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Abstract—Microwave ablation (MWA) is widely recognized as
a promising treatment tool for cancer. Real-time monitoring of
the dimensions of the ablation zone is indispensable for ensuring
an effective and safe treatment. In this paper, we propose a
microwave imaging algorithm for monitoring the evolution of
the ablation zone. This algorithm estimates the boundary of
the ablation zone by exploiting the time difference of arrival
(TDOA) between pre- and during- ablation signals received at
external antennas surrounding the tissue, using the interstitial
ablation antenna as the transmitter. A notable advantage of
this method is that it requires few assumptions about the
spatial distribution of dielectric properties of the propagation
media. Also the simplicity of the signal processing, wherein the
TDOA is determined from a cross-correlation calculation, allows
real-time monitoring and provides noise-robust estimations. We
investigate the performance of this approach using simulated
array measurements obtained from FDTD simulations of MRI-
derived numerical breast phantoms. The results demonstrate that
our proposed method offers the potential to achieve millimeter
order accuracy in estimating the boundary of the ablation zone
in heterogeneous and dispersive breast tissue.

Index Terms—Microwave ablation (MWA), Real-time monitor-
ing, TDOA based boundary extraction

I. INTRODUCTION

Microwave ablation (MWA) is a promising technique for
minimally invasive treatment of primary tumors. An interstitial
antenna delivers energy that heats up the cells, leading to
coagulative necrosis of the malignant tumor [1]. Microwave
ablation has been shown to be an effective clinical tool for
treating liver tumors [2]. Although most of past research
has focused on MWA of liver, there is a growing interest
in MWA for treating other types of cancer, including breast
cancer treatment. The success of MWA depends in part on the
ability to accurately monitor the evolution of the ablation zone
during the therapy procedure. Magnetic resonance imaging
(MRI) [3] and ultrasound [4], [5] have been explored as MWA
monitoring modalities. However, MRI has several drawbacks
in terms of cost and concerns about heating MR contrast
agents, and ultrasound suffers from image distortion during
thermal ablation.

Microwave imaging is a promising alternative because it
is portable and low cost. The data acquisition scheme can
use the microwave ablation antenna as a transmitter and a
number of external antennas as the receivers. Furthermore,
the microwave-frequency dielectric properties of tissue are
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sensitive to the temperature and physiological state of the tis-
sue. Significant changes in the microwave-frequency dielectric
properties of bovine liver tissue have been observed during
microwave ablation and as a function of temperature [6], [7],
[8].

MWA monitoring using microwave tomographic imaging
has been explored for liver tissue ablation [9] under assump-
tions that the dielectric properties distribution of the tissue
is fairly homogeneous. Microwave tomographic techniques
have also been proposed for monitoring MWA of breast
tumors [10], where the tissue is much more heterogeneous.
Computational cost can be reduced through the introduction
of simplifying assumptions in the inverse scattering algorithm
(e.g. [11]). A persisting challenge has been simultaneously
achieving efficient and accurate imaging algorithms for real-
time monitoring.

This paper proposes a novel real-time imaging algorithm
for MWA monitoring, which exploits the time difference of
arrival (TDOA) between pre- and during ablation signals
and makes use of a simple propagation model to determine
the boundary of the ablation zone. Our proposed algorithm
comprises computationally efficient signal processing steps,
namely, cross-correlation calculations to determine time delays
between signals and a simple noise reduction filter (e.g.
matched filter), thereby making it feasible to achieve mon-
itoring in real-time. Another important advantage is that it
requires few assumptions. It only requires an estimate of the
average relative permittivity of the tissue in the vicinity of the
antenna before and during ablation. We perform FDTD-based
numerical simulations for two MRI-derived breast phantoms
to demonstrate that our proposed method achieves accurate
boundary extraction of the ablation zone, even under low SNR
conditions.

II. OBSERVATION MODEL

Figure 1 shows the data acquisition configuration for our
MWA monitoring strategy. The elapsed time of the ablation
is denoted by T, where T' = 0 corresponds to a time pre-
ablation and 7' > 0 corresponds to a time during the ablation.
The breast is constituted by skin, adipose, fibroglandular, and
tumor tissues. A single transmitter (shown as a hollow black
circle in Fig. 1) is inserted into the tumor, which is located
within the fibrograndular tissue, and multiple receivers are
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Fig. 1. Data acquisition configuration for MWA monitoring using the internal
ablation antenna as the transmitter and an external array as the receivers. (a)
Pre-ablation (7" = 0). (b) During ablation (7" > 0).

located surrounding the breast (shown as solid black circles
in Fig. 1). The location of the source is defined as 74, and
the location of a representative receiver is defined as rc.
The received microwave signals pre-ablation (at 7' = 0) and
during ablation (at the n'M temporal snapshot) are denoted by
so(rc,t) and s,(rc,t) respectively. The variable ¢ denotes
the signal recording time.

III. ABLATION BOUNDARY EXTRACTION ALGORITHM

A. TDOA based boundary reconstruction

Investigations have shown that MWA leads to a steady
decrease of the relative permittivity of tissues, mainly due to
dehydration. The lower relative permittivity of the ablation
zone leads to a significant time-delay from source to receiver,
compared to the pre-ablation case. Our method exploits this
principle through TDOA for extracting the ablation boundary.

Let 79 and 7, be the time of arrivals (TOAs) of the pre-
and during- ablation signals, respectively. The TOA can be
decomposed as:

e84+ 8¢ (1)
Tl 77, )

T0 —

Tn =
where 728 and 7B€ denote the TOAs from 4 (source loca-
tion) to rp (ablation boundary point), and rp to r¢ (receiver
location), respectively, as shown in Fig. 1. We define ¢,, as
the dielectric constant of the tissue inside the ablation zone
at the n™ snapshot, and €, represents the dielectric constant
pre-ablation. In addition, 75°¢ ~ 72€, because the dielectric
properties of the tissue between B and C are invariant. Then,
the TDOA between pre- and during ablation cases can be
approximated as follows:

AT

To — Tn

(1 - EmE, 3)
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Data acquisition at a
time snapshot during
ablation (T > 0)

Data acquisition
pre-ablation (T = 0)

2

Noise reduction filter (e.g. matched filter)

Estimation of TDOA between
pre-ablation and during-ablation states

Ablation boundary estimation during ablation

Fig. 2. Algorithm for estimating the boundary of the ablation zone at a
particular moment in time during the ablation using array measurements
before and during the ablation.

where £ = ¢,/¢p. From Eq. (3), we can approximate the
distance from source to boundary point as:
RAB = |rp —rg|| = wvord®
AT
= v 4)

1— €
where vy denotes the propagation velocity in the pre-ablation
medium. Then, the ablation boundary point rp is given by:

B = RAB u + TA, &)

where 1 denotes a unit vector from 7, to r¢.
Note that, A7 can be estimated from the following cross-
correlation calculation:

Ar = arg max[so(rc, £) + s (ro, O](7), ©)

where * denotes the operator of cross-correlation. If the
number of receivers is M, then M different boundary point
estimates rp are available.

B. Procedure of the proposed method

The procedure (also shown in Fig. 2) for estimating the
boundary of the ablation zone at the n'" temporal snapshot in
time is summarized as follows:

Step 1) Received signals are recorded at T' = 0 (before the
ablation begins) and at the n'" temporal snapshot during
the ablation.

Step 2) A noise reduction filter, such as matched filter, is
applied to both observed signals.

Step 3) The TDOA value (A7) is determined from the
peak shift of cross-correlation functions as in Eq. (6).
Step 4) The boundary point rg of the ablation zone is
determined using A7 and the relative permittivity around
the transmitter for both pre- and during ablation cases, as

in Egs. (4) and (5).

The most notable feature of this method is that it only

requires the average velocity in the medium surrounding the
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Fig. 3. Numerical breast phantoms and configuration used to evaluate the
performance of the TDOA-based MWA ablation monitoring algorithm. The
colorbar displays the Debye parameter, Ae. The hollow black circle denotes
the location of the transmitting antenna while the solid circles denote the
locations of the receiving antennas. (a) Class 3 (heterogeneously dense) breast
phantom. (b) Class 4 (extremely dense) breast phantom.

source before the ablation begins, and the approximate ratio
of the pre- and during-ablation dielectric constant as a priori
knowledge. In most cases, the source will be located inside
malignant tissue, whose dielectric properties are available in
the literature [12]. Furthermore, the properties of ablated tissue
can be determined from the growing database of dielectric
properties of ablated tissue [7], [13].

IV. TWO-DIMENSIONAL NUMERICAL SIMULATION
EXAMPLES

A. Breast phantom and simulated array measurements

We test our method using simulated measurements of
two realistic breast phantoms derived from MRIs of healthy
women [14]: a Class 3 “heterogeneously dense” phantom (ID
number 062204), and a Class 4 “very dense” (ID number
012304) phantom. These phantoms are available online at
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Fig. 4. (a) Electric field intensities observed at a representative receiver
location (r¢ = (133mm, 66mm)) in the Class 3 phantom. The observations
are made pre-ablation and when the ablation zone is an ellipse with major
axis (x-axis) of 10 mm and minor axis (y-axis) of 8§ mm. (b) Cross-
correlation result for the signals observed in (a). A7 marks the TDOA for
the representative receiver location.

the University of Wisconsin repository [15]. The frequency-
dependent complex permittivities for skin and breast tissues
in the phantoms are modeled by single-pole Debye models
over the frequency range of 0.1-5 GHz, as in [10]. Figure 3
shows the map of the Debye parameter Ae of the Class 3 and
Class 4 phantoms. The transmitting source is located inside
fibroglandular tissue, and it is shown as a hollow black circle
in Fig. 3. We model the impact of ablation as a 40% decrease
in the relative permittivity within the ablation zone (not shown
in Fig. 3). This percentage drop has been observed in ablations
of bovine liver tissue that has reached 99° [7]. In this case,
the pre-ablation relative permittivity of the tissue surrounding
the antenna was ey = 47, representing healthy fibroglandular
tissue at 2.45 GHz, and £ was equal to 0.6 in the ablation
zone.

The 21 receiving antennas, shown as solid black circles in
Fig. 3, are located on a ring outside breast (immersed in air)
with equal spacing between them. The transmitted signal is
a Gaussian modulated pulse, with 2.45 GHz as the center
frequency and a 1.9 GHz frequency bandwidth. The received
signals are generated using FDTD on a 0.5 mm grid. White
Gaussian noise is added to each received electric field signal in
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Estimated boundary, shown by the red circles, of the elliptical ablation zone in the Class 3 numerical breast phantom, for different levels of SNR. (a)

20 dB. (b) 10 dB. (c) 0 dB, when the ablation zone is an ellipse with major axis (z-axis) of 10 mm and minor axis (y-axis) of 8§ mm.
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Fig. 6. Estimated boundary, shown by the red circles, of the elliptical ablation zone in the Class 4 numerical breast phantom, for different levels of SNR. (a)
20 dB. (b) 10 dB. (c) 0 dB, when the ablation zone is an ellipse with major axis (z-axis) of 10 mm and minor axis (y-axis) of 8§ mm.

the time domain. The SNR is defined as the ratio between the
average signal power to noise power in the time domain. We
consider SNR levels of 20 dB, 10 dB, and 0 dB. A matched
filter is applied to the received signals in the pre-processing
step for noise reduction.

B. Results

Figure 4(a) shows as an example the time-series signals
recorded at rc = (133 mm, 66 mm) for the Class 3 phantom
before and during ablation, when the ablation zone is an ellipse
with major axis (z-axis) of 10 mm and minor axis (y-axis) of 8
mm; Figure 4(b) illustrates the output of the cross-correlation
between the signals. Figure 4(a) shows that the representative
received signal during the ablation is slightly time shifted com-
pared to the signal pre-ablation, due to the decrease in relative
permittivity of the ablation zone. It also indicates that, even
in this dispersive and heterogeneous case, the waveform is not
significantly distorted between pre- and during ablation times,
except for the time shift, which empirically demonstrates the
validity of the approximations made in the proposed method.

Figures 5 and 6 illustrate the reconstruction results in the
case of the Class 3 and Class 4 phantoms for three different
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SNR levels, when the ablation zone is an ellipse with major
axis (x-axis) of 10 mm and minor axis (y-axis) of 8 mm.
The red solid circles denote the boundary points estimated
by our proposed algorithm. These results demonstrate that the
proposed method provides a relevant boundary reconstruction
of the ablation zone, even for low levels of SNR. This noise-
robust property is mainly due to the application of the noise-
reduction filter (matched filter in this case). The required
calculation times in any of these cases was less than 0.1 sec
using an Intel Core i5 CPU 3.3 GHz, with 8 GB RAM, which
validates that this method has the property of providing real-
time MWA monitoring.

We define the reconstruction error as the minimum distance
between each estimated boundary point and the actual bound-
ary curve. Figure 7 shows the box plots of the estimation errors
for the Class 3 and Class 4 phantoms for 100 different noise
realizations for each SNR. The lower and upper bounds of the
boxes denote the IQR (interquartile range) and the lower and
upper whisks denote £2.7 standard deviation range, assuming
a normal distribution. These figures demonstrate that even if
the SNR is around 10 dB, the proposed method can maintain
the median error within 3 mm in both cases.
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Fig. 7. Errors in ablation zone boundary estimation as a function of SNR for 100 noise instances. (a) Class 3 numerical breast phantom. (b) Class 4 numerical

breast phantom.

V. CONCLUSION

This paper proposes a real-time ablation zone monitoring
algorithm by exploiting TDOA between pre- and during abla-
tion signals. Our proposed algorithm requires a little a priori
knowledge, only the relative permittivity of the local treatment
zone pre- and during ablation. This is a definitive advantage
of our method. The numerical examples presented demonstrate
that the proposed algorithm significantly contributes to real-
time and accurate boundary extraction for MWA monitoring,
even in situations of low SNR. Although our algorithm intro-
duces several approximations for allowing the application of
TDOA to this problem, these assumptions has been verified to
be acceptable by using accurate breast models and dispersive
FDTD analysis. However, it should be noted that there are
some errors in the boundary estimation, even for higher SNR
levels, especially for the Class 3 phantom. Such errors may be
caused by the assumption of line-of-sight propagation. Further
investigations will focus on extending and demonstrating this
algorithm in 3D.
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