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(a) TDOA =0:9 (b) TDOA =0:9 (c) TDOA =0:9

(d) Proposed =0:9 (e) Proposed =0:9 (f) Proposed =0:9

Fig. 17. Estimated boundary points shown by the red circles of the ellipsoidal ablation zone by each method, in the 3-D Class 3 numerical breast phantom
at a noiseless case, where the actual ablation boundary is expressed as white solid curves. (ax-@théprojection. (b) and (ey-plane projection. (c)
and (f): z-plane projection.

ablation state at the case of= = 0:9, where the number FDTD calculation. Fig. 16 shows the observation model in
of iterations is 100. The root mean square errors (RMSH)is 3D test, where the Debye parameter,of the Class
between the actual and estimated difference map for e®&lphantom is presented. The 3D FDTD simulations, consid-
Debye parameter are 0.285 for (17.7 % relative error), ering the dispersive model, were conducted using commercial
0.540 for (19.9 % relative error), and 0.029 S/m for software, hamely, the XFDTD Bio-Pro, a product by Remcom
(44.1 % relative error), respectively, where the average values, where the single-pole Debye dispersion model is imple-
of the actual difference map are 1.613 for, 2.714 for mented for data generation. The 3D computational domain
, and 0.0068 S/m for , respectively. As shown in thisis composed of 0.5 mm cubic grid cells, but the phantom
gure and the above quantitative result, the DBIM could offeis re-sampled as 2 mm cells owing to the limitations of
the signi cant information about the area and impact of thithe computer memory. The transmitted signal is a Gaussian
ablation zone without using the ablation impact parameterodulated pulse, with 2.45 GHz as the central frequency and
of and , which is the advantage of the DBIM methoda 1.9 GHz as that at full 3 dB bandwidth. The receiving
from the proposed method. However, the accuracy of tlatenna array surrounding the breast phantom consists of 50
DBIM largely depends on the initial estimate, and in thiglectrically short dipoles, where each dipole arm is 10 mm
case, it is given the accurate map of pre- ablation state, whicimg and the feed gap is 0.5 mm. These receiving antennae
is hardly obtained in the realistic scenario. In addition, thare evenly distributed on ve elliptical rings of eight antennae
calculation time for the reconstruction is over 30 minutesach, with adjacent rings rotated by 18 create a staggered
using an Intel Xeon CPU E5-1620 v2 3.7 GHz, with 16 GRirray of antennae in the vertical direction. The ve rings are
RAM, and this is a severe disadvantage from the proposketated onxy planes located at = 5 mm, z = 20 mm,
method, in terms of computational time, in particular for the 2 = 35 mm, z = 50 mm, andz = 65 mm. The antennae
D extension. However, we consider that the appropriate hybade used to measure the copolarized electric eld component
of the proposed method and the inverse scattering algoritiimthe feed gap. The time-domain electric elds are recorded
could offer more effective imaging algorithm for the real-timeat every antenna in the external array. A noiseless situation is

accurate and less prior knowledge imaging. assumed to assess the systematic error of the methods.
V. 3-D NUMERICAL TEST WITH REALISTIC PHANTOM B. Case in Short Dipole MWA Probe
A. Numerical Setting The transmitting source is an electrically short dipole lo-

In this section, we present the performance test of eachted within a region of broglandular tissues @ty;z) =
method, based on the 3D numerical simulation, using tii@8mm;75mm;13mm). The ablation zone (shown in Fig.
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(a) RMSE (b) Median

Fig. 18. Box plots of RMSE and median errors in 3-D ablation zone boundary
estimation at the case of ; ) = (0:9;0:9) on Class-3 phantom on
noiseless situation, where 10 different locations of ablation centers with the
same dimension are investigated.

. . . . . .. Fig. 19. (a) Design of oating sleeve antenna and (b) its cross section, which
16) is modeled as an ellipsoid with axial radii of 8 mmsgreferer(,cza by [22]_ 9 ®)

(x-axis), 8 mm y-axis), and 10 mm Z-axis). The average
relative permittivity and conductivity of pre-ablated tissue
surrounding the source arg® =42 and §® =0.633 S/m,
respectively, which are same in the 2-D model. We considered

the lower impact case, in which the dielectric properties are

reduced by 10% for all Debye parameters, namely, the case

of ( ; )=1(0:9; 0:9). Figs. 17 show the estimated boundary

points by the TDOA based method and the proposed method,

on each of three orthogonal projection planes. The median

of errors is 1.70 mm for the TDOA based method, and 0.66

mm for the proposed method. These data and the above

guantitative analyses demonstrate that the proposed method

enhances the accuracy of boundary extraction, by considering

the conductivity drop, even in the 3D case, the reason for

which is also the same as that described in the 2D case. Note

that, the proposed method (or the TDOA-based method) orflig. 20. 3-D numerical breast phantom (Class 4) and con guration, where the
expiois he diferentl nformaton of the received signalfs1obe =t heconl ot e Th oo depis s ety
between the pre-ablation and during ablation states for eagkeiving dipole antennas located on elliptical rings surrounding the breast
Rx. Mostly, such differential information includes the changeghantom.

in the dielectric property of the area from A to B, but not of
the area from B to C because the dielectric property of tl%

area from B to C is almost same during ablation. Obviousl| . . . : .
9 f ablation with a lower impact of dielectric change (e.g.,

small impacts are witnessed in the area from B to C (not | . .
. : i .= 0:9). The problem with the conventional TDOA method
the ablation zone) due to the ablation, however; we con5|d|e;hhat it is highly sensitive to the error of TDOA estimation
t

that the impacts are much less than the impacts in the al® o .
e case of lower ablation impact (lower temperature in the

. in

from A to B (ablation zone). .
. L . . lation zone). B ntr he pr meth r

For the statistical validation in this case, Fig. 18 shows ablation zone). By contrast, the proposed method Suppresses

b lot of the RMSE and medi | ; h i e relative error of dimension estimation from 10% to 5%,
ox plot of the and mecian values ot errors, wnere ereby contributing to more-accurate and safer monitoring,

different patterns of the ablation-zone center are simulated i1n_ . : :
the Class-3. The dimensions of the ablation are xed for thesegpemally during the early stage of ablation treatment.

tests, and are the same as in Fig. 16. The lower and upper )

bounds of the boxes span the IQR and the lower and upfser Case of Coaxial Slot MWA Probe

whiskers denote the standard deviation. This gure also showsThis section investigates a case to test the practical applica-
that the proposed method has an advantage regarding liity of the proposed method, where a coaxial probe is used as
reconstruction accuracy in the statistical mean. Note that, tthee MWA source. Following the reference as in [22], we adopt
clinical reference [23], regarding MWA treatment for a beniga oating sleeve antenna as the coaxial probe for the ablation,
breast lesion showed that the mean of its longest diametemilich is suitable for achieving a highly localized specic

in the range from 5 mm to 15 mm based on investigatirgpsorption rate pattern. Figure 19 shows the actual design of
725 benign breast lesions from 314 women. The present patier antenna derived from [22]. In this test, the origin of the
focuses on the real-time monitoring of the time evolution ablation zone is regarded as the center of the slot area, and the
the ablation zone, in which case, given the aforementionditance estimated 488 is considered to have an offset of
treatment of benign breast lesions, accuracy of the order ofhe radius of the probe, namely 1.75 mm. Figures 20 shows the

e . - .
w millimeters would be signi cant, especially at the start
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