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Thermally induced apoptosis for tumors depends mainly on the intrinsic characteristics of biological tissues as well
as treatment temperature profile during magnetic hyperthermia. Further, treatment temperature distribution inside tumor
depends on the injection behavior of irregular tumors, such as the injection dose and the injection location of nanofluids. In
order to improve the treatment effect, the simulated annealing algorithm is adopted in this work to optimize the nanofluid
injection behavior, and the improved Arrhenius model is used to evaluate the malignant ablations for three typical malignant
tumor cell models. In addition, both the injection behavior optimization and the mass diffusion of nanofluid are both taken
into consideration in order to improve the treatment effect. The simulation results demonstrate that the injection behavior
can be optimized effectively by the proposed optimization method before therapy, the result of which can also conduce
to improving the thermal apoptosis possibility for proposed typical malignant cells. Furthermore, an effective approach
is also employed by considering longer diffusion duration and correct power dissipation at the same time. The results
show that a better result can then be obtained than those in other cases when the power dissipation of MNPs is set to be
OMmNP = 5.4 x 107 W-m? and the diffusion time is 16 h.

Keywords: thermal apoptosis analysis, injection behavior optimization, mass diffusion, magnetic hyperther-

mia
PACS: 44.10.41, 44.05.+¢, 87.85.J-

1. Introduction

Magnetic hyperthermia, as a low invasive therapeutic
method,!!! has attracted more and more attentions in terms
of tumor ablation?! and heat-induced immunity. *! Nanofluid
containing magnetic nanoparticles (MNPs) needs to be in-
jected into the tumor region prior to the treatment and then
dissipates the heat inside tumor region for therapy under the
action of an applied magnetic field. The heat dissipated from
the MNPs can result in thermal apoptosis for malignant cells
due to their sensitivity to high temperature.!* The malignant
cells can be ablated without damaging the healthy cells if the
treatment temperature of bio-tissue is in a range between 42 °C
and 46 °C.! The treatment temperature for the bio-tissue is a
key factor to determine the treatment effect, which strongly
depends on many factors, such as the shape of tumor, the dose
of nanofluid, the injection location, the properties of nanofluid
and bio-tissue, and other injection behaviors during nanofluid
injection.®”] However, most of the factors are unable to be
changed due to their intrinsic characteristics except for the
dose and injection location of nanofluid. Therefore, it is nec-
essary to optimize these two items prior to the therapy in order
to obtain better treatment temperature distribution for thera-
peutic target. In addition to the treatment temperature, another
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important factor, Arrhenius kinetic coefficients,®! is also re-
ally crucial in determining the thermal apoptosis of malignant
cells in the region of interest.!

Magnetic hyperthermia research involves with many dif-
ferent disciplines, all of which has recently been investigated
from different aspects. Some reports in the literature focused
on the MNPs heating mechanism due to an applied magnetic
field, and also on the validation between the theory results and

U011 1y addition, there were also more in-

experimentations.
depth investigations in previous literature, such as the effects
of dipolar interactions on the magnetic hyperthermia,!'*! and
the influence of aggregation morphology of nanoparticles on
thermal conductivity of nanofluid.!'3] These researches were
further used to obtain the treatment temperature distribution
for bio-tissue by considering Pennes bio-heat transfer (PBHT)

(14,15

equation. I The thermal apoptosis of malignant cells can

then be predicted when the treatment temperature is consid-

1.116-18] Fyrthermore,

ered as the input of an Arrhenius mode
several different approaches were also considered for improv-
ing the treatment effect in previous work. One example is the
use of multiple site injection for treatment, which can improve
the homogeneity of nanofluid distribution inside tumor region

with respect to the single site injection./'! However, the tu-
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mor shape in this literature was assumed to be of a general
ideal sphere, which is also a common assumption made in
most of previous work. Salloum et al. tried to determine the
optimum parameters of the heat sources for all MNP injection
sites by using an optimization algorithm in an irregular tumor
model.[®) Nevertheless, in the present work the injection site
location of nanofluid for the proposed model before the opti-
mization is not considered. In addition, the diffusion duration
after injection can also help to improve the homogeneity of
nanofluid distribution for tumor region, which will then benefit
the treatment temperature for magnetic hyperthermia.l?%! Al-
though the cited reports made essential contributions to differ-
ent aspects of magnetic hyperthermia, these researches did not
still present an effective solution to improve the thermal apop-
tosis of tumor cells for an irregular tumor model by consider-
ing the optimization results of the injection site and nanofluid
dose.

The present study focuses on an irregular malignant
model, by combining the recent advances in the injection be-
havior optimization and diffusion duration, thereby improv-
ing the therapeutic effect after the injection of nanofluid. The
proposed algorithm is used to optimize the injection location
and nanofluid dose prior to treatment, and the diffusion time is
considered to further improve the uniformity of nanofluid dis-
tribution inside tumor region during a hyperthermia therapy.
The method of analyzing the malignant ablation is proposed
and further applied to three typical tumor cells. In addition,
the finite element method is used to solve the partial differ-
ential equation for the concentration distribution of nanofluid
and the treatment temperature distribution of bio-tissue for the
proposed model during therapy. All the research methods pro-
posed in this work can provide references for the formulation
of magnetic hyperthermia programs. On this basis, other influ-
encing factors of thermal apoptosis in magnetic hyperthermia
can be studied, and they can be widely used in the relevant
researches of magnetic hyperthermia.

2. Theory and method
2.1. Physical model

In this work, a symmetric tumor model used to evalu-
ate the thermal apoptosis behavior is proposed as shown in
Fig. 1. This model consists of a healthy tissue with a diame-
ter of 25 mm (green), an irregular tumor tissue (yellow), and
a nanofluid component with undetermined dose and injection
site (black). The parameters of nanofluid need to be opti-
mized prior to being injected into the tumor, which include
the y-coordinate value (yp), the power dissipation of MNP
(Omnp), and the radius of nanofluid dose (R;). In addition,
four different points are specified in order to investigate the
thermal apoptosis behavior for three different malignant cells
during simulation. All of these proposed points have the same
x-coordinate value (zero), and have the same distance from

each other in this model. Point A is located in the center of
nanofluid, and point B is at the edge of nanofluid region.
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Fig. 1. Proposed geometric model with symmetric tumor for magnetic hy-

perthermia.

2.2. Mathematical model for numerical simulation
2.2.1. Thermal damage model for malignant cells

The thermal damage to malignant cells is strongly deter-
mined by the therapeutic temperature profile during magnetic
hyperthermia, which is typically between 42 °C and 46 °C. In
addition, one can also realize that kinetic coefficients should
be also responsible for the cytotoxic effects of heat according
to an Arrhenius mode at a proper temperature. In the Arrhe-
nius mode, it is supposed that thermally induced cell injury is
a first-order irreversible dynamic process, and the cell mortal-
ity rate S(7) due to the heating at temperature T for 7 can be
obtained by solving the following equations: ?%->!]

Q(t)=In (igg;) — /OTAG(*Ea/RgT(t))dt7 1)

S(t)=1—e"2), 2

where 7 is the therapeutic time during heating period, 7 is the
treatment temperature in unit Kelvin, the universal gas con-
stant R, is generally 8.314 J -mole~!-K~!, and the kinetic pa-
rameters £, and A respectively represent the activation energy
and the frequency factor for the ablation process, which have
to be established before treatment based on experimental data.

Once the thermal damage model is determined, one can
obtain the cell mortality rate for tumor cells by using their Ar-
rhenius kinetic coefficients. In this paper, three typical tumor
cells are taken for example in the simulation, which are SN12
human renal carcinoma cells,'??! the PC3 human prostate car-
cinoma cells,?®! and the AT1 subline of Dunning R3327 rat
prostate cells.[>* Equations (1) and (2) can describe the ther-
mal apoptosis well enough for the AT1 and SN12, but not for
the PC3 since a time delay dependent on therapeutic temper-
ature needs to be considered to improve the accurate results.
The time delay for this PC3 case can generally be obtained by
a measurement method considering calcein leakage as follows:

tg=b—mT =2703-49.6-T, 3)
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where #4 is the time delay in second for the PC3, and b and m
are the coefficients due to the fitting experiment for the PC3.
Thus, the thermal apoptosis model for the PC3 will come into
effect after the time delay has reached to a value obtained from
Eq. (1).

2.2.2. Bio-heat transfer model

According to the Arrhenius mode above, the thermal
apoptosis of malignant cells is determined by the kinetic co-
efficients due to the cell characteristics as well as the treat-
ment temperature situation during hyperthermia. Therefore,
the treatment temperature should be the only optimization tar-
get needed to be improved for the cell ablation, which can be
obtained by solving the PBHT equation through using the fi-
nite element method. To compensate for the difference be-
tween bio-tissue and ideal solution, an improved PBHT model
is considered in this work to predict the treatment tempera-
ture for the proposed bio-tissue model.!*! In this heat transfer
model, the power dissipation of MNPs is considered as an in-
put item, and assumed to just exist within the tumor region at
the same time; it can be expressed as follows:[1426:27]

aT;

pici— = = kiV2T; 4 poco @ (Ty — T;) + O, +1 - - Qvine, (4)

where subscript i in Eq. (4) can be only zero or “1”, which
indicates the healthy tissue or the tumor tissue, respectively;
variables p, c, k represent the tissue density, the tissue specific
heat, and the thermal conductivity of the tissue, respectively;
parameters Py, ¢y, @y denote the blood density, the blood spe-
cific heat, and the blood perfusion rate, respectively; 7 indi-
cates the absolute temperature of tissue; 7;, means the blood
temperature; Qy, is the metabolic heat generation; « is a com-
pensation coefficient for the power dissipation of MNPs when
located inside the living tissues; Oymnp denotes the power den-
sity of MNPs dissipated from tumor tissue under an action of
an applied magnetic field, which can further be expressed as
Omnpe = @ Pyvinp, with ¢ being the volume fraction of MNPs in-
jected into tumor region, parameter Pynp being the volumetric
heating rate dissipated by an MNP, which can be described by

Rosensweig theory for relaxation loss as!?®!
2142 2
M:V,H f 27 f Togr
Pup = M Vnfln] | 2Rt s)
ks To 1+ (27 f Tesr)

where to = 471077 H/m is the permeability; kg = 1.38 -
10~ J/K is the Boltzmann constant; variables Mg, Hy, f,
and Ty denote the saturation magnetization, the magnetic field
intensity, the frequency of the magnetic field, and the abso-
lute temperature of MNPs, respectively; Vi = 47 - rypnp/3
is the volume of MNPs, where rynp is the radius; param-
eter Tor = 3TN/ (T8+7TN) is the effective relaxation time,
where 75 = 36Vy/(kgTp) is the Brown relaxation time, TN =
VETgexp(I') /(2T ) is the Néel time constant, § is the carrier
liquid viscosity, Vy is the hydrodynamic volume of the parti-
cles, Kegr is the anisotropy constant, and I' = KegtVm / (kg Tp).

It must be particularly pointed out that the thermal char-
acteristics of bio-tissue presented in Eq. (4) will change with
the injection since the nanofluid should be considered as a part
of the tumor region after the injection. The value of thermal
characteristics should depend on the volume fraction of the
MNPs, ¢, at this time, and is given as follows:

1/ki=¢/kmnp + (1= 9)/km,
pi = ¢pvne + (1 — @) pum, (6)
ci=¢cvne + (1 —9)em,

where subscript MNP denotes the thermal property of MNP,
and subscript M indicates the malignant tissue. In addition,
one can further associate the volume fraction of the MNPs
with the nanofluid concentration through the density of MNPs,
which can be expressed as

¢ = Ci/pmnp- @)
2.2.3. Mass transfer model after injection

The nanofluid concentration is a constant before the in-
jection, but will change with the nanofluid being injected into
tumor region. To investigate the optimal dose for treatment,
here in this work it is assumed that the nanofluid keeps uni-
form distribution before the completion of injection and begins
to diffuse over the time after the injection due to the pressure
inside interstitial tissue. This interstitial pressure is caused by
the transport of nanofluid inside bio-tissue, which can be il-
lustrated by Darcy’s law,?’! VP, = —euwv/K, where P, is the
interstitial flow pressure, € is the porosity of bio-tissue, v is
the interstitial flow rate vector, and K is the permeability co-
efficient. The bio-tissue region in this paper is supposed to be
a porous medium including sink and a source, and the mass
balance equation for this interstitial flow can be described as

Vo =g — ¢, ®)

where @p is the flow source term extravasated from vessels,

which can be obtained by Starling’s law 3!
LpS
08 =~ (B — P — 0y (m— ), ©)
%4

where Lp is the hydraulic conductivity of the capillary wall,
S/V is the surface area per unit volume of bio-tissue for trans-
port in the interstitium, A, is the blood pressure in the capil-
lary, o; is the average osmotic reflection coefficient, m, is the
plasma protein oncotic pressure, and 7; is the osmotic pressure
of the interstitial fluid. The drainage term ¢, is related to the
differential pressure between interstitial tissue and lymphatic
vessels, which is distributed homogeneously in normal tissue,
and it is given as follows: 3!

LpLSL

% (B—R), (10)

o =

where Lp. Sy /V is the lymphatic filtration coefficient, and A
is the hydrostatic pressure of the lymph.
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Substituting Egs. (9) and (10) into Darcy’s law related to Eq. (8), one can obtain a couple of Laplacian for the interstitial

pressure for the healthy region and tumor region as follows:

LpS

LpL.SL

— B -P-0s(m—m)———(P—B), Y &R
1% \%4
(K/ew)V*PR = fps ) (11)
— (B —R—o(m—m)), res,

where 1" represents the solution domain for the equations, and
R refers to the malignant region.

The interstitial flow velocity can be obtained by Darcy’
s law after having obtained the interstitial pressure from
Eq. (11). The mass transfer equation can then be used for
describing the behavior of nanofluid diffusion after injection
when the velocity gap between the MNPs and interstitial flow
is ignored, 3%

ac;
ot

where C; is the nanofluid concentration inside bio-tissue after

= DetV2Ci — V- (vC), (12)

injection due to the interstitial pressure, Des is the diffusion
coefficient for the nanofluid in the bio-tissue, which can be
estimated by the Stokes—Einstein equation.[*3!

2.3. Optimization procedure for injection behavior

The concentration distribution of nanofluid after injection
is determined by many factors, the properties of bio-tissue and
nanofluid, the diffusion time, and more importantly, the dose
and injection site of nanofluid. In order to improve the treat-
ment effect, it is extremely essential to optimize the dose and
injection site of nanofluid for an irregular tumor model before
therapy. In this work, the injection behavior of the proposed
tumor model is optimized by considering simulated anneal-
ing (SA) algorithm for a proposed objective function. The
optimization aim in this work is to improve the effective treat-
ment temperature area as much as possible for the tumor tissue
while minimizing this target for the healthy tissue. For this
reason, in this work the treatment temperature area between
T,1 and T, for tumor region is maximized while minimizing
the temperature area lower than 7;; for healthy region. Tem-
peratures T, and T, are regarded as the thresholds of a safe
therapy, 42 °C and 46 °C, respectively.

Thus, two dimensionless terms can be used to illustrate
this consideration for the treatment as follows:

_ Ste (T > T > Ty1)

G -100%,
! ST,tot
<
Gy = M -100%, (13)
SH‘,tot

where Stg (T, > T > Ty;) is defined as the tumor area un-
der an effective treatment temperature, St o is the whole tu-
mor area, Syg (T < Typ) is the healthy tissue area lower than
Ty, and Sy (o is the whole area of healthy region. In order to

improve the treatment effect, in this work is proposed an ob-
jective function by maximizing G| and minimizing G, at the
same time, which can be expressed as

f=01/G)+w-Ga, (14)

where w is the weighting coefficient, which is set to be a con-
stant 10, due to the consideration of its relative importance
during treatment and their value range during optimal calcula-
tion.

The objective function presented in Eq. (14) will obtain
a minimal value when the injection dose and site are both op-
timal by considering the proposed SA algorithm. The injec-
tion dose in this proposed model is related to the nanofluid
area D = ER% after injection as well as the power density of
MNPs QOmnp, while the injection site is determined by the y-
coordinate value of the injection center. The value of objective
function depends on the temperature profile of the proposed
model, which is obtained by solving Eq. (4) through using the
finite element method and taking Eqs. (5)—(12) as its input at
the same time. In this work, the tolerance is set to be 1010 for
all values of variables and function during optimization analy-
sis, which can guarantee sufficient time for the convergence of
iterations. Thus, one can obtain the optimal injection parame-
ters and treatment temperature for the tumor model when the
terminating condition for iterations is reached and the objec-
tive function stops changing after several iterations.

3. Boundary condition and model properties
3.1. Boundary condition

In this work, the finite element method is used to solve
the partial differential equations (Egs. (4) and (12)) for obtain-
ing the treatment temperature profile and the nanofluid con-
centration inside bio-tissue. For Eq. (4), Dirichlet boundary
condition is applied to the bio-tissue area surface, which is set
to be a normal body temperature, 37 °C. Newman boundary
conditions are applied to the interface of different models for
the proposed model. In addition, a constant value, T = 37 °C,
is used as the initial value of this treatment. For Eq. (12), New-
man boundary condition is used for all inner interfaces. The
initial temperatures of all the tissues are considered to be zero
while the initial concentration of the MNPs’ regions are as-
sumed to be Cy prior to therapy.
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3.2. Model properties

In this subsection the material properties are investigated
by using the proposed model, which cover the Arrhenius ki-
netic coefficients for different tumor cells in Table 1, the ther-
mal properties of the proposed bio-tissue model in Table 2, the
magnetic and MNP properties in Table 3, and also the trans-
port properties of nanofluid in Table 4.

Table 1. Arrhenius kinetic coefficients for different malignant cells. 734!

Cells E, (kJ-mole™1) A m b
SN12 cells 314.9 3.153-10% -
PC3 cells 2222 6.75-10%7 496 2703
AT cells 2448 2.99-10%7 - -

Table 2. Thermal properties for proposed bio-tissue model.[!

Property Healthy tissue  Tumor tissue  Blood Fe3 Oy
p (kg'm™3) 1064 1060 1050 5180
k(W-m~1.K™ ) 0.59 0.52 0.51 40
c(Jkg LK 4180 3540 4180 4000
O (W-m™) 684 5790

Table 3. Magnetic and MNP properties used in simulations.

Parameter Value
Mg (kA-m~1) 446
Kege (kT-m—3) 20.3
7 (s) 107°
8 (kgm s 0.85-1073
r (nm) [nominal value] 6
f (kHz) 300

Table 4. Material properties used for modeling transport of MNPs in
interstitium. 30311

Parameter Tumor Healthy tissue
K (cm?-mmHg~!s~1) 4.13-1078 8.53-107°
Lpy (cm-mmHg~'-s~1) 2.8-1077 0.36-1077

Ly -Sp-V~! (mmHg ! s7h) 5-107°

B, (mmHg) 15.6 15.6

7, (mmHg) 20 20

m; (mmHg) 15 10

c 0.82 0.91
Sy-V=1(em™) 200 70

158 0

4. Results and discussion
4.1. Optimization results for proposed bio-tissue model

In the process of optimization, the SA algorithm is used
to optimize the injection behavior by considering a relatively
arbitrary initial value for the proposed geometric model ac-
cording to its metropolis sample rule.!?>! The optimization pa-
rameters in this work are yg, Omnp, and Ry, which need to be
assigned a set of initial values prior to this optimization. Fig-
ure 2 shows the convergence curves for the variables and the

objective function values obtained by the SA method during
the optimization procedure. As shown in Fig. 2, the variables
and the objective function value both fluctuate dramatically
before 100 iterations, and gradually reach their correspond-
ing stable states after 150 iterations. It is worth mentioning
that the current optimal value f; for the objective function is
always in a relatively stable state with respect to the current
function value f in the whole process of this optimization.

20

15

10

Variable values
o

0 50 100 150 200 250 300
Iteration

30t
25T
20t
15
10

Function value

0O 50 100 150 200 250 300
Iteration

Fig. 2. Convergence curves obtained by SA algorithm for (a) iterative vari-
ables and (b) objective function value, with Qmnp being 10° W-m—3, yo and
R; being in unit mm.

A40.3 Greeeym A46

a) 46
10 40
44
5
/é\ 39 42
g 0
= 40
=5 38
38
—10 \
v37.2 EESRES v37
—10 —=5 O 5 10 —-10 -5 O

Fig. 3. Temperature distributions from the optimization results of injection
behavior with a set of arbitrary initial values: (a) before optimization, (b)
after optimization. Axes are in unit mm, and temperatures are in unit °C.
Once the injection behavior is obtained by this optimiza-
tion, the treatment temperature for the proposed model can
be obtained by solving Eq. (4) through using the finite ele-
ment method. Figure 3 illustrates the treatment temperature
distributions from the optimization results of Fig. 2 by using
a set of arbitrary intimal values. As shown in Fig. 3(a), the
maximum temperature value is only 40.3 °C in a steady state
before the optimization, which is lower than the threshold of
effective therapeutic temperature for magnetic hyperthermia,
42 °C. As shown in Fig. 3(b), what is particularly noteworthy
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is that the treatment temperature distribution can reache an ob-
viously better situation after the optimization since the effec-
tive area for treatment temperature is significantly improved
and the maximum temperature value is just limited to 46 °C.

4.2. Concentration distributions from optimization results
at different diffusion durations

The injection parameters, which include yg, Omnp, and R
after the optimization, can result in an optimal treatment tem-
perature distribution for the proposed bio-tissue model. Nev-
ertheless, this treatment effect can be further improved if the

diffusion time is considered for the therapy after the injection
according to previous literature. Figure 3 shows the concentra-
tion field from the optimization results for the proposed model
in different diffusion durations, 4 h, 8 h, and 16 h. As shown
in Fig. 3, the nanofluid diffuses gradually from the injection
center and becomes more homogeneous inside tumor region
as the diffusion duration is increased. However, the maximum
value of nanofluid concentration can be observed in a down-
ward trend over the diffusion duration, which decreases from
0.04 g.cm™3 at4 hto 0.01 g.cm 3 at 16 h.
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Fig. 4. Concentration distributions from optimization results different diffusion durations: (a) 4 h, (b) 8 h, (c) 16 h. Concentration is in units g~cm_3.

4.3. Temperature field distribution considering different
concentration distributions due to diffusion duration

Different concentration distributions for nanofluid can re-
sult in different treatment temperature profiles inside tumor re-
gion when the solution of Eq. (12) is considered as the input of
Eq. (4) during magnetic hyperthermia. In this work, the diffu-
sion changes during the heating duration can be ignored due to
the different time scales of these two cases. Figure 5 shows the
treatment temperature distribution for the proposed model due
to different diffusion durations: 8 h, 16 h, and 16 h with higher

Tumor boundary (a)

N\

42 °C’isotherm line
—10 -5 0 5

z (mm)

z (mm)

dissipation of MNPs. As can be seen, the maximum value of
treatment temperature decreases further from the diffusion du-
ration of 8 h in Fig. 5(a) to 16 h in Fig. 5(b) with respect to
non-diffusion in Fig. 3(b). Most notably, figure 5(c) shows a
better treatment temperature for the case considering the dif-
fusion duration of 16 h when the power dissipation of MNPs
is set to be a new critical value Qmnp = 5.4 107 W-m? for the
proposed model. Furthermore, this case with better treatment
temperature can then result in a better treatment effect than
other cases presented in Fig. 5.

Tumor%)‘undary (b)

42 °C isotherm line
10 —10 -5

5 10 —-10 -5 0 5 10

z (mm)

Fig. 5. Steady-state temperature distributions in proposed model for different diffusion durations: (a) 8 h, (b) 16 h, and (c) 16 h with higher

power dissipation of MNPs. Temperature is in unit °C.
4.4. Tumor cells’ ablation for different treatment temper-
ature distributions

Once the treatment temperature distribution over time is
determined by solving Eq. (4) through using the finite element

method, the apoptosis probability of tumor cell can then be ob-
tained by using Arrhenius model. In this paper, three typical
tumor cells are considered for the thermal apoptosis analysis
during magnetic hyperthermia. Figure 6 exhibits the apopto-
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sis probabilities of three different tumor cells over time for the
proposed point A with considering different concentration dis-
tributions due to different durations of diffusion. The critical
power dissipation Qunp presented in Fig. 6 can ensure that
the maximum safe value of treatment temperature is 46 °C for
the proposed bio-tissue model before the nanofluid diffusion,
and the Q'yxp can achieve the same situation after 16 h of
nanofluid diffusion. As shown in Fig. 6, the apoptosis prob-
ability for all tumor cells at point A can be slightly improved
after 16 h of diffusion with a higher critical power dissipa-
tion of MNP Q'ynp than with a critical Qymnp without diffu-
sion, which is due to the relatively high treatment tempera-
ture within the tumor region. However, this situation can then
turns worse when the diffusion duration is increased but the
power dissipation of MNP is kept unchanged as can be seen in
Fig. 6. It can also be concluded that the apoptosis probability
of tumor cells is strongly related to the kinetic coefficient of
the Arrhenius model, since the maximum value of apoptosis

probability can just reach less than 25% for the SN12 case in
Fig. 6(a) while 100% for the AT1 case in Fig. 6(b). As shown
in Fig. 6(c), the apoptosis of the PC3 case is related not only to
the kinetic coefficients but also the time delay due to Eq. (3),
which always keeps at 0% before this delay.

The grey line presented in Fig. 7 describes the apoptosis
probability for the proposed points with the power dissipation
Owmnp before diffusion while the color line shows the apoptosis
probability with the power dissipation Q'ynp after diffusion.
As illustrated in Fig. 7, points A and B have the similar re-
sults due to their similar treatment temperatures since both of
them are located within the range of nanofluid region. How-
ever, points C and D each have obviously different probability
values before and after the nanofluid diffusion. The main rea-
son for this phenomenon is that points C and D are away from
the injection site, so their treatment temperature can be fur-
ther improved when the diffusion duration and higher power
dissipation are considered for therapy.
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Fig. 6. Curves of apoptosis probability versus time of different tumor cells for the proposed point A considering different concentration distributions
due to different durations of diffusion, for (a) SN12, (b) AT1, and (c) PC3.
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Fig. 7. Curves of apoptosis probability versus time of different tumor cells for the proposed points considering different power dissipations of MNP, Qninp,

and Qyp for (a) SN12, (b) AT, (c) PC3.
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5. Conclusions

In this work, the Arrhenius model is used to investigate
the thermal apoptosis behaviors for three different malignant
cells, which are assumed to exist in a symmetric tumor model
during magnetic hyperthermia. In order to obtain better treat-
ment effect, two methods are proposed by improving the treat-
ment temperature profile for the proposed tumor model, op-
timizing the injection behavior, and increasing the duration.
Simulation results demonstrate that the treatment temperature
distribution can be obviously improved when simulated an-
nealing algorithm is used to optimize the location and dose for
nanofluid injection, and can also become much better when the
increasing duration for nanofluid diffusion is combined with a
correct critical power dissipation for MNP. Both of these so-
lutions can finally lead the thermal apoptosis to be improved
in all cases of the proposed malignant cells during magnetic
hyperthermia. Nevertheless, it is worth mentioning that the
malignant apoptosis due to magnetic hyperthermia may also
result in a poor treatment effect when the Arrhenius kinetic
coefficients of malignant cells are similar to the SN12 cells.
Thus, although the method proposed by this paper can con-
tribute to malignant cells in most of cases, it still be a potential
topic to improve the treatment effect for some specific tumors
with poor kinetic coefficient during hyperthermia.
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