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Abstract—As a minimal invasive tool for cancer treatment,
microwave ablation (MWA) is promising. For safety and effective
ablation for cancerous tissue, the real-time monitoring for the
dimensions of the ablation zone should be implemented. This
study focuses on microwave based MWA monitoring. The time
difference of arrival (TDOA) based imaging algorithm is one of
most promising methods, which achieves real-time, and highly
noise-robust imaging using a prior knowledge of only dielectric
constants of tissues surrounding probe, pre and during ablation
states. However, it often suffers from an inaccuracy for imaging,
especially in the lower impact of the ablation. To enhance the
accuracy, this paper proposes the waveform matching based algo-
rithm, where the impact of conductivity drop is also considered
in boundary estimation. The statistical test with 100 different
ablation cases, using the finite difference time domain (FDTD)
simulation, using realistic breast phantoms derived from MRI,
demonstrate that the proposed method offers more accurate
ablation zone imaging, compared with that obtained by the
TDOA based method, maintaining a real-time property.

Index Terms—Microwave ablation(MWA), Microwave based
monitoring, Time difference of arrival (TDOA), Waveform
matching.

I. INTRODUCTION

Microwave ablation (MWA) technique is widely recognized

as a minimal invasive cancer treatment [1], which heats up

the cells, more quickly than the lower radio frequency (RF)

based technique [2]. The number of literature demonstrated

that the MWA becomes an effective clinical tool for treating

liver tumors [3]. Such background drives the motivation for

applying the MWA to other types of cancer, e.g. kidney

or breast tumors. Especially, the MWA treatment for breast

tumors brings significant ease for a physical and mental burden

for patient by avoiding a large scale removal of breast. For

safety and effective ablation for malignant tumors without

damaging healthy tissue, the MWA needs to be incorporated

with appropriate imaging modality tools. For such imaging

modality, magnetic resonance imaging (MRI) and ultrasound

based techniques have been developed and tested in the past

researches. However, MRI requires a large scale and expensive

equipment, and should be need for considering the effect of

heating contrast agents [4]. The ultrasound imaging modality is

lower and more compact, but there is possibility that microbub-

bles caused by ablation would contaminate a contrast image

[5], as well as limited echogenic contrast between ablated and

non-ablated tissue [6]. The microwave based monitoring is

promising alternative to address with the above issues, in terms

of cost, compactness and compatibility with MWA equipment.

It has been demonstrated that the dielectric properties of tissue

at microwave frequency are sensitive to the temperature and

physiological state of the tissue [7]. Similarly, a recent study

also demonstrated that there was a large drop of complex

permittivity for tissue in ablated state [8]. The above physical

basis drives the development for microwave based ablation

monitoring tool, where a forward scattering component re-

ceived at external antenna from interstitial MWA source is

processed by appropriate imaging algorithm. There are several

approaches for this kind of algorithms, based on tomographic

approach, assuming the fairly homogeneous media, which

is a reasonable assumption in liver tissue [9]. However, the

method [9] hardly achieves a real-time monitoring, and is not

suitable for heterogeneous background, e.g. breast media. As

one of the most promising method for real-time and accurate

imaging for highly heterogeneous media, the literature [10],

the time difference of arrival (TDOA) based imaging algorithm

has been developed, which exploits the TDOA of forward

scattering signals between before and at a specific time during

the ablation. This method has demonstrated, through 2-D and

3-D FDTD based tests, that it simultaneously accomplished a

real-time, noise-robust and accurate imaging for ablation zone,

even in highly heterogeneous breast tissue. However, there is

possibility that it suffers from non-negligible inaccuracy in

boundary extraction, especially in the case of a lower impact

of dielectric constant in ablated tissue.

To address with the above problem, this paper proposes

a waveform reconstruction based imaging method, where a

forward scattering signal during ablation is reconstructed from

pre-ablation one, using the Green s function considering the

drops in both real and imaginary parts of complex permittivity

as the ablation impact. This method succeeds the significant

advantage in the TDOA-based method, that it only requires an

estimate of the average relative permittivity and conductivity

of the tissue in the vicinity of the MWA antenna at pre-

and during ablation, which can be retrieved from temperature

monitoring with growing database. The statistical analysis,

investigating 100 different ablation cases, using the frequency

dependent finite difference time domain (FDTD) and realistic

breast phantom, demonstrate that our proposed method offers

more accurate estimation of the ablation zone, especially in

the case of a lower contrast between pre- and during ablated

tissues.
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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 (T = 0). (b) During ablation (T > 0)

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 T > 0 corresponds to a time during the

ablation. 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 located

surrounding the breast (shown as solid black circles in Fig. 1).

The location of the source is defined as rA, and the location

of a representative receiver is defined as rC. The received

microwave signals pre-ablation (at T = 0) and during ablation

(at the n-th temporal snapshot) are denoted by s0(rC, t)
and sn(rC, t) respectively. The variable t denotes the signal

recording time.

III. ABLATION BOUNDARY ESTIMATION ALGORITHM

A. TDOA based method

This method is based on the investigated fact that MWA

leads to a decrease of the relative permittivity of tissues,

mainly due to dehydration. The lower relative permittivity of

the ablation zone leads to a smaller time-delay from source to

receiver, compared to the pre-ablation case.

Let τ0 and τn be the times of arrival of the pre- and during

ablation signals, received at a location C, respectively. Each

time of arrival can be decomposed as follows:

τ0 = τAB
0 + τBC

0 (1)

τn = τAB
n + τBC

n , (2)

where τAB and τBC denote the time of arrivals from rA
(source location) to rB (ablation boundary point), and rB
to rC (receiver location), respectively, as shown in Fig. 1.

We define εAB
n as the dielectric constant of the tissue inside

the ablation zone at the n-th snapshot, and εAB
0 represents

the dielectric constant pre-ablation. In addition, τBC
0 � τBC

n ,

because the dielectric properties of the tissue between B and

C are invariant. Then, the TDOA between pre- and during

ablation cases can be expressed approximately as follows:

Δτ ≡ τ0 − τn

� (1−
√

ξ)τAB
0 , (3)

where ξ = εAB
n /εAB

0 . From Eq. (3), we can estimate the

distance from source to boundary point as follows:

RAB ≡ ||rA − rB|| � v0τ
AB
0

� v0
Δτ

1−√
ξ
, (4)

where v0 denotes the propagation velocity in the pre-ablation

medium. Then, the ablation boundary point rB is given by:

rB = RABu+ rA, (5)

where u denotes a unit vector from rA to rC.

Note that, Δτ can be estimated from the following cross-

correlation calculation:

Δτ = arg max
τ

[s0(rC, t) � sn(rC, t)] (τ), (6)

where � denotes the operator of cross-correlation. If the

number of receivers is M , then M different boundary points

rB can be estimated.

The most notable feature of this method is that it only

requires the following as a priori knowledge: 1) an estimate

of the average velocity in the medium surrounding the source

before the ablation begins, and 2) an estimate of the ratio of

the pre-ablation and ablated-tissue dielectric constant in the

target region.

B. Proposed method

While a number of tests have demonstrated that the above

TDOA-based method is fast enough for real-time ablation

monitoring and is robust against noise, this algorithm does

not consider the impact of the decrease in conductivity that

tissue experiences as it dries out. This decrease in conduc-

tivity affects not only the amplitude of the forward-scattered

signal, but it also affects the phase of the signal. Waveform

reconstruction to recover this phase information could further

improve the accuracy for ablation imaging.

Assuming the simple propagation model used in the TDOA

based method, the proposed method also models the pre- and

during ablation signal in the angular frequency domain, under

the straight line propagation assumption, as:

S0(ω;R
AB) = Ssrc(ω)e

−j(k0(ω)RAB+k(ω)RBC) (7)

Sn(ω;R
AB) = Ssrc(ω)e

−j(kn(ω)RAB+k(ω)RBC), (8)

where S0(ω;R
AB) and Sn(ω;R

AB) denote the received sig-

nals at pre- and during ablation state at n-th snapshot in the

angular frequency domain. Here, the wavenumber at the n-th

snapshot as kn(ω) is expressed as:

kn(ω) = βn(ω)− jαn(ω), (9)
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Here, εn and σn are the relative permittivity and conductivity

in the ablation state at the n-th snapshot, where RBC denote

the distance from rB to rC (receiver location). Using this

model, the signal at the n-th snapshot ablation state is esti-

mated as:

Ŝn(ω;R
AB) = S0(ω;R

AB) · e−j(kn(ω)−k0(ω))RAB

. (12)

Finally, the distance from the source to the ablation boundary

at the n-th snapshot as RAB
n calculated as:

R̂AB
n = arg min

RAB

∫
|Ŝn(ω;R

AB)− Sobs
n (ω)|2dω, (13)

where Sobs
n (ω) denotes the observation signal in the angular

frequency domain at the n-th snapshot.

The procedure for the proposed method is summarized as

follows:

Step 1) Received signals are recorded at T = 0 (before the

ablation begins) and at the n-th temporal snapshot

during the ablation.

Step 2) Noise reduction filter (e.g. matched filter), is ap-

plied to both observed signals.

Step 3) Waveform in the n-th snapshot in the ablation state

is derived in Eq. (12).

Step 4) R̂AB
n is determined in Eq. (13) and ablation bound-

ary point rB is determined in Eq. (5).

This method maintains most of advantages in the conventional

TDOA-based method that it only requires the ratio of the pre-

ablation and during ablation dielectric constant and conductiv-

ity in the target region as a priori knowledge. In most cases, the

source will be located inside malignant tissue, whose dielectric

properties are available in the literature [11].

IV. TWO-DIMENSIONAL NUMERICAL SIMULATION

EXAMPLES

A. Brest phantom and simulated array measurements

We tested our method using simulated measurements of

two realistic breast phantoms derived from MRIs of healthy

women [11]: 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

the University of Wisconsin repository [12]. The frequency

dependent complex permittivities for skin and breast tissues

in the phantoms are modeled by single-pole Debye models

over the frequency range from 0.1 to 5.0 GHz, as in [9].

Figure. 2 shows the map of the Debye parameter Δε of the

Class 3 and Class 4 phantoms. The transmitting source, shown

Fig. 2. 2-D numerical breast phantom and configuration used to evaluate
the performance of the MWA monitoring algorithm using Amplitude and
Phase information. The colorbar displays the Debye parameter, Δε. 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.

as a hollow black circle in Fig. 2, is located inside fibrog-

landular tissue. The average pre-ablation relative permittivity

and conductivity of the tissue surrounding the antenna was

εAB
0 = 42, σAB

0 =0.633 S/m, which corresponds to the median

value for healthy fibroglandular tissue at f0 = 2.45 GHz. The

20 receiving antennas, shown as solid black circles in Fig. 2,

are located on a ring outside breast (immersed in air) with

equal spacing between them. Here, we conducted 2-D FDTD

simulations with single-pole Debye model (in-house code

provided by the cross-disciplinary electromagnetics laboratory

at the University of Wisconsin, Madison).

The transmitted signal is a Gaussian modulated pulse, with

2.45 GHz as the center frequency and a 1.9 GHz full 3 dB

bandwidth. The received signals are computed using FDTD

on a 0.5 mm grid. White Gaussian noise is added to each

recorded electric field temporal waveform. The SNR is defined

as the ratio of the average signal power to noise power in

the time domain. We consider SNR levels of 20 dB. These

are assumed to uniformly decrease in the ablation zone,

therefore the dielectric properties in the ablation zone are

also heterogeneous. We have modeled the ξ = 0.6, 0.7, 0.8,

and 0.9 in both relative permittivity and conductivity, as the

influence of ablation. This percentage range has been observed

in ablations of bovine liver tissue [7] and human mastectomy

specimens [8].

B. Imaging results and discussions

Here, we test the particular snapshot during the ablation,

where the ablation zone is expressed as an ellipse spanning 20

mm along the x-axis and 16 mm along the y-axis. Figures 3

shows the estimated ablation zone by each method, at the Class

3 and Class 4 phantoms, where ξ = 0.9 and noiseless situation

is assumed. Figure 3 validates that the proposed method

significantly enhances the accuracy for boundary extraction

in the ablation zone. Here, the normalized root mean square

error (NRMSE) is introduced to investigate the accuracy for



Fig. 3. Estimated boundaries of the elliptical ablation zone in noiseless case.
Blue solid circles by the TDOA-based method, and red solid circles by the
proposed method. The actual ablation zone is an ellipse with major radius
(x-axis) of 10 mm and minor radius (y-axis) of 8 mm. (a): Class 3. (b):
Class4.

Fig. 4. NRMSE for waveform reconstruction at different antenna location.
Black line denotes the result of the TDOA based method, and red one denotes
that of the proposed method. (a): Class 3. (b): Class 4.

the waveform reconstruction for the observed waveforms as:

NRMSEn =

√√√√∫ T

0
|ŝn(t)− sobsn (t)|2dt∫ T

0
|sobsn (t)|2dt

, (14)

where ŝn(t) denotes the estimated scattering signal by each

method. Note that, the time-shift of ŝn(t) of the TDOA-based

method is compensated using the time-delay Δτ calculated

in Eq. (6). Figure 4 shows the NRMSE for each antenna

location in Class 3 and Class 4 phantoms. This results indicates

that the proposed method achieves more accurate waveform

reconstruction compared with that obtained by the TDOA-

based method by considering the influence of conductivity

drop. Better waveform matching enhances the accuracy for

estimation of RAB
n , results in better imaging. Note that, the

average calculation times are 0.1 sec in the TDOA-based

method and 0.3 sec in the proposed method using an Intel

Xeon CPU E5-1620 v2 3.7 GHz, with 16 GB RAM.

C. Statistical tests for various centers of ablation zone

This section describes the statistical tests in each method.

The 100 different patterns of the ablation center are inves-

tigated in both Class 3 and Class 4 phantoms, where the

dimension of the ablation is fixed and same in the Sec.

IV-B. Here, we define the reconstruction error for a specific

estimated boundary point, rB, as the shortest distance from

that estimated boundary point to the actual boundary. Figure 5

show the box plots of the median value of the estimation errors

in Class 3 phantom for the TDOA based and the proposed

methods at each value of ablation factor (ξ) for the cases of

noiseless and 20 dB SNR. Figure 6 show the box plots of the

estimation errors in Class 4 using same configuration in Fig.

5. The lower and upper bounds of the boxes span the IQR

(interquartile range) and the lower and upper whisks denote

the ±2.7 standard deviation range. These results demonstrate

that the proposed method enhances the accuracy in any case

of ξ and SNRs. The difference is remarkable, particularly

in case the ablation factor ξ =0.9, where the TDOA-based

method suffers from significant inaccuracy. This is because

the small decrease of dielectric constant leads to smaller time-

shift Δτ , and the sensitivity to the error of Δτ becomes more

severe in the method based on only the TDOA values. On the

contrary, the proposed method can enhance the accuracy of Δτ
by compensating the waveform deformation with conductivity

drop.

V. CONCLUSION

This paper proposed the waveform matching based es-

timation method for the dimension of the ablation zone,

where the impact of dielectric property drop is considered

in not only the relative permittivity but the conductivity. The

proposed algorithm compensated the waveform mismatching

between pre- and during ablation signals, which enhances

the accuracy in RAB estimation, especially in the higher ξ
case. The numerical investigations with 100 different samples,

demonstrate that the proposed algorithm significantly achieves

more accurate boundary extraction for MWA monitoring even

in situations of high ablation factor as ξ. This method requires

further investigations in the three-dimension model and the

experimental data.
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