IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 48, NO. 11, NOVEMBER 2000 2059

Effectiveness of FDTD in Predicting SAR
Distributions from the Lucite
Cone Applicator

T. SamarasAssociate Member, IEEP. J. M. Rietveld, and G. C. van Rhadviember, IEEE

Abstract—The benefits of using superficial hyperthermia The lucite cone applicator (LCA) is a superficial hyper-
together with radiotherapy has long been proven for recurrent thermia applicator, which offers a large EFS and can be used in
breast carcinomas. The lucite cone applicator has been introduced an array configuration. Its efficiency has been confirmed both in

by some hospital hyperthermia units for superficial treatments. . g . .
It is characterized by a large effective field size. The modeling technical [4] and clinical [5] terms. The theoretical modeling of

techniques used in the past for the study of this, as well as other the applicator with the Gaussian beam model (GBM) has given
applicators used for superficial hyperthermia, have failed to very good agreement with the experimental results for some
address some treatment parameters, such as the dimensions ofgeneral configurations [6], [7]. However, for the modeling of
the waterbolus, which are significant for clinical practice. In this more clinical realistic configurations, the GBM has a number
paper, the finite-difference time-domain (FDTD) method is used  limitati The GBM t tak "t t the finite si
for modeling the applicators. The numerical results are compared orimitations. 1he . cgnno ake into account the !n' esize
with thermographic measurements. The agreement between Of the waterbolus, which is placed between the applicator and
predicted and measured specific-absorption-rate distributions is patient in order to couple the electromagnetic energy into the
very good. The use of the FDTD method is expected to promote hody and to control the skin temperature. Another disadvantage
the study of t:leatment specific factors and help improve future of the GBM is that it cannot predict correctly the coupling
treatment quality. ] ) ) between the applicators in an array [6], [7]. These problems of
Index Trtlarm_s—Cancer, ﬁ'eleCth“C loaded Wa‘l’egu'des' electro- the GBM can be overcome if electric-field measurements are
magnetic heating, FDTD, hyperthermia, medical treatment. performed before modeling for every treatment configuration,
but this is a cumbersome task. Finally, the GBM cannot deal
I. INTRODUCTION with tissue inhomogeneities or oblique applicator positions that
e present in the clinical situation.
In this paper, it will be shown that it is feasible to theoret-

radiotherapy with hyperthermia against radiotherapy aloh lly study both the LCA and older applicators used for su-

in the treatment of superficial breast cancer [1]. Since tlzfrﬁdal hyperthermia_with the_ finite-difference time-domain
publication of the results of [1], superficial hyperthermia ha DTD) technique. This numerical method aliows the use of a

become a standard treatment modality in several institutf&"® realistic model, but is more expensive in computational

especially for the treatment of chest wall recurrences of bre §_(I)_l|:1)rcestﬁogn.patLedt tto t”he GB'Y'H Theij.major.adv?n;age of tlhe
cancer. Although it was found that clinical outcome is related™ method IS that It aows a three-dimensiona (3- )"’?”a‘
to thermal dose [2], it still remains unclear which of th&/Sis of the applicator configurations, without the need for time-

physical parameters of the treatment can improve its qualﬁgnsuming measurements. Quantities like the penetration depth
and, therefore, its efficacy, and EFS can directly be deduced from the calculated results.

The mainrequirementsthatare putforwardinthe developmelﬁ‘?
of new systems for superficial hyperthermia are the achievem
ofalarge effective field size (EF $xufficient penetration depth
and good spatial control. Itisusually necessaryto employanarray
of applicators to fulfill the above requirements. Il. MATERIALS AND METHODS
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of the radiating antenna is 10 crn10 cm. The LCA is a mod-
1The EFS is defined as the area that is enclosed within the 50% I1SO-spediication of the CA. The two diverging metal walls of the horn
aabsorption rate (SAR) curve at 1-cm depth inside the flat homogeneous phan@menna’ which are parallel to the electric field, are replaced by
31, lHecite walls. Additionally, a PVC cone with a height of 5.5 cm is

2The penetration depth is defined as the depth in the phantom at which . . .
SAR becomed /¢? of its value at the surface of the phantom. Inserted in the applicator at the center of the aperture. Different
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has clearly demonstrated the benefits of combinin

ing this sort of 3-D analysis, in the future, we expect to gain
insight in the significant parameters of the treatment leading
to treatments of better quality.
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Fig. 1. Various applicators. (left) LA with the two diverging walls of the horn

antenna parallel to the electric field made of lucite. (center) LCA similar to theig. 2. Representation of the numerical model in two dimensions.
LA with a PVC cone inserted in the center of the antenna. (right) CA made

totally of metal.

to the rectilinear mesh. This contour-path model is derived

TABLE | directly from Faraday’s law and is simple to implement com-
ELECTRICAL PROPERTIES OF THEMATERIALS pared to the conformal modeling that had been used in other
studies for horn antennas [13]. The simulations have shown

MATERIAL r S .. e .

| < | o 8/m) that even this simple modification for the metallic walls gave
De-ionized water | 76.0 | 0.001 better numerical results than the “staircasing” approach, which
Lucite 2.59 | 0.003 was, however, retained for the lucite walls and the PVC cone.
PVC 22 | 0.004 A sinusoidal signal at 433 MHz with a linear time ramp was
Muscle phantom | 57.0 | 1.2 used for the excitation. The total simulation time was 20 pe-

riods of the source signal. The CPU time for a simulation was
abqut 10 h on a PC with an Intel Pentium Il microprocessor at

cone angles have been tested, and it was found that the angl MHz and 512-MB of RAM memory.

15° gave the best results. The LCA is described extensively in

[4]. The various applicators are shown in Fig. 1. C. Thermographic SAR Measurements

B. Electromagnetic Modeling The SAR distributions were measured experimentally with

The FDTD technique is used for modeling the LCA. The tec an |pfrared camera (AGA Thermovision Systgm 680/102B, Lid-
. . . . X . ; .~ "ing06, Sweden) interfaced to a PC. The applicators were placed
nigue is well established in the field of biomedical apphcatmngn top of a semisolid muscle equivalent phantom {560 x
of electromagnetic radiation [8], although most of the work pef- n d P

formed with it in the area of hyperthermia concerns deep r Qcm°’) [9]. Between the applicator and phantom, a waterbolus
ional treatments yp P ?a plastic bag filled with deionized water) was positioned. The
9 ' easurement procedure is explained in detail in [4]. The mea-

. . m
The developed numerical model attempts to simulate the Llirements were performed according to the European Society

perimental setup as closely as possible. The assumed electrrl(():ra yperthermic Oncology (ESHO) quality assurance guide-

properties of the materials are shown in Table |. The applica- L2
. ines [3]. However, due to the low sensitivity of the camera,
tors are placed on top of a flat muscle-equivalent phantom cqn-_". . .
. eating times of up to 1.5 min were used for the temperature
structed according to [9].

The size of the phantom used in the experimental measutr0 rise between 3C-6°C in the phantom. Although this is

ments was 5& 50 x 10 citf. However. the simulated phantomSﬁéhtly longer than the time specified in the ESHO guidelines,

dimensions were chosen to be 880 x 14 cn?, in order to re- it is shown in [6] that it does not have an adverse effect in the

duce the computer memory requirements. The choice for therggultlng SAR distributions. The time that is necessary for the

. . . experimental assessment of a single SAR distribution in this
dimensions was based on the results presented in [6]. ; .

. - : . anner is roughly 1 h. After each measurement, a period of

A uniform rectilinear mesh was used with a cell size g ; . .

—4 h is necessary for the phantom to reach again thermal equi-

0.2 cm. The total size of the computational domain (mCIu.dlq%rium. Therefore, itis more convenient to acquire the 3-D SAR

the applicator) was 190« 150 x 225 cells. The domain .~ " . ; . . :
. . \ . distribution in the phantom with a single computer simulation
was terminated with Mur’'s second-order absorbing boundaw
o X .. _Instead of several measurements.
conditions [10], which are expected to be adequate in this case
(see [11], [12]).
The metallic walls of the applicator were treated as perfect
electric conductors (PECs) so that the “diagonal split cell Numerical calculations have been performed for allthree types
model” [8] could be used in a straightforward manner for thef applicators of Fig. 1, i.e., the conventional applicator (CA), lu-

diverging metallic walls of the applicator, which are obliqueite applicator (LA),and LCA. However, results willbe presented

I1l. RESULTS AND DISCUSSION
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Fig. 3. SAR distributions (normalized to their maximum value) on th€&ig. 4. SAR distributions (normalized to their maximum value) on the
transverse cross section of a flat homogeneous muscle-equivalent phantomaatverse cross section of a flat homogeneous muscle-equivalent phantom at a

a depth of 1 cm for a CA and a waterbolus of 1-cm thickness. (a) Measureepth of 1 cm for an LCA and a waterbolus of 1-cm thickness. (a) Measured
distribution. (b) Predicted distribution. distribution. (b) Predicted distribution.

mainly for the conventional waveguide and LCA, which are thgpplicators. This was achieved by using a cell size of 0.2 cm
only ones to have been used in clinical practice. The discretiz@cbrder to correctly model the lucite cover in front of the radi-
model that was used for the simulations is shown in Fig. 2. A fating aperture. Without this cover, for a coarse grid of 0.5 cm,
nite-size waterbolus of 18 18 x 1 cm® similar to the one used the predicted results differed considerably from the measured
during measurements was included in the model. distributions. This verifies the finding that the presence of thin

On the cross section of the muscle-equivalent phantatielectric layers in front of the applicator has an impact on the
normal to the propagation direction, the SAR distributions a®AR distribution [14].
compared at a depth of 1 cm. Figs. 3 and 4 show the predicted’he difference between predicted and measured results is
and measured distributions for the two types of applicatorstudied in Fig. 7, which shows the SAR relative difference
The values are normalized to the maximum value of ea¢BRD) in absolute values between the measured and predicted
distribution. For clarity, only ISO-SAR values above 40% amormalized distributions for the CA and LCA. The differences
plotted. A comparison of the predicted and measured SAdRe calculated for values within the EFS, i8AR = 50%.
profiles along the main axes of the applicator’'s aperture e figure shows that, within the EFS, the mean deviation of
presented in Figs. 5 and 6. The SAR distributions in thesige measured values from the predicted ones is about 14% for
figures are normalized to the maximum along each axis. Th#e CA and 12% for the LCA. It must be noted at this point that
normalization is performed in a way that the measured atite resolution of the infrared camera is poor with a pixel size
predicted distributions have the same baseline. of roughly 4 mmx 3 mm. Furthermore, heat diffusion during

It can be seen from Figs. 3-5 that there is a very good agreeeasurements can alter significantly the measured distributions
ment between the predicted and measured distributions for bfitB].
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Fig. 6. SAR distribution along the aperture axis of the LCA. Axis: (a) parallel
Fig. 5. SAR distribution along the aperture axis of the CA. Axis: (a) parallénd (b) perpendicular to the electric field. The predicted (thick line), measured

and (b) perpendicular to the electric field. The predicted (thick line), measurégircle points), and spline fit for the measured (thin line) distributions are given.
(circle points), and spline fit for the measured (thin line) distributions are also

given.

An important quantity for the characterization of superficial
hyperthermia applicators is their EFS. Table Il summarizes tt
results with respect to the EFS for all three applicator types. Tt
predicted values are given at 0.8-, 1-, and 1.2-cm depth to shc
the steepness of the EFS decay.

The results verify that the LCA has an increased EFS con§
pared to the other applicator types. This is achieved in the tw 325‘
steps that were considered for its development, as they are (?

scribed in [4].

Along the direction of propagation, it was not possible tc
measure the SAR distribution. The calculated SAR distributior
on theH - and E-field planes show that there is little difference
among the three applicator types for the energy deposition p:
terns inside the phantom as a function of depth. Nevertheles
the LCA is still slightly superior to the other two applicator types
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in terms of the penetration depth. Its penetration depth—cal-

culated with an exponential fit of the numerical results—wasg. 7. SRD between the predicted and measured distributions for the CA
found to be 3.6 cm compared to 3.2 cm for the CA and 3.1 c#Rd LCA. The SRD is calculated for SAR values that fall into the EFS of the

for the LA. The penetration depth for plane-wave exposure
this frequency is reported to be 3.56 cm [3], [9].

applicators and for ranges of 10% SAR. The bars represent the mean value per

ge of values, the error bars represent the corresponding standard deviation,

and the lines indicate the maximum difference for each SAR range.
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TABLE I [2]
MEASURED AND PREDICTED EFSFOR THE THREE APPLICATORS
APPLICATOR MEASURED PREDICTED AT
AT lcm 0.8cm lcm 1.2cm
: 2 2 2 2 (3]
Conventional 32cm 40.92 cm 40.16 cm 39.64cm
Lucite 67 cm? 54.64cm? | 54.32cm? | 54.08cm? )
Lucite cone?® 91cm? 85.92cm? | 84.88cm? | 83.40cm?
aThe average measured value for six LCAs Wast 6 cn? (one standard [5]
deviation).
TABLE I
CAPABILITY OF APPLICATORS TODELIVER POWER TO THEPHANTOM 6]
SARnmax AT
APPLICATOR (W/kg/Wir) (°C/min/W;y) 7
at surface | at 1cm | at surface I at lcm
Conventional 5.25 2.93 0.0875 0.0488
Lucite 4.15 2.15 0.0692 0.0358 (8]
Lucite cone 2.81 1.55 0.0468 0.0258
[l

The efficiency of the applicators has also been calculategl
. ) 0]
from the ratio of the power absorbed in the muscle phantom t
the power input to the applicator. It was found that the efficiency
of all three applicators was about 48%. Table Il contains infor{11]
mation about the calculated maximum SAR, which is achieved
at the surface of the muscle phantom and at 1-cm depth in it per
watt of input power. It is assumed that the muscle-equivalent?]
phantom has a density pf= 1000 kg/m?® [16]. The maximum
temperature rise per watt of input power for a heating period of
1 min can be estimated from the maximum SAR vakies-
suming that the specific heat of the phantom is 3600 Jkg/
[16].

[14]

[V. CONCLUSIONS

A 3-D model based on the FDTD method was developeg, 5
for the study of superficial hyperthermia applicators. With this
model, it is feasible to further investigate the three applicator
types considered. The results have verified that the LCA has %6]
better performance than the other two applicator types in terms
of EFS and, moreover, they have shown that the penetration
depth of the LCA is higher than for the other two applicators.

The approach described in this paper allows a direct 3-D anal-
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