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Hyperthermia is a promising approach to improve of the chemo- and the radiotherapy efficiency by means of in-
creasing tumor’s temperature. Hyperthermia is an additional method to conventional treatments of oncological dis-
ease wherein tumor temperature is increased up to 40...43°C. The phased array of applicators for electromagnetic
hyperthermia was suggested earlier. The heating is provided by absorption of electromagnetic energy focused in
tumor by varying phases and amplitudes of each of dipoles. Operating frequency plays the significant role in specif-
ic absorption rate (SAR) distribution forming. The phased array antenna is under consideration. Principles of choos-
ing of operating frequency are discussed. Numerical estimates of heat localization depending on the radiation area
are presented. Also simulation results with voxel model are considered.

PACS: 87.54.B
INTRODUCTION

Hyperthermia is a method of cancer treatment by
means of increasing tumor temperature up to 40...44°C.
Hyperthermia is usually applied in oncology as an ad-
junct to the traditional methods. Under specific condi-
tion established treatment methods such as radiotherapy
and chemotherapy are less effective. Hyperthermia
makes tumor cells be more sensitive to the radiation and
to the anticancer drugs. Many researches have shown
that high temperature can damage and even kill tumor
cells. The effect on surviving fraction depends both on
the magnitude of the temperature and on the duration of
the expose. Experimental studies show that tumor cell
heating alone for 60 minutes at 43°C is damaging and
that the period of exposure decreases by a factor of two
for each increasing degree in temperature above approx-
imately 43°C [1, 2]. So, 60-minute hyperthermia treat-
ment at 43°C can be replaced by 15-minutes treatment
at 45°C. The main mechanism for cell death is probably
protein denaturation, observed at temperatures above
40°C, which leads to alternations in multimolecular
structures such as cytoskeleton and membranes, and
changes in enzyme complex for DNA synthesis and
repair [3]. Also heat enhances the cytotoxicity of X-rays.
Increased cytotoxicity observed over and above what
would be expected on the basis of additivity of the two
treatments, and it is maximized when these are given
simultaneously. It decays with time when the treatments
are separated by more than one or two hours [4].

The thermal therapy combined with the radiation
(thermoradiotherapy, TRT) has been applying in
N.N. Blokhin Russian Oncological Research Center
(RORC) since 1980-th. More than 1000 patients have
been treated up to now. Data presented in [5] demon-
strate better efficiency of TRT than the radiation therapy
applied alone. The complete tumor regression rates
higher after combined treatment.

Also high temperature damages the healthy tissues
and one of the most important problems of the hyper-
thermia technique is to prevent the overheating of these
tissues. Various mechanisms for cell killing by heat
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have been proposed. But non-invasive heating of deep
seated tumors is a difficult technique challenge. In this
case the electromagnetic field has an advantage over
other methods of physical expose (for instance, ultra-
sound) to create higher level temperature in a given vol-
ume of tissue. Radio frequency (RF) fields have a great-
er penetration rate than optic or infrared waves. Using
the single applicator to heat tumors located deeper than
2...3 cm is not effective method. The most evident ap-
proach to reach deep-seated tumors is using an array of
applicator situated around the patient body [6]. It should
be a phased array to steer maximum of absorption pow-
er in patient body. Optimized distribution is reached by
varying of the amplitudes and the phases of waves pro-
duced by each applicator. As a result of the constructive
interference of E-field in the focus region, multichannel
phased array of applicator can provide deeper penetra-
tion level of RF energy without overheating of skin and
superficial healthy tissues.

1. THE PHASED ARRAY

Suggested phased array consists of eight copper di-
poles, attached on the inner side of the dielectric cylin-
der, and surrounds a patient body. Top view of this
structure is shown in Fig. 1,a. The aperture radius is up
to 60 cm which can be applied in more cases. Dipoles
are fed independently permitting to control phases and
amplitudes of waves produced by each dipole. Space
between the dipoles and the patient body is filled by
deionized water (conductivity ¢ = 0.001). Thus applica-
tors are squeezed from the inner side by lossy medium
with high permittivity (deionized water ¢~ 80), and
from the outer side by medium with low permittivity
(air e=1). The conducting elements of antenna are iso-
lated from lossy medium by thin layer of an insulator
(thickness h=1 mm). Because of energy density of
electrical fields (1/2 ED) inside the dielectric tank is
higher by a factor of € (the relative dielectric constant of
medium) than in the air outside, energy is mainly con-
centrated inside the array. Fig. 1,b,c care presented to
demonstrate SAR distributions, which produced in a
muscle tissue cylinder (conductivity at 150 MHz o=
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0.73 S/m and relative permittivity ¢ = 72.2) with diame-
ter of 200 mm. Space between the muscle cylinder and
the phased array is filled with deionized water (see
Fig. 1,b) and with air (see Fig. 1,c). These distributions
have similar behavior, but SAR value, produced in the
phased array filled with deionized water, is substantially
greater than without water because in the second case
one side of each dipole has a contact with water. The RF
field components in water are in ¢ times intensive than
in air. SAR ratio is about 200. Thus deionized water not
only cools body surface and superficial tissues but is
also a matching medium.

c

Fig. 1. Top view of phased array surrounding patient
body (a); SAR distributions are produced in the phased
array filled with deionized water and (c) with air space

between dipoles and patient body (b)

Detailed scheme of dipoles including sizes is depict-
ed in Fig. 2. Half of dipole is shown because of sym-
metry. In this picture two horizontal segments of anten-
na (signed as L) form two-conducting transform line
that guides RF power to the vertical section (L,). Verti-
cal sections are radiating elements and horizontal seg-
ments contribution to the E-field canceled everywhere
except proximity to the copper elements. Moreover ver-
tical parts of antenna, insulation layer and lossy medium
with high permittivity can be considered as a microstrip
transmission line.

Electric fields lines are parallel to the axis of dipoles
inside the phased array. As it known heat absorption is
proportional to tissue conductivity (o, which value for
fat are significant lower than for muscle or tumor tis-
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sue). Thus overheating of skin and superficial tissues is
reduced in comparison with using of capacitive applica-
tors.
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Fig. 2. Detailed scheme of dipole with dimensions (a);
Cross-section view of radiating part of dipole (b)

E, is the only component which able to control by
shifting the amplitudes and phases of eight dipoles.
E-field generated by each of the dipoles is given by:

E, =AE;(x y)exp[—i(mt—tbj)], (1)
where E,, — is the complex E-field for A =1 @, =0,
and A =0 for j=k. A, —isascaling factor of ampli-

tude, ®; — wave phase, j and k - are numbers of di-

poles. It is able to move peak of interference pattern and
to focus it into the tumor site with the variation of these
two parameters (phase and amplitude). The measure of
the rate at which energy is absorbed by the body when
exposed to a radio frequency (RF) electromagnetic field
is a Specific Absorption Rate (SAR). It is defined as the
power absorbed per mass of tissue and has units of watts
per kilogram (W/kg):
oE?
Yo

where o— is the electrical conductivity of the tissue
(S/m), p - is the density of the tissue (kg/m®), E — is the
root mean square electric field.

2. SIMULATION RESULTS

To demonstrate that the phased array can produce a
maximum SAR distribution inside patient body, radia-
tion simulations were performed. The simulations are
performed with CST Microwave Studio. In previous
report [7] SAR focusing ability was presented. Simula-
tions were performed with limbs. The phase array can
be used for different regions of patient body, but differ-
ent regions require determining the optimal frequency

: ()

SAR =
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range. For this purpose neck model was used and it is
shown in Fig. 3. The model is a muscle cylinder of di-
ameter 150 mm. Trachea filled by air, cartilage, spinal
chord, bone and tumor are included in this model. The
tumor is situated as more as deeper but not in the center
of model to demonstrate focusing ability of absorbed
power. Simulations were performed for two operating
frequencies: 150 and 434 MHz. The simulations are
performed also with CST Microwave Studio. Simula-
tion results are presented in Fig. 4. Cross section SAR
distributions with the coherent feeding of antennas are
depicted in Figs 4,a,c, the optimized SAR distributions
with relative phases are given in Figs 4,b,d.

150 mm

Fig. 3. Neck model used for simulation

Optimized SAR distributions are achieved with var-
ying both the phases and the amplitudes of produced
waves. The phases were chosen by the principle that the
peak SAR shifts away from the dipole which has phase
delay. The relative values of the phases and the ampli-
tudes are noted opposite to each dipole. In this case not
only phases varying are necessary due to presence of the
bone tissue (¢=14.41; ¢=0.07 at 150 MHz) and air filled
trachea(e=1; 0=0) in the center of the model. For coher-
ent feeding at 150 MHz the peak SAR is situated in the
muscle and tumor tissues around the low conductive and
higher dense bone tissue (see Fig. 4,a). The penetration
depth of electromagnetic fields at 150 MHz is greater
than it necessary because the great volume of muscle
tissue in the pattern of the optimized SAR absorbs too
much power (see Fig. 4,b). As known the higher wave
frequency, the higher tissue conductivity and the lower
penetration depth, so simulation with operating frequen-
cy of 434 MHz was performed. When antennas fed co-
herently the peak SAR is situated, as in case of operat-
ing frequency of 150 MHz, in the muscle tissue (see
Fig. 4,c), but the value of the peak SAR at 434 MHz is
higher than at 150 MHz. The optimized SAR distribu-
tion is reached by means of varying both the phases and
the amplitudes which are noted opposite the each anten-
na, and it is presented in Fig. 4,d. The good focusing of
absorbed power in the tumor tissue is depicted in
Fig. 4,d. Also the majority part of the healthy tissues is
staying at normal temperature range. Thus the tumor
localization size is 20...30 mm without overheating of
the healthy tissues at 434 MHz for the neck model. For
example, 40...50 mm localization size for limbs and
10...20 mm for the breast were reached during simula-
tions (not presented in this paper).
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Fig. 4. SAR distribution with the coherent feeding at
150 MHz (a); optimized SAR distribution at 150 MHz
(b); SAR distribution with the coherent feeding at
434 MHz (c); optimized SAR distribution at 434 MHz (d)

3. SIMULATION WITH VOXEL MODEL

A voxel (volumetric pixel) is a volume element, rep-
resenting a value on a regular grid in three dimensional
space. This data point can consist of a single piece of
data, such as opacity, or multiple pieces of data. The
value of a voxel may represent various properties. In CT
scans, the values are Hounsfield units, giving the opaci-
ty of material to X-rays. Different types of value are
acquired from MRI or ultrasound. After scanning the
model is reconstructed. The voxel model of human body
including 86 different tissues is presented in Fig. 5,d.
Such parameters like dielectric and thermal properties,
densities can be assigned to the each tissue [8]. Thereby
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the most accurate simulation can be performed by using
voxel models. To demonstrate that the phased array can
produce a maximum SAR distribution inside patient
body in desirable region, radiation simulations with dif-
ferent operating frequencies were performed. The mate-
rial properties of water shell, enclosure and antennas are
also included in simulation. The blood flow and the
thermal conductivity aren’t factored in the simulation,
thus the simulated pattern of SAR distribution have lo-
cal maximum within vessels. The real SAR distribution
hasn’t these locals.

a (X

RHEHIHY

Fig. 5. Cross-section pattern of the SAR distribution
with different operation frequencies (a) 150 MHz; (b)
100 MHz; (c) 80 MHz and with input phases of 50°, 50°,
50°, 50°, 0°, -30°, -40°, -10° applied to channels
1,2...8 respectively; (d) cross-section of the voxel model

There are three operating frequencies were used for
SAR simulation: a) 150 MHz; b) 100 MHz; ¢) 80 MHz.
Unfortunately, this model doesn’t include the tumor
tissue. Phases of each dipole were changed for estimat-
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ing focusing ability in any region of the body. The liver
was selected as a focus region (marked as blue on
Fig. 5,d). Also we tried to minimize absorption rate in
other soft tissues. Cross-section SAR distributions with
relative phases are depicted on Fig. 5. The simulated
focus is steered to the liver with input phases of 50°,
50°, 50°, 50°, 0°, -30°, -40°, -10° applied to channels
1,2...8 respectively. Also the goal was to prevent occur-
ring hot spots in other regions and to maximize the SAR
value in relative to the healthy tissue SAR. The phases
were chosen by the principle that the peak SAR shifts
away from the dipole which has phase delay, i.e. the
peak SAR will be shifted away from the dipole #3 due
to the phase delay on this dipole will be 50°. Ampli-
tudes were not varied.

In the case of optimized SAR distribution the maxi-
mum SAR value was observed with the operating fre-
quency of 100 MHz, and the minimum SAR value — of
80 MHz (see Fig. 5,b,c). This means that SAR distribu-
tion with lower operating frequency is more uniformly
and the peak is specialized weakly. It can be concluded
that the operating frequency of 100 MHz is the optimal
for the voxel model with such transverse size. For mod-
els with greater transverse sizes the using of the lower
operating frequencies is desirable.

The SAR distribution with operating frequency of
100 MHz, depicted on Fig. 5,b, has a peak in a liver site,
and it is more uniform in the area outside the peak in
comparison with other operating frequencies. Local
peaks in other soft tissues (muscle) aren’t appeared. It
seems that the operating frequency 100 MHz is more
preferable for the model of these transverse sizes. How-
ever it is hard to confirm that using of this operating
frequency will be equally effective for the other trans-
verse model sizes. It argues that hyperthermia planning
procedure is necessary for each patient.

CONCLUSIONS

Heating of deep-seated tumors can be realized by
means of focusing of radiofrequency energy inside the
patient body. The phased array is suggested to increase
the temperature level in the tumor side and on the other
hand to prevent overheating of the healthy tissues. Di-
poles geometry was discussed. Differences in the dielec-
tric properties of tumor and healthy tissues play signifi-
cant role in power absorption of RF fields and the voxel
models, based on the real data like computer tomogra-
phy or magnetic resonance imaging, provide the more
accurate simulation of the hyperthermia planning proce-
dure. It is shown that production of desirable SAR dis-
tribution inside the patient body by using the phased
array is possible. By proper selection of phases and am-
plitudes of the waves radiated from each dipole it is
possible to concentrate resulting EM-field in the tumor
site. The phases are choosing by the principle at which
the peak SAR shifts away from the dipole that has a
phase delay. SAR distributions simulation results are
presented and it promising performances are demon-
strated. But the issues deals with the most effective op-
erating frequency are still under discussion by reason of
the different models with different cross sectional di-
mensions comply with relevant penetration depth of the
EM-field. For the used voxel model of abdomen the
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operating frequency of 100 MHz is optimal. It is sup- 5. S.I. Tkachev, Y.A. Barsukov, S.S. Gordeyev. New
posed that frequency range 60...120 MHz can over- combined treatment regimen for primary unresec-
spread essential dimensional ranges. It is shown that the table locally advanced rectal cancer // Eur. Journal
heating localization size can be not higher than of Surgical Oncology. 2010, v. 36(9), p. 877.
20...30 mm without overheating of the healthy tissues 6. A.M. Fadeev, S.M. Polozov, V.N. Belyaev, et al. RF
at 434 MHz for the neck model. The phased array proto- Power and Control Systems for Phased Dipoles Ar-
type construction is the further step in our work. ray System for Hyperthermia // Proc. of RUPAC.
2012, p. 524-525.
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YCTAHOBKA JIJIS1 SJIEKTPOMATHUTHOM TMIIEPTEPMUUN, OCHOBAHHAS
HA ®ABUPOBAHHOM MACCHUBE U3JYUYATEJIENA

A.M. Daoees, C.M. Ilonozos, 3.A. Ilepenvuwimeiin, C.M. Heanoes

l'uneprepmus siBIIsIeTCS: MHOTOOOGIIAIOIINM CITOCOOOM Ut yBenrmueHus 3 (HEeKTHBHOCTH XUMHUO- U JTy4eBOI Te-
panuy OCpPeICTBOM TTOBBIILICHUS] TEMIIEPATYPHI OIyXONH. [ uneprepMust — ZOMOIHUTENBHBIA K TPaIUIIMOHHBIM Me-
TOJ JICYEHUs] OHKOJIOTMYECKMX 3a00JIeBaHMiA, MPU KOTOPOM IPOHMCXOIUT TMOBBIIIEHHE TEMIEPATyphl OIyXOJIH /10
43...44°C. da3upoBaHHBI MACCHB H3JIydaTeleH UIA 3JIEKTPOMArHUTHOM THIEPTEPMUM OBLI MPEIUIOKEH paHee.
HarpeB obecnieunBaeTcst MOTJIONIEHNEM AJIEKTPOMArHUTHON 3HEPrHH, c(hOKYCHPOBAaHHON B OIYXOJIM IPH M3MEHe-
HUM (a3 ¥ aMIUTUTY]] BOJIH, TEHEPUPYEMBIX Ka)IIbIM M3 HM3Tydareneil. Yactora M3iydeHust UTpaeT 3HaYUTEIbHYIO
poib B popMHUpOBaHKH pacripeneneHus yaensHoro koaddumenta nornomenus (YKII). PaccmatpuBaercs dazupo-
BaHHBIM MaccuB m3nydarteneil. OOCyKaaloTcs MPUHLIMIBI BEIOOpa pabodell yacToThl. IIpencraBieHbl YHCIEHHBIE
OLIEHKH JIOKaJM3allMi HarpeBa B 3aBUCHMOCTH OT oOylacTh oOiydeHus. Takke paccMOTpPEHBI Pe3yJIbTaThl MOJIENH-
POBaHUSA C UCTIONB30BaHUEM BOKCEIIBHBIX MOJIENEH.

YCTAHOBKA JIJIS1 EJEKTPOMATHITHOI TTIEPTEPMII, IO IPYHTYETHCSA
HA ®A30BAHOMY MACHUBI BUITPOMIHIOBAYIB

A.M. ®aoees, C.M. Ilonoszos, E.A. Hepenvwmmeiin, C.M. Isanos

lNneprepmist € 6aratoolIIsIFOYMM crTOCOOOM TSt 301IbIIEHHS €(pEeKTUBHOCTI XiMio- 1 MpOMEHeBoI Tepartii 3a J10-
TIOMOT' OO TiJIBUILICHHS TeMIIepaTypy MyxjauHu. ['inepTepmist — Z0AATKOBUI 10 TpaJAUIIITHUX METOJ JIIKYBaHHS OH-
KOJIOTIYHHX 3aXBOPIOBaHb, TP SKOMY BiIOYBa€ThCsl MiABUIIEHHS TeMIIEpaTypy MyxiauHu 10 43...44°C. dazoBanuit
MacHB BHIIPOMIHIOBaUiB JUIsl €JIEKTPOMArHiTHOI rineprepMii OyB 3amporoHoBaHuii panime. HarpiBanus 3abe3neuy-
€THCS TIOTJIMHAHHSM €JIEKTPOMArHiTHOI eHeprii, cokycoBaHoi B MyXJIMHI MU 3MiHi (a3 1 aMIutiTys XBUIIb, 11O re-
HEPYIOTBCS KOKHUM 3 BUIPOMiHIOBaYiB. YacToTa BUNPOMIHIOBAHHS BiIirpae 3HAYHY POJIb y (POPMYBAHHI PO3IMOALTY
nuroMoro koedinienra nornuHanss ([TIKIT). Posrisinaerses dasoBanuii MacuB BUNpoMiHIOBa4iB. OOTrOBOPIOIOTHCS
NPUHLIUIN BUOOPY poOovoi yactotu. [IpeacrasineHo yncesbHi OLIHKY JIOKai3allii HarpiBaHHs 3aJIe)KHO Bif o0nacTi
onpoMiHeHHs. TakoX PO3TIISTHYTO Pe3yJIbTaTH MOJICTIOBAHHS 3 BHKOPHCTAHHSM BOKCEIBHUX MOJIEINEH.
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