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Evaluation of a Novel
Thermobrachytherapy Seed for
Concurrent Administration of
Brachytherapy and Magnetically
Mediated Hyperthermia in Treatment of
Solid Tumors

Parsai E. |.*, Gautam B., Shvydka D.
Abstract

Concurrent hyperthermia and radiation therapy in treatment of cancer show a
strong evidence of a synergistic enhancement. We designed a new self-regulating
Thermo-Brachytherapy seed, which serves as a source of both radiation and heat for
concurrent administration of brachytherapy and hyperthermia. The Thermo-Brachy-
therapy seed has a core of ferromagnetic material which produces heat when subject-
ed to alternating electro-magnetic (EM) field and effectively shuts off after reaching

the Curie temperature (T ) of the ferromagnetic material thus realizing the tempera-

ture self-regulation. For the thermal characteristics, we considered a model consisting
of one seed as well as an &rray of 16 seeds placed in the central region of a cylindrical
water phantom. Isodose distributions from lodine-125 source of these models
were computed using MCNP5 Monte Carlo simulation technique. The modeling
for the isothermal distribution com-putations performed using a finite-element partial
differential equation solver package COMSOL Multiphysics. It is shown that by
changing frequency and intensity of the alternating applied magnetic field, we can
obtain desired isothermal distribution within the target volume. Adjustment of these
two parameters allows one to match the desired isosurface dose distribution with an
optimized isothermal distribution achieving optimal treatment in both modalities. We
also demonstrate that the effect of tissue cooling down due to the blood perfusion
could be compensated by adjusting the externally applied magnetic field parameters.
In this paper, parameters effecting radiation and thermal distribution on this proposed
new seed will be presented.
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Introduction

treatment modality for cancer where the temperature of cancer

tissue is elevated from normal to a critical temperature is known

as hyperthermia. This is often an adjuvant treatment offered in
conjunction with radiation or chemo therapy. The critical temperature
for this therapeutic effect ranges from 42-46 °C for a specified period of
time; usually 30 to 60 min. Temperature values within this range are not
directly harmful to normal cells, while malignant ones are destroyed as
they are more sensitive to high temperatures. Heat causes several subtle
changes in tissue physiology such as increased blood perfusion, vascular
permeability, and metabolic activity. Protein damage is the main molec-
ular event underlying the biological effects of hyperthermia in the tem-

J Biomed Phys Eng 2011; 1(1)

University of Toledo
Medical Center,

3000 Arlington Avenue,
Toledo, Ohio 43614
USA.

*Corresponding author:
E. Ishmael Parsai, Ph.D.,
DABR, FAAPM,FACRO
Professor & Director
Univ. of Toledo Graduate
Medical Physics Pro-
grams

Chief, Division of Medi-
cal Physics

Department of Radiation
Oncology

Mail Stop 1151

3000 Arlington Avenue
Toledo, Ohio 43614-
2598

Voice: +1-419-383-4541
Fax: +1-419-383-3040
E-mail: e.parsai@uto-
ledo.edu




Parsai E. I., Gautam B., Shvydka D.

www,jbpe.ir

perature range of 39 to 42° C [1]. The studies
have shown that the protein denaturation is the
most likely thermal effect causing permanent
irreversible cell killing [2]. A variety of meth-
ods have been developed to induce tempera-
ture rises either locally in selected regions of
specific organs or over the whole body [3-7].
The currently available modalities of hyper-
thermia are often limited by deficiencies in
tumor targeting ability and the resultant tis-
sue temperature distribution for deep seated

tumors [8-10]. Electromagnetic induction heat-
ing of a ferromagnetic implant has been used
to heat a small volume of deep seated tissue.

This type of implant serves as a self regulat-
ing source of heat if the ferromagnetic mate-
rial of appropriate Curie temperature is used.

The inductively heated implants have certain

conceptual advantages. They offer relative

ease of the heat delivery and adjustment in the
thermal dose distribution. The temperature

in the region of interest can be controlled via
external field parameters (intensity and fre-
quency of the magnetic field) and no invasive
thermometry is needed [11].

It has been shown that the hyperthermia not
only kills the cancerous cells but also sensi-
tizes them to other treatment modalities such
as radiation therapy and chemotherapy.

Anumber of clinical trials have been per-
formed comparing the effect of hyperthermia
along and in combination with external beam
radiation therapy. The results show significant
improvement in both tumor control and
survival rate without considerable increase in
side effects [12-16]. For the best radiation
sen-sitization, the time interval between
the ad-ministrations of the both modalities
has to be within an hour.

One of the preferred radiation treatment
methods for the deep seated solid tumors
such as prostate cancer is the brachytherapy
via permanent seed implant. In this method
seeds containing the radioactive isotope of
low energy and relatively short half-life are
inserted inside the cancerous tissue under ul-

trasound guidance. A limited number of stud-
ies performed for the concurrent hyperthermia
and interstitial brachytherapy shows this app-
roach to be very effective [17]. We propose a

Thermo-Brachytherap seed capable of
delivery of heat and radiation concurrently to
deep seated solid tumors. The seed consists
of a ferromagnetic Ni-Cu alloy core covered
with radioactive isotope lodine-125, and
sealed in a tungsten shell, thus offering a
simultaneous source of radiation and heat via
ferromagnetic induction heating process. The
proposed design features self regulation of the
temperature in the range near the Curie point
of the ferromagnetic material. Furthermore, it
addresses some of the shortcomings of other
hyperthermia methods, such as, achieving
better ~ temperature uniformity through a
more appropriate placement of the seeds,
avoiding complex invasive thermometry and
feedback loops. In this article we report the

summary of results of the dosimeteric
and thermal properties of the proposed
seed as well as the effect of the tissue blood
perfusion on the thermal distribution within
the target area.

Materials and Methods

Seed Design: The Thermo-Brachytherap seed
is based on one of the standard iodine seed
implants BEST seed model 2301, 1-125. The
schematic of the Thermo- Brachytherapy seed is
presented in Fig.1l. It retains the same double
layer of titanium encapsulation and external
dimensions (length and diameter) allowing
relative ease of the prototype implementation
from the manufacturing standpoint. The core
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Figure 1: Sketch of the Thermo-Brachyther-
apy seed
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of the seed is made up of ferromagnetic Ni-Cu
alloy having diameter of 0.44 mm and physi-cal
length of 4.64 mm. The ferromagnetic core is
coated with a 0.08 mm thick layer of an
organic carbon layer impregnated with 1-125
similar to the standard seed design. The modi-
fication in the internal structure is necessary
to accommodate proper heat conduction and
maximize the heating power of the seed.

Monte Carlo Simulation Method: Radia-
tion characteristic parameters were estimated
using a Version 5 of the Monte Carlo N-Par-
ticle code (MCNP5). All simulations were
operated in the photon and electron transport
mode (Mode: p,e) in the MCNP5 code so that
both primary photons and resulting secondary
electrons were properly transported. The en-
ergy cut off was set to SkeV for both photons
and electrons. The photon interaction cross-
section data used in this study was the P04
library distributed by the Radiation Shielding
Information Computing Center [18].

The energy spectrum for the 2| source was
taken from the AAPM TG-43U report[19]. For
Monte Carlo simulations, a seed was posi-
tioned at the center of a 30 cm diameter spheri-
cal water phantom. The long axis of the source
has been chosen as the z-axis in Cartesian co-
ordinates (which coincides with the polar axis
in polar coordinates) and the y-axis along the
transverse bisector. At low photon energies,
absorbed dose to water can be approximated
by collision kerma[20].For the determination of
dosimetric parameters, absorbed dose to water
was scored using an MCNP F6:p tally feature
at radii ranging from 0.3 to 10.0 cm along the
transverse axis and at angles ranging from Q°
to 180° in 5° bins. The MCNPS5 F6 tally calcu-
lates the energy absorbed per gram of material
comprising each tally volume. The number of
photon histories needed to achieve simulation
results with accuracy better than 3% was be-
tween 1x10° and 1x10%. The dose calculation
formalism proposed by AAPM Task Group 43
has been followed to calculate the radiation
characteristics air kerma strength, dose rate

constant, geometry function, radial dose func-
tion, and anisotropy function of this proposed
seed. [21]

Thermal Properties: Thermal distribution
from the ferromagnetic induction heating pro-
cess can be divided in two parts: induction of
eddy and hysteretic currents in the ferromag-
netic core under alternating electromagnetic
field, and transfer of the induced heat from the
core to the surrounding medium.

A system of two equations, the Ampere’s
law for vector potential A and the Penn’s Bio
heat equation, were the governing equations
for the thermal distribution calculation. The
equations are expressed as

(iwa—wle)ﬁ+Vx(ﬂ"Vx/_1)=j" (i)

pc,,g—v-szg(rﬁ) +M, -W,C,(T-T,) (ii)

ot

Here, time average of the inductive heating
over one period o= Yo, j- external current
density, @ is frequency, o- electric conductiv-
ity, € and x- electric permittivity and magnetic
permeability, o - density, T —temperature,Cp
— specific heat capacity of the medium, k — its
thermal conductivity, M, -is the metabolic
heat generation in the tissue. The last terms on
the right hand side of equation (ii) describe
blood flow where Cyp is the specific heat of
blood, Wb the volumetric blood perfusion of
the tissue, T the temperature of the arterial
blood entering the volume. For the first ap-
proximation we ignore the blood flow contri-
bution to the heat conduction and drop the last
two terms in equation (ii). The effects of the
blood perfusion on the thermal distribution
were studied for the blood perfusion rate (Ws)
of 0.0009, 0.0017, 0.0025 and 0.0035/s.

In order to evaluate thermal distribution of
the heat induced in the ferromagnetic core of
the proposed seed a modeling study was per-
formed using a finite-element analysis method.

A typical model layout for the evaluation of
thermal properties and the temperature distri-
bution is shown in Fig. 2, where a single seed
is located in the central region of a cylindri-
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Figure 2: A Model layout for the thermal
properties and temperature distribution with
a seed in the water phantom.

cally shaped water phantom (diameter 12 cm)
surrounded by air. Five induction coils (cross-
sectional diameter 0.4 cm) are wrapped around
the phantom and the seed is placed parallel to
the magnetic field vector. To get better temper-
ature coverage over a bigger volume we put
16 seeds separated by a distance of 1 cm (not
shown in figure) in the form of 4x4 rectan-
gular array, at the mid-plane of the phantom.
Temperature dependent magnetic permeabil-
ity for ferromagnetic Ni (70.4%) - Cu (29.6%)
alloy was used and the system was solved for
the frequencies of 75 - 200 kHz and magnetic
field values at the middle of the phantom (H,)
of 200-550 Oersteds (Oe). One Oe is 79.578
ampere per meter which is approximately =
1 Gauss. The following boundary conditions
were set to solve the model problem. Initial
reference temperature of the water phantom
was set to the normal body tissue temperature
37°C and the temperature of the surrounding
air was set to be 22 “C. All the boundaries of
the air medium outside the phantom were set
to be at thermal insulation and the water air
interface was set to flow heat continuously.

A finite-element partial differential equation
solver package COMSOL Multiphysics (Heat
transfer model and the AC/DC module) was
used to model the thermal properties and the

3-D temperature distributions. We employed
the transient analysis type for heat transfer and
time harmonic analysis for the induction cur-
rent in time dependent segregated solver. The
simulations are performed with time stems
of 1 minute or less for up to total time of 30
minutes with the relative solution tolerance of
0.01 and absolute tolerance of 0.001.

Results

Radiation Characteristics
Monte Carlo output was obtained as an

energy deposition per unit mass (MeV/g) and
then converted to dose rates. The dose rate at
a point P(r, 0) at the radial distance r, and the
polar angle 0, from a cylindrically symmetric
line source centered at the origin of the water
phantom, was used to calculate the dose rate
constant, the radial dose function, and the ani-
sotropy function. The direct comparison with
data previously published on the standard
BEST 2301 is made for every calculated TG-
43 parameter [22].
Air-kerma strength (S, ) and Dose rate
constant (A): The Monte Carlo output for
the air-kerma rate was calculated to be KM¢(d,
907)=9.438x10 MeV/g photon or, converted
to conventional units, KM¢(d, 907)=2.973 x10
c¢Gy mCi* h't. This resulted in the value of the
air kerma strength S = 0.742+0.009 U mCi™.

The Monte Carlo output for the dose rate at
1cm along the transverse direction is comput-
ed as 2.192x10* MeV/g. This gives the dose
rate constant value A=0.930+0.018 cGy h*
Ul

The dose rate constant for the Thermo-
Brachytherapy is about 8% less than the dose
rate constant of the Best® Model 2301 **I seed,
(1.01 cGy h*U?), calculated through Monte
Carlo by Sowards et. al.

Radial dose function g(r): The radial
dose functions, g(r), derived from Monte Car-
lo simulations are presented in the Fig. 3. This
figure also shows the comparison of the radial
dose functions of Thermo-Brachytherapy and
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Figure 3: Radial dose function g(r) for the Thermo-Brachytherapy seed and the BEST 125I,

Model (Sowards et. al)

the Best® Model 2301 '°I seeds. The data indi-
cates a good agreement (within 1%) between
the two values for most of the radial distances.
Our calculated radial dose data for the Ther-
mo-Brachytherapy seed matches favorably
with published g(r) data for Best® Model 2301
125] seed except for the small radial distance (r
< 1cm). One can appreciate (see inset of Fig-
ure 3) the deviation of g(r) values for the Ther-
mo-Brachytherapy seed from that of the Best®
Model 2301 *?°I. In the new seed the radial
function increases with increase of the radial
distance up to 0.75cm. It has its highest value
at the distance of 0.75 c¢cm and then it starts
decreasing. On the other hand the radial dose
function for Best® Model 2301 '°| seed stays
more or less constant for the radial distance up
to 0.75 cm and then decreases.

The calculated radial dose function is fitted

to a fifth order polynomial function as follows:

g)=a,+ar+a,r’ +a,r’ +a,r' +ar’ (10)

where, a,=0.9584, a,=0.1635, a,= -0.1555,
a,=0.0319, a,=-0.0028, and a,=-9.231x10°
respectively.

Anisotropy Functions F(r, ©):Figure 4
shows the comparisons of the F(r, 0) values for
the Thermo-Brachytherapy seed with that of
Best® Model 2301 **| seed for radial distances
of 1 and 5 cm. Anisotropy function for the
Thermo-Brachytherapy seed slightly deviates
from anisotropy functions of Best® Model
2301 1 seed. The F(r, 0) value decreases with
increase of the angle (0) and reaches at the
minimum value around at an angle in between
10 to 15° and again starts increasing to become
unity at the transverse direction (6=90°). The

J Biomed Phys Eng 2011; 1(1)
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Figure 4: Comparision of 2-D Anisotropy
function F(r, 6) between the Thermo-Brach-
ytherapy seed and the BEST 1251 Model
seed (Sowards et. al), at a radial distance 1
and 5cm.

minimum value of F(r, 0) increases with in-
crease of radial distance. The variation be-
tween anisotropy functions of the Thermo-
Brachytherapy seed and Best® Model 2301 %]
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Figure 5: Temperature distribution profiles
of the seed bisector cross-sectional plane by
a single seed heating at magnetic field inten-
sity (HO) 300 Oe and frequency (f) 150 kHz.

therapy seed is about 8% less than that of
Best® Model 2301 %I seed (0.98).

Thermal Properties and Tempera-

ture Distribution

A cross sectional view of the temperature
distribution due to a single seed along the seed
bisector plane for magnetic field H ;= 400 Oe
and frequency150kHz is shown in Fig 5. The
result provides the general trend of spatial
variation of the temperature due to one seed.
The data shows that the highest temperature
Is observed near the seed surface and the tem-
perature decreases as we move away from the
seed. At the surface of the seed the tempera-
ture is about 47 °C, dropping to 42 °C and 39
°C atthe distances of 2 mm and 5 mm respec-
tively from the seed surface. Clearly, only a
very small fraction of the volume between the
seeds heats above the therapeutic temperature
range (T <42°C).

Figure 6 shows time dependent temperature
variation for the seed surface and the middle
point of the phantom with time. The seed sur-
face temperature rises rapidly and reaches to
about 48°C within a minute after the magnetic
field is turned on. After that the temperature
stays almost constant throughout the entire
time. Figure 6 also presents the data for the
power produced by the seed. One can see
that when the field is turned on the Thermo-
Brachytherapy seeds starts thermal power pro-
duction. As the temperature of the seed core
increases, approaching the Curie temperature,
the thermal power produced by the seed de-
creases.

Adequate thermal coverage of an extended
volume of tissue requires a large number of
Thermo-Brachytherapy seeds. We used 16
thermal seeds to heat a hypothetical target.
For this seed configuration, higher tempera-
ture is found (data is not shown here) around
the middle of the volume as compared to the
region around the peripheral of the delineated
target. In this hypothetical example our aim
was to show that by achieving an ideal seed

J Biomed Phys Eng 2011; 1(1)
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Figure 6: Variation of temperature at the seed surface and the heating power of a Thermo-

Brachytherapy seed.

implant for optimized dose distribution, one
can adjust the thermal parameters of the seed
to achieve an optimized thermal distribution to
effectively heat the delineated target volume
as seen in figure 7.

To alter the temperature distribution within
the targeted volume and attain a better cover-
age we can change variables such as intensity
(H,) and the frequency (f) of magnetic field.
Figure 7 presents the comparison of tem-
perature distribution for fixed magnetic field
strength of 300 Oe and varying frequency. Fig-
ure 7(a) shows the cross sectional isothermal
surfaces for the frequency of 75 kHz. Clearly,
only a very small fraction of the volume be-
tween the seeds heats above the therapeutic
temperature range (T < 42°C). For this set of
variables, most of the volume is under-heated,
exhibiting islands of “cold” spots. The data for

magnetic field H;= 300 Oe and frequency 100
[Figure 7(b)] show most of the volume around
the seed distribution heated up to the therapeu-
tic temperature range (T > 42). From Fig 7(b),
one can also see that only the 40°C isothermal
surfaces cover the entire seed configuration
whereas the 42°C isothermal surface missed
some volume around the corner seed. For the
frequency of 125 kHz [see Figure 7(c)], the
larger volume is covered by the therapeutic
temperature range: the 42°C isothermal sur-
face covers the whole seeds volume around.
The better temperature coverage over larger
volume was obtained for this condition but
there are some hot spots in areas near the seed
surfaces. For the frequency of 150 kHz [see
Figure 7(d)], even a higher temperature cover-
age over larger volume is achieved but there
is a large fraction of the volume near seed

J Biomed Phys Eng 2011; 1(1)
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Figure 7: Cross sectional Isothermal profiles for magnetic field strength of 300 Oe and frequen-

cy (a) 75 kHz (b) 100 kHz (c) 125 kHz (d) 150 kHz.

surfaces being overheated. As in the case of
the treatment planning for radiation dose dis-
tribution, achieving the best isothermal distri-
bution requires optimization of placement of
the seeds, adjustment of intensity (H ) and the
frequency (f) of the magnetic field.

A comparison of the isothermal distribution
and the radiation isodose distribution pro-
duced by the Thermo-Brachytherapy seed is
performed. Figure 8 presents the comparison
results of the radiation isodose and the isother-
mal distributions (f=125 kHz and H;=300 Oe)
for the 4x4 square arrays of seeds in a hypo-
thetical target. The radiation dose is prescribed
as 160cGy at the periphery of the target vol-

ume. The isothermal distribution for magnetic
field values f=125 kHz and H ;=300 Oe shows
the similar coverage as the radiation isodose
distribution. One can also see that the 42°C
isothermal distribution almost perfectly over-
laps with the 100% radiation isodose distribu-
tion. This indicates that one can easily get the
desired isothermal distribution over the cer-
tain target volume by changing the magnetic
field variables (frequency and the intensity) to
match with the ideal radiation dose distribu-
tion.

In the realistic patient where a target volume
is to receive a given dose, the blood perfusion
rate affects the thermal distribution patterns.

J Biomed Phys Eng 2011; 1(1)
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Figure 8: Comparison of cross sectional radiation dose distribution and temperature distribu-

tion (f= 125 kHz and H0=300) profiles.

To account for the effect of blood perfusion, a
uniform blood perfusion rate was assumed and
the modeling study was performed. The data
presented in Fig 9 shows the thermal distribu-
tion patterns in the uniform blood perfusion
rate of 0.0025/s. Figure 9(a) shows the cross
sectional isothermal surfaces for the frequency
of 150 kHz and magnetic field o 300 Oe. Only
40°C isothermal surface covers the volume of
the entire seed configuration. A very small
region near the seed heats above the therapeu-
tic temperature range (T < 42°C). For this set
of variables, the power generated by the seed
is not enough to overcome the heat taken out
by the blood perfusion. To compensate the ef-
fect of the blood flow one needs to increase ei-
ther the intensity or the frequency of magnetic
field or both. The data for magnetic field H =
300 Oe and frequency 200 [Figure 9(b)] show
most of the volume around the seed distribu-
tion heated up to the therapeutic temperature
range (T > 42). From Fig 9(b), one can see that
the entire seed volume covered by the 42°C
isothermal surfaces. For the field intensity of
550 Oe and 200 kHz frequency [see Figure
9(d)], better temperature coverage is achieved

and only a small fraction of the volume near
seed surfaces being overheated.

Discussions

The calculated radiation characteristic pa-
rameter values such as dose rate constant,
radial dose function and anisotropy function
of the Thermo-Brachytherapy seed are only
slightly different from those of the Best®
Model 2301 *I seed. The deviation of these
values for the new seed from those of the
Best® Model 2301 **T seed is most likely due
to the removal of the air gap and redistribu-
tion of the 1-125 source inside the seed. Even
though the thickness of the source is kept the
same as in the Best® Model 2301 #I, the re-
moval of the air gap and redistribution of the
lodine-125 source and change in the effective
length of the source results in different air kar-
ma strength and the dose distribution around
the seed.

The single seed heating data shows that the
region close to the seed surface gets very good
temperature coverage and as the distance from
the seed surface increases the temperature
drops rapidly. The rapid drop of the temper-

J Biomed Phys Eng 2011; 1(1)
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Figure 9: Cross sectional Isothermal profiles at blood perfusion rate of 0.0025 s* for different

magnetic field parameters

ature with increasing distance from the seed
surface allows heating the tissue selectively.
In an ideal therapy, the normal structures near
the target should get the minimum possible ra-
diation and thermal dose. Seeds are implanted
in the target tissue to irradiate and to heat the
cancerous cells. During the treatment the tar-
get is heated to the therapeutic temperature
range while the surrounding normal tissues
stay at the temperature close to normal body
temperature.

For a hyperthermia treatment to be practi-
cal the initial temperature rise after the EM
field is turned on has to be reasonably short.
The data of the induction heating of the Ther-
mo-Brachytherapy shows that seed surface
temperature rises rapidly and stays constant
around the Curie temperature (T_) of the fer-
romagnetic material used. The temperature

control mechanism at the temperature around
the T, of the ferromagnetic core is explained
as follows. As soon as the magnetic field is
turned on, eddy current is produced on the sur-
face of the ferromagnetic core due to the elec-
tromagnetic induction. The resistive heating
of the induced current produces heat rapidly.
This causes the rapid rise on the temperature
of the ferromagnetic core. As the temperature
of the core rises gradually and reaches to the
T, of the Ni-Cu alloy the relative magnetic
permeability decreases gradually and reaches
unity. The decrease of the relative permeability
decreases the production of the thermal power
in the ferromagnetic core. As a result, the tem-
perature starts decreasing and the magnetic
permeability starts increasing. The increase
in permeability starts increasing the thermal
power production in the ferromagnetic core.

J Biomed Phys Eng 2011; 1(1)



www.jbpe.ir

Thermobrachytherapy seed

The T of the alloy can be altered by changing
the composition of the constituent elements of
the alloy. This property allows one to set the
T, according to desired level to get the more
uniform temperature distribution throughout
the volume of interest.

As in the case of the treatment planning for
radiation dose distribution, achieving the best
isothermal distribution requires optimization
of placement of the seeds, adjustment of in-
tensity (H,) and the frequency (f) of the mag-
netic field. In case of the treatment using the
Thermo-Brachytherapy seed, the alteration of
the seed position can change both the radiation
and the thermal distribution patterns. There-
fore the only option to maximize the temper-
ature coverage within the target volume in a
real seed implant case, is to optimize the seed
positions for an ideal radiation dose coverage,
then by adjustment of the magnetic field pa-
rameters such as frequency and the field inten-
sity achieve ideal thermal distribution cover-
age. Once the target volume is defined and the
prescribed radiation dose is planned using the
treatment planning system for the radiation,
the temperature dose also can be prescribed
over the target volume and planned using the
thermal dose planning system, or employing
software packages such as COMSOL to de-
termine the best field parameters to heat the
seeds. One can easily get the desired isother-
mal distribution over the certain target volume
by changing the magnetic field variables (fre-
quency and the intensity) to match with the
ideal radiation dose distribution.

Adding the complexity of blood flow in a
real patient and how does that effect removal
of heat to the targeted area, one realizes that
the temperature distribution would be differ-
ent when the blood flow is taken into consid-
eration. In such case, heat may be exchanged
through the walls of the arterial and venous
blood vessels. For example, a venous flow
passing through a higher temperature region
can absorb heat and transfer it to a relatively
cooler nearby region. This effect will not be

important in the area of no blood perfusion
such as necrotic center of the solid tumor. In
order to get enough thermal coverage of the
target volume having the significant blood
perfusion the power produced by the Thermo-
Brachytherapy seed needs to be increased. i.e.,
the heat taken out from the target by the blood
perfusion can be compensated by increasing
the power generated by the thermoseed. To
amplify thermal power of the seed one needs
to raise the value of the magnetic field param-
eter (frequency or field strength or both). In
general the blood perfusion rate in the normal
tissue is greater than the blood perfusion rate
in the cancerous tissue. This effect actually
works in favor of the Thermo-Brachytherapy
treatment. In such case the blood perfusion in
the normal tissue takes heat away from normal
structures and keeps the non-cancerous tissue
at the lower temperature. However in a vascu-
lar cancerous tissue less heat is taken out from
the target tissue keeping the target relatively
hot.

In our model phantom, a relatively small tar-
get size was selected to allow for quicker sim-
ulation times thus allowing calculations for a
set of different parameter combinations to be
conducted. The model still demonstrates the
essential trends and heat patterns achievable
in a larger phantom with more seeds.

Conclusions

The proposed Thermo-Brachytherapy seed
requires only small changes in the internal
structure of a standard commercial brachy-
therapy seed model to gain heating capability.
This modification only slightly changes radia-
tion characterizing parameters. The Thermo-
Brachytherapy seed serves as a single source
of concurrent radiation and heat. It also acts
as a self regulating thermal source and does
not require extensive invasive thermometry.
The isothermal distribution within the target
volume to match with the prescribed radiation
isodose distribution for the seed configuration
can be achieved by changing frequency and
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intensity of the alternating applied magnetic
field. In case of the tissue with the significant
blood perfusion the blood flow alters the ther-
mal distribution within the target tissue. The
effect of the blood perfusion could be com-
pensated by adjusting the externally applied
magnetic field parameters.
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