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Theoretical models are designed to be applied in hyperthermia treatment planning and to help optimize the surgical treatment proce-
dures. However, it is difficult to obtain every physical parameter of the magnetic field in the living tissue in detail, which is necessary for
the calculation. We therefore investigated the simulation of thermal distribution in arterial embolization hyperthermia (AEH) stimulated
by the external ferrite-core applicator, and measured specific absorption rate (SAR) of magnetic nanoparticles in the maghemtite-gelled
composite model. We used fiber optic temperature sensors (FOTS) to measure the values of SAR, which depend on the microstructure and
sizes of particles and the intensity and frequency of external ac magnetic field. Detailed tests indicated that the attenuation of magnetic
field was mainly focused on the vertical distance in the aperture of the apparatus. We built a simplified cylindrical phantom containing
maghemite particles of 20 nm for thermal field simulation on the basis of SAR measurement. The results of simulation indicated that
temperature elevation, induced by nanoparticles inside tumors under ac magnetic field, was dose-dependent. The temperature data ac-
quired from the experiment were compatible with the theoretical results, which demonstrated that the current model considering the
inhomogenous heat generation could provide accurate and reliable simulation results and a theoretical and technical basis for controlling

temperature during AEH therapy.

Index Terms—Arterial embolization hyperthermia, maghemite particles, mathematical modeling, specific power absorption.

I. INTRODUCTION

AGNETIC fluid hyperthermia (MFH) [1], [2] selectively

heats up tumors to temperatures of 42 °C-45 °C [3]
by forcing ac magnetic fields on biocompatible magnetic iron
oxide nanoparticles (NPs) such as Fe30,4 v-FeoOs, which ex-
hibit an extraordinary specific absorption rate (SAR[W/g]) on
the basis of the Néel relaxation and Brownian rotation losses [4].
In recent years, many investigations were carried out, especially
some experiments in vivo on animals with prostate cancer [5],
renal tissue [6], and liver tumors [7], etc., to make preparation
for applying to human patients. In contrast with the heat gener-
ated by external electrodes, microwaves or ultrasound, MFH can
heat deep-situated tumors instead of overheating the superficial
healthy tissues; while compared with implanted electrodes, in-
vasive microwave antennas, and thermal seed heating, MFH can
alleviate invasive pain maximally [8].

Arterial embolization hyperthermia (AEH) is one of the ther-
apeutic methods of MFH [6]. The lipiodol, in which magnetic
nanoparticles are homogenously dispersed, is injected super-se-
lectively through the micro-catheter into the arteries which pro-
vide nourishment for tumor cells. When embolization occurs,
the tumor tissues containing the magnetic nanoparticles can be
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heated up by the ac magnetic field at clinically tolerable H f
combinations [1].

Diagnosis and treatment relative to hepatocellular carcinoma
(HCC) are challenging problems in the world. Surgical resection,
hepatic arterial chemotherapy (HAC), selective internal radiation
therapy (SIRT), transcatheter arterial chemotherapy emboliza-
tion (TACE), and ultrasound (US)-guided percutaneous ethanol
injection therapy (PEIT), etc., are the present treatments for HCC.
Although these treatments have at times shown promising re-
sponserates and symptom palliation and have occasionally down-
staged hepatic tumors to allow surgical resection, they have not
improved five-year survival rates, which remain on the order of
lessthan 1% [7], [9]. AEH is based on selective arterial emboliza-
tion of liver tumors through lipiodol containing magnetic parti-
cles. On one hand, it can cut off the blood supply from the hepatic
arterial system to tumors; on the other hand, with the external ac
magnetic field it can heat up local tumor tissue through hyper-
thermia. This new method could be applied to clinical therapy
and will have a promising future.

Tumor hyperthermia requires accurate calculation and de-
scription of the temperature distribution induced by ac magnetic
field in the tissue before it is applied in clinical trial. The tem-
perature distribution inside as well as outside the target region
must be known as function of the exposure time in order to pro-
vide safe range of therapeutic temperature and, so as to avoid
overheat and damage to the surrounding normal tissue [10].

The thermal models are established to simulate the temper-
ature distribution in the tissue, which would be applied in the
hyperthermia treatment planning and to help optimize the sur-
gical treatment procedures. In the models [10]-[13], the heat
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Fig. 1. TEM micrographs of maghemite particles with 20 nm diameters, which were homogeneously distributed in the cylindrical composite, induced by the ac

magnetic field and acting as thousands of little heat sources.

generation by the magnetic particles is considered as a constant
in the heat transfer equation. Actually, the heat generation rate
should be considered as a function of the coordinates, the elec-
trical and magnetic properties of the tissue, and the parameters
of the external high-frequency generator [8], [12]. The hetero-
geneous heat generations in the tissue will lead to inappropriate
heating and unexpected temperature scales, although it is diffi-
cult to obtain every physical parameter of magnetic field in the
living tissue in detail by experiment.

The purpose of our investigation was to establish a model
which can realize the detection of inhomogeneous heat gen-
erations induced by the external magnetic field, then provide
the feasibility of calculation of temperature distribution in the
tumor tissue. SAR was determined by the initial temperature
transient in the maghemite-gelled composite. The different
values of the relative different locations along the perpendicular
axis implied the magnetic field attenuation of the apparatus.
Moreover, the SAR distribution was used in conjunction with
a cylindrical model to determine the temperature field. The
progressional solution strategy was implemented to solve the
transient heat transfer problem and the results of the simula-
tion reliability were also examined through comparison with
experimental data.

II. MATERIAL AND THEORETICAL MODEL

A. Material and Equipment

The material used in the experiment involved the following
steps. First, the nanoparticles with diameters of 20 nm (see
Fig. 1) were mixed with the gelose solution. Second, the mix-
ture was heated to its melting point. Third, the gel suspension

Fig. 2. Temperature Elevation Experiment: The cylindrical maghemite-gelled
composite was located in the device aperture. Six optic fibers were inserted into
the composite to measure the temperature. When the device power was switched
on, the ac magnetic field was produced and the cylindrical composite was heated

up.

was cooled down. Finally, the cylindrical composite formed
(see Fig. 2).

The AEH therapy system has been set up at Jiangsu Labora-
tory for Biomaterials and Devices. The system mainly consists
of a ferrite-core applicator with the aperture (vertical distance:
350 mm, length 300 mm, and width 200 mm). The device is
operated at a frequency of 80 kHz. The field strength can be ad-
justed from O to 10 kA/m (see Fig. 3).

The eight-channel fiber-optic thermometry device (FISO
Technologies Corp., CA, accuracy: £0.3°) was introduced in
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Fig. 3. Scheme of the ferrite-core-applicator operating system.

the Temperature Elevation Experiment (see Fig. 2), involving
six fibers inside a cylindrical composite which can be used to
detect temperature changes and two others for monitoring the
ascending temperature of the ferrite core to avoid unsafe work.

B. Study of SAR in Pennes’ Equation

The thermal models have been established such as the ear-
liest Pennes (BHT) Model [14], the Chen and Holmes (CH)
Model [15], and the Weinbaum-Jiji and Lemons (WJL) Model
[16], etc. The Pennes model for describing heat transfer in a
tissue, originally designed for predicting temperature fields in
the human forearm, has become well known as the “bio-heat
transfer” equation [14]. The CH model of bio-heat transfer is
obtained by replacing the single perfusion term in the Pennes
model with the vascular contributions [15]. The WJL model is
based on completely different vascular generations: the WJL
equations apply to thermally significant small vessels and not
to major supply blood vessels [16].

Due to its conciseness and validity, up to now, nearly all the
property measurements are based on the well-known Pennes’
bio-heat equation, which is written as [14]

pCIL =V (KVT) 4 T, ~T) + Qu+ @y (1)
where p is density of the tissue (kg/m?®), C is specific heat
of tissue (J/kg®C), T is tissue temperature, 7 is time (s), K
is thermal conductivity of tissue (W/m°C), wy is blood perfu-
sion rate (kg/m?), C}, is specific heat of blood (J/kg°C), Q,, is
the thermoregulation mechanisms of the biological bodies, and
Q. is heat generation due to external heat source, respectively
(W/m3).

The research shows that little eddy-current heating occurred
in the deeply situated tissue, while a greater amount of heating
was produced in the more superficial tissues when the animal
was exposed to the magnetic field with 0.034 T and 20 kHz [6].
In our study, eddy currents induced in the gel without NPs under
the device condition (10 kA/m and 80 kHz) results in only a
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slight additional tissue heating. Therefore, the most likely con-
tributing factor to local temperature elevation is the heat gener-
ation of magnetic nanoparticles.

For small field amplitudes, and assuming minimal interac-
tions between the constituent magnetic particles, the response
of the magnetization of a ferrofluid to an ac field can be de-
scribed in terms of its complex susceptibility

x=x +ix" 2

where both x’ and x” are frequency dependent.

P = porfx |H|? 3)

is given by [17] and [18], where P is heat generation of nanopar-
ticles, H the amplitude of the magnetic field intensity, and g =
47 x 1077 T-m-A~1L.

However, the physical parameters of magnetic field inside the
tissues could not be directly measured, when the above formulas
are provided for theoretical calculation.

The temperature distribution may be directly related to the
SAR distribution [3]. The heat generation of magnetic particles
is given as [10]

Q» = SAR - m/V @)

where m means the iron-oxide mass and V' is the volume of the
composite.

Actually in the clinical therapy, the magnetic particle spatial
distribution is not homogeneous in the whole bulk of tissue re-
gion. It can be identified by computed tomography (CT). Define
&re or éxp as the bulk of tissue unit containing the mass of the
element Fe of or the nanoparticles (NPs) (g of Fe/m® or g of

NP/m3)
/// 5Fe($7y7z)dv = MFe
Qtiss
/// Enp(z,y,2)dV = mxp
Qtiss

where mp, is the total mass of element Fe and myp the nanopar-
ticles in the tissue.

SAR is a function of H; and f [10]. In fact, the value of H;
is a function of space as a consequence of the attenuation of the
magnetic field. Then we can conclude that

(5a)

(5b)

Qr = SAR(I'?va) 'gFe(xawa)' (6)

C. Measurement of SAR
According to (4)

AT 1
AR =C—
SAR CA

T MFe

(N

where C'is the sample-specific heat capacity which is calculated
as a mass weighted mean value of magnetite and water. AT /At
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Fig. 4. Scheme of a small unit of tissue containing the magnetic nanoparticles,
where ¢ is the density of heat generation. The optic fiber is used for measuring
the value of SAR at the central spot in vitro. The slope of temperature ascending
curve at the initial time means the value of Q,./pC'.

is the initial slope of time-dependent temperature curve. mg, is
the iron content per gram of the FesO4 or v—Fe»O3 suspen-
sion solution. Here the physical parameters (Hy and f) of ac
magnetic field are taken as constants, although the actual field
intensity is inhomogeneous in the aperture.

SAR Measurement in Vitro Phantom: The blood perfusion wy,
and the thermoregulation mechanisms Q),,, are neglected in vitro
model. The heat transfer equation is

or PT  PT  PT
T g (0L 0T OTN )
P s (aﬁ T T 822> Q@ ®

where Q, = SAR(z,y, 2) - &re(2, ¥y, 2).

At the instant, the device power is switched on, the conduc-
tion heat transfer in the phantom is negligible, and the partial
derivative of temperature is in respect to the SAR [9]

o*T  9*T 9T
0x?2  Oy? T o2 =0 ’ o
oT
pCa_ = SAR(a;y,Z) fFe(x/:%Z) (9b)
T lr=0

When in a small unit of the composite (see Fig. 4), the distri-
bution of nanoparticles can be taken as homogenization

fFe($7y7Z) = 5; (loa)

where &; is a constant; therefore, the value of SAR at a spatial
spot is

T
SAR(z,y,2z) =p 08_ /&

1
ol (10b)

D. The Two-Dimensional Model and Formulation

With different principles, several attempts to simulate hy-
perthermia have been published in the past. The accuracies of
corresponding numerical simulations were, however, hindered
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Fig. 5. Scheme of arterial embolization hyperthermia applied to a hepa-
tocellular carcinoma. The small tumor region contains injected magnetic
nanoparticles.

mainly by uncertainties of the factors in vivo: the effect of
blood perfusion and the heat generation by thermoregulation
mechanisms.

It is well known that the blood supply between hepatic tu-
mors and normal liver is different. The macroscopic liver tu-
mors derive virtually all their blood supply from the hepatic
arterial system, while normal liver tissue receives most of its
blood supply from the portal venous system. This difference
in blood supply has been successfully exploited in treatment
modalities such as HAC, SIRT, and TACE, which have targeted
liver tumors with chemotherapeutic agents and radiation [7]. In
our model, when embolization occurs in the artery, there will
be much lower blood perfusion in the tumor tissue than normal,
reducing the cooling effect.

Therefore, we restrict the following considerations to a sim-
plified model. In this case, the perfusion and heat generation by
thermoregulation mechanisms may not be taken into account in
the heat conduction equation. Our objective, with the measure-
ment of SAR, is to compare the simulation with the results from
experiments in vitro.

Letus assume (see Fig. 5) the heat generation (),. by magnetic
particles is concentrated within a small cylinder of radius R and
height H with homogeneous heat conductivity K. The heating
material, e.g., magnetic particles, which are uniformly dispersed
into the cylindrical medium, and the surrounding medium are
characterized by the values of their heat convection h, their spe-
cific heat capacity C, and their mass density p. Because of the
cylindrical symmetry of the system, the temperature distribution
depends on distance r from the center, vertical distance z from
the bottom and on time 7. Thus, our problem is ruled by the dif-
ferential equation of heat conduction

oT o’T  9?°T
C—=K|—+ — - 11
P or <8r2+822)+Q an
The initial condition
AT(r,r,z) =0whent =0 (12a)

AT(r,r,z) — AT(r,z) when 7 — oo (steady state) (12b)

oT(t,r,z)
or

oT(t,r,z)

=0
0z a—0

=0

and =0 (120)



1082

the boundary conditions

i 9L(nrz) + h-AT(r,7,2)|,_p =0,
ar r=R
and
T
K X 8 (T7 T, Z) + h . AT(7-7 r, Z)|z=H =0. (12d)
ar z=H

Progressional Solution Strategy: From the experiments, the
attenuation of the intensity of magnetic field inside depends
mainly on the vertical distance z from bottom, while r depen-
dent attenuation is so slight that we can take ), only as the
distance z dependent power density. From the values of heat
generation at some spots measured, the function @,-(z) can be
concluded by a curve fitting technique.

Then we can construct a progressional formulation to
AT(r,r,2)

AT(r,r)=T(r,r,2) = T(T,7,2)|r=0

<
~—

=A- [1—exp (—afp7) exp (—aypT)] -cos(B,r)-cos(vnz)

MS

1

n

+B-) [l—exp(—aBir)exp (—ayir)] sin(Bar)-sin(v,z)

13)

Mg

3
I
—

where thermal diffusibility a = p%, A, B, (3,, and ~,, are the
coefficients to be determined.

According to (12c), then B = 0; to (12d), then

h _ hR/K B
BuK — BuR R
h  hH/K B

tg(vnH = =
g(fy ) WK Yo H wH

tg(B.R) = (14a)

(14b)

where B; is the Biot number, 3,, and y,, can be solved by (14a)
and (14b)

or —
or =4 ;a(ﬁz"i'%w)
exp (—afir) - exp (—av2t) - cos(B,r) - cos(vnz)
(15a)
*T -
Erel :A-nz::l( G2 ) [l—exp( a,B,QL'r)
exp (—ay,7)] - cos(Bar) - cos(vn2) (15b)
PT A — ) )
57 = ';( Vo) [1 = exp (—afir)
exp (—aviT)] - cos(Bar) - cos(vn2) (15¢)
By the differential equation (11), then
A- Z /32 +’Yn cos(B,r) cos(ynz) = Qéz) (16a)
n=1
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Fig. 6. Attenuation of ac magnetic field intensity with the vertical distance from
the bottom of the aperture.

oo

R H
A (B2 ++2) - / cos(fBpr )dr-/0 cos(yn2)dz

n=1

[ e
_R [T Q. (2)d=
K En L 8;]1'1:;7/1" Sln(ﬂn )Sin(’Yn,H)'

(16b)

7)

Then

R OH Q- (2)dz

K PO 1# sin(B, R) sin(y, H)

afir) - exp (—ayit)] cos(Bar) cos(vnz).

AT (1,7, 2) =

i 1-— exp
n=1

(13)

III. RESULTS

A. Identifying of the Physical Parameters

The values of ac magnetic field density were tested at perpen-
dicular locations, which are shown in Fig. 6.
The parameters of the composite were tested as

p=1.02 x 10® kg/m?,
K=11W/m°C
énp = 3.6 rng/crn3 or £pe = 2.52 mg/cm?’,
R=14c¢cm, H=35cm

C = 3.8kJ/kg°C,

In the simulation, the heat convection coefficient surrounding
the composite is 20 W/m?2°C.
B. Determination of SAR in Phantom Studies

The experimental values of SAR at 6 positions were calcu-
lated from the initial temperature transient in the maghemite
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Fig. 7. 3-D graph with simulated results after 2400 s. The temperature ascends
to the peak of 8.3 °C and the lowest point of 5.5 °C in the composite model.

-gelled model:

SAR = 6.2 x 10®> W /kg of NP or 8.9 x 10®> W /kg of Fe,
wherez=1cm,r = 0.7cm and r = 1.4 cm;

SAR = 4.9 x 10* W /kg of NP or 7.0 x 10*> W /kg of Fe,
where z=2cm, r = 0.7cm and r = 1.4 cm;

SAR = 4.0 x 103W /kg of NP or 5.7 x 10> W /kg of Fe,

wherez =3 cm,r =0.7cm and r = 1.4 cm.

C. Comparison of Theoretical and Experimental Values

With respect to the clinical applications, the rise of tempera-
ture as a function of time must also be known in order to choose
the appropriate heating duration time. Fig. 7 shows the max-
imum (8.3 °C) of temperature elevating in the model is at the
position of r = 0 cm with z = 0 cm, and the minimum (5.5 °C)
isatr = 1.4 cm with z = 3.5 cm after 2400 s. The temperature
in the model is close to clinical application.

Fig. 8 shows the comparison of simulated results with the
experimental data. The curves are from the simulated results and
the points are from the data measured by FOTSs, respectively.

Fig. 9 depicts the transient temperature distribution at three
specific positions. The quality of initial temperature transient
reduces with the vertical distance, corresponding with the atten-
uation of the field intensity. Due to the heat source generated by
the nanoparticles, the highest temperature occurs approximately
at the center of the bottom. More than 2400 s is needed for the
composite temperature to reach a steady state.

IV. DI1ScUSSION AND CONCLUSION

The temperature distribution is of great importance in deter-
mining how successful the treatment is, that is, how much of the
tumor is heated to therapeutic temperatures, and how much of
the surrounding normal tissue is damaged by the heat. From (6),
we found that the inhomogeneous heating is caused by two fac-
tors; the inhomogeneous physical parameters of magnetic field
and heterogeneous particles distribution. By the knowledge of
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these two factors, the thermal model in future will give signif-
icantly different results to those for a model of homogeneous
heating and thus will be preferable when accurate results are re-
quired [11].

In the aperture of the ferrite-core applicator, the attenuation
of the intensity of external alternating current magnetic field is
focused mainly on the vertical distance, which leads to the SAR
values inhomogenous in the maghemite-gelled composite. The
values of SAR are detected by FOTSs. Then the heat generations
Q.- are acquired in the heat transfer equation. The progressional
solution is used to solve the transient heat transfer problem in the
cylindrical model. The simulated results are in good agreement
with the experimental data.

In this experiment, the magnetic nanoparticles of 77.5 mg
were dispersed in the cylindrical model, resulting in the thermal
field with appropriate temperature elevation. The temperature
ascends to the peak of 8.3 °C and the lowest point of 5.5 °C
after 2400 s. The ascending temperature is close to clinical ap-
plication. Two methods essential in producing the desired tem-
peratures in AEH therapy involve controlling particle dosage
in tumor tissue with intravascular administration and regulating
physical parameters of external ac magnetic field [19], [20]. The
inhomogeneous model can also help control temperature during
treatments by simulation. In this paper, we developed the partic-
ular SAR measurement for simulation. The SAR value depends
on the physical parameters of ac magnetic field. Changing the
external magnetic field can regulate the SAR distribution in the
model, allowing the temperature distribution to be adjusted ac-
cording to clinical requirement.

In the BHT equation, the magnetic particles’ spatial distribu-
tion can be theoretical considered and in the clinical therapy the
area of NP distribution can be identified by CT. When the par-
ticles are taken as thousands of heat resources in the external ac
magnetic field, the SAR values and particle distribution should
be taken as function of space.

In the simplified phantom in vitro, the agreement between
measured temperatures and the values numerically simulated is
satisfying. The accurate inhomogeneous model in future could
possibly be applied in the hyperthermia treatment planning and
help optimize the surgical procedures. In treatment planning of
tumor hyperthermia with magnetic nanoparticles, the informa-
tion obtained from the theoretical prediction could be benefi-
cial for achieving a complete tumor destruction and minimal
surrounding tissue damage [8].Therefore, clinical trials to treat
HCC by AEH seem to be possible on the base of a procedure
which is carefully planned by means of simulation calculations.

However, there is still a lot of work to be done before
achieving the accurate simulation in vivo, especially with
respect to inhomogeneous distribution of the magnetic material
in the highly variable texture and vascellum of the tumor. To
attain this, the blood perfusion rate, of smaller than normal
tissue, should be more accurately determined. In addition, the
complex boundary conditions in the phantom and local thermal
parameters of the cancerous tissue should be investigated in
more detail.

Our further study will concentrate on the simulation of liver
tumor model in rabbits. Many factors that affect the accuracy
of the simulation will be considered and experiments will be
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Fig. 9. Time-dependent temperature increase at three specific positions: (r =
0,2 =1cm),x = 0,2 = 2cm), (r = 0,z = 3 cm), from top to bottom.
The values of SAR were determinable by the initial temperature transient in
the maghemite-gelled composite, indicating that the attenuation of magnetic
field intensity is mainly focused on the vertical distance of the aperture of the

apparatus.

conducted to compare the theoretical results with experimental
data. Thus, the computer-aided simulation will deeply impact
the clinical therapy for patients in the future.
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