation is needed to optimize
the imaging algorithm for this specific application, and future
work also will include shifting the position of the MTA

applicator from the centre of the phantom. Application of the
EIT system to ablation of ex vivo samples is also planned.
Moreover, a further improvement will include a second ring
of electrodes at a different height in order to capture 3D
information that may enhance data collection and, possibly,
improve the spatial resolution. Finally, in future studies a
comprehensive investigation concerning the electrical
conductivity values at EIT frequencies of the background
medium is required in order to optimize the accuracy of the
image reconstruction.
IV.

CONCLUSION

Monitoring of the conductivity changes related to the
temperature using EIT was investigated in this study. The
results reported show the feasibility of using EIT to estimate
the area undergoing a relevant conductivity change induced
by a temperature change. The main application of the
technique presented in this work concerns the estimation of an
induced thermal ablation zone.
EIT could represent a non-invasive, feasible and
economically sustainable alternative technique for the realtime monitoring (e.g. in terms of temperature distribution) and
the assessment of the ablation zone in order to reduce
recurrence rates.
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