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The development of hyperthermia-based therapy for prostate cancer requires
precise modeling of the thermal behavior of biological tissues. In order to
simulate healthy tissue, this study creates a computational model of a prostate
tumor that is shaped like a spherical area encircled by another concentric sphere.
The investigation focuses on the effects of blood perfusion rate fluctuations on
the temperature distribution and subsequent thermal damage in the surrounding
tissue and tumor. The heating source is modeled as a collection of electric
dipoles at the center of the tumor that are subjected to a microwave (2.45 GHz)
alternating electromagnetic field. The temporal evolution of temperature and
tissue necros is under varying perfusion rates is described using the Arrhenius
damage model and the Pennes bioheat transfer equation. The findings contribute
to the development of safer and more effective hyperthermia-based treatments
for prostate cancer by offering a quantitative understanding of the effects of
blood flow on heat diffusion and necrotic percentage
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By raising radiosensitivity and enhancing the
overall therapeutic result, hyperthermia which
involves heating tumor tissue to temperatures
between 41 and 46 degrees Celsius is known to

1.Introduction

Because of their biological complexity and
inconsistent responsiveness to treatment

approaches, the majority of human cancers are still
incurable after decades of research and multiple
clinical trials [1-5]. One of the most prevalent
cancers in males, prostate cancer is being treated
with a variety of methods, including chemotherapy,
external  radiation therapy, and radical
prostatectomy. Nevertheless, these traditional
treatments frequently have poor results and cause
serious harm to nearby healthy organs [6-9].
Accurately treating the tumor-tissue contact is
crucial for effective tumor control because failing
to do somay cause local recurrence [10,11].

improve the effectiveness of radiation therapy [12—
16]. For the treatment of locally advanced or
recurring prostate cancer, combined
thermoradiotherapy has sodrawn a lot of interest.
The synergistic advantages of combining ionizing
radiation and regulated heating have been validated
by both clinical and experimental studies [17].
However, due to the prostate's intricate shape and
high blood perfusion rate, perfect heat regulation in
this organ is still difficult to achieve [18]. As a
heatsink, excessive blood flow lowers
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local temperatures and lessens the therapeutic
impact.

Two promising methods for producing localized
warmth in deep-seated tumors are magnetic and
microwave hyperthermia. First described by
Gilchrist et al. (1957) and then refined by Gordon
et al. (1970s), magnetic hyperthermia is based on
magnetic nanoparticles that, when exposed to an
alternating magnetic field, transform
electromagnetic energy into heat [19-21].

By raising the tumor temperature to lethal levels
(over 43 °C), this targeted heating can harm cancer
cells while protecting healthy tissues [22—24]. Such
targeted thermal augmentation enables lower
radiation doses and less collateral damage to vital
organs like the bladder or spinal cord when paired
with chemotherapy or radiotherapy. The quantity of
heat deposited into the tumor and the physiological
processes that disperse this heat, including blood
circulation, are key factors in the success of
hyperthermia [25]. As a natural cooling process,
blood circulation removes heat from the treated
area and has a big impact on temperature
consistency. As part of the body's thermoregulatory
response, the perfusion rate rises with temperature,
preventing heat from spreading into healthy tissue
[26-28]. Therefore, in order to effectively forecast
temperature and damage, spatially variable blood
perfusion must be incorporated into any meaningful
computer model for hyperthermia [29,30].In this
regard, numerical simulations are crucial
instruments  for developing, refining, and
evaluating hyperthermia therapy plans prior to their
practical application. They make it possible to
precisely assess how heat moves through tumors
and healthy tissue, as well as how varying perfusion
rates affect the effectiveness of treatment.In order
to clarify the connections between variations in
blood perfusion rate, heat source distribution, heat
generation, and temperature change within a model
tumor, this work uses three-dimensional computer
models. The goal of the study is to improve our
knowledge of temperature distributions, which are
difficult to measure experimentally.This paper
suggests incorporating a variable blood perfusion
rate, a quantity that directly affects the computation
of temperature distribution in biological tissues,
into the Penneshioheate equation.An array of
heated electrical dipoles placed in the middle of a
prostate cancer tumor produces local hyperthermia,
which is the subject of the paper's
phenomenological investigation. The fundamental
idea behind this medical procedure is to maintain a
steady temperature in the targeted tumor tissue
between 42°C and 50°C [31, 32, 33] for a long

enough period of time to kill the tumor mass while
preserving the nearby healthy tissues and organs
[34]. The thermal diffusion of heat produced by the
sources within the impacted area causes the cellular
temperature to rise. A number of physical factors
that can affect the thermal effect during treatment
control this thermal diffusion.

The first section examines how the temperature of
these electric dipoles inside the tumor changes in
response to different blood perfusion rates. Within
the microwave range, 2.45 x 10° Hz is the applied
frequency.

The best maximum temperature is examined in the
second section utilizing two different array designs
(2x2x2) and (3x3x3), all while keeping the spacing
between the individual electrical dipoles constant.

2. Methodology

2.1The physical model

Two concentric spheres were used to idealize the
prostate geometry: the outer sphere (radius r,=40
mm) represented the surrounding healthy tissue and
the inner sphere (radius r;=25 mm) represented the
tumor.

As a result, the outer layer is consistently 15 mm
thick.  Throughout the  simulation, the
thermophysical characteristics of the blood and
tissues were taken to be constant, and both media
were regarded as homogeneous and isotropic
(Tables 1-2).

Electric dipoles at the tumor center are used as the
model for the heating sources. The regular arrays of
2x2x2 and 3x3x3 dipoles are spaced 0.25 mm apart
in all three spatial directions (X, y, and z). When
exposed to a microwave-frequency alternating
magnetic field at f = 2,45.10° Hz, each dipole
transforms electromagnetic energy into thermal
energy.

Table 1. Thermophysical properties of Healthy Tissue
(Prostate) and Tumor [35,36,37]

Properties
Materials | Thermal Density | Constant Electrical
conductivity | (Kg/m®) | pressure conductivity
(W/m.K) heat o(S/m)
capacities
[J/(kg.k)]
Healthy 0.51 1045 3760 3
Tissue
(Prostate)
Tumour 0.51 1045 3779 3

Table 2. Thermophysical Properties of Blood [36, 38,
39]

Name |Expression | Value | Description
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Rho- 1000 1000 Blood
blood [ kg/m3] Density
Cp- 3639[J 3639 Specific heat
blood /kg.K] [J/kg.k] | of the Blood
Omega- Variant Variant Blood
blood [I/s] [I/s] perfusion
rate
T-blood | 37 [deg C] | 310.2 Blood
K] Temperature

2.2 The governing equations

The Pennes bioheat transfer equation [40,41]
describes the temperature evolution inside the
tumor and surrounding tissue:

Inthetumor 0 <r<n
T,
Pic1 -+ V(=k.VTy) = ppcpwp (Tp — T1)

+ Qm + Qext(l)
in healthy tissue r; <1 <,

aT,

p2c2 o+ V(=k;VT,) = ppeywy(Ty —T2) + Q. (2)

where tissue density [kg/m3] is represented byp. c-
specific heat [J/kg.K], k-thermal conductivity
[W/m.K], T-local temperature [°C], Q,,,-metabolic
heat generation (not included here), Qgxt-
volumetric heat source from the electromagnetic
field [W/m?], wy,-blood perfusion rate (s?),pp, cp,
Tp-density, specific heat, and blood temperature,
respectively. The term c,wy, (T, — T) accounts for
the removal of heat within the tissue due to the
blood perfusion.

The formula for the external heat generation term
is:

Qext = olE|? 3)

where E is the local electric field intensity and o is
the tissue's electrical conductivity (S/m).The
metabolic term Q,,..was left out of the
computations since it is orders of magnitude
smaller than the external heat source.

2.3 Initial conditions and boundaries

The following presumptions and restrictions were
accepted:

* Initial temperature: all tissues are at body
temperature prior to heating.

T(r,t =0) = 37°C
the

» Symmetry condition: tumor center's

temperature stays fixed.

oT
or r=0

Interface continuity: At the tumor-tissue
boundary, the temperature and heat flow are
constant.

" aT, 9Ty

Yor — "M oar

» Quter boundary: natural convection causes heat
loss.

Tt = Th!

oT
—k—

= MT — Ty)
orly=r,

with an ambient temperature T,, = 37 °C and a

convection coefficient h =10 W.m?2. k1.

The electromagnetic field exposure time was set at
t =600 s (10 min).

2.4Model of blood perfusion and thermal

damage

We looked at six blood perfusion rates:

Wp
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These values represent typical physiological and
pathological ranges for prostate tissues [35-38].

The Arrhenius damage integral was used to
quantify thermal injury [42,43]:

) = [y Aexp(-—=)dt 4)

Where A is the frequency factor (3,1 x 10°® s7!), Ea
is the activation energy for irreversible tissue
denaturation (6.3 x 10° J/mol), and R = 8,314 J.mol"
Lk is the universal gas constant.

Ea
RT(t)

The relationship between Q and the necrotic
fraction 0 of the tissue is as follows:

=1—e%
Complete necrosis is indicated by 6 =1

2.5 Use of numerical methods

The finite element method (FEM) was used to
numerically solve the model equations.

With a minimum element size of 0.1 mm close to
the tumor-tissue interface and 1 mm in the outer
regions, a free tetrahedral mesh was employed.

A backward implicit differentiation method with a
time step of 0.1 s was used to discretize time.
When the relative temperature error between
iterations was less than 1073, convergence was
reached.

Tables 1 and 2 provide a summary of the
thermophysical parameters of the blood and tissues.

{48,1.0x102%, 1.8x10%, 2.6x102,3.6x102%,3.6x103}s71
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Only the perfusion rate was changed to isolate its
impact on temperature and necrosis; all other
simulations were run with the same material
properties.

By contrasting the steady-state temperature profiles
with  previously released experimental and
computational data [36, 44], the model was

confirmed to have comparable maximum
temperature  values and consistent  spatial
distributions.
3. Results

After ten minutes of exposure for different blood
perfusion rates, Figure 1 shows the three-
dimensional temperature distribution in both tumor
and healthy tissue. Different maximum and
minimum temperature profiles that are highly

dependent on the perfusion rate are shown in each
simulation.

The lowest temperatures, which range from 37 °C
to 40 °C, are noted at the outer edge of the healthy
tissue. The surrounding healthy tissue heated above
40 °C for the two lowest perfusion rates (W1 = 48
st and W2 = 1x10% s') because there was not
enough blood flow to dissipate the heat produced at
the tumor center (Fig. 1a-b).

The heat removal becomes more efficient as the
perfusion rate rises (Ws = 1.8x10?s™!, W4=2.6x10?
s, Ws = 3.6x10% s7!, and Ws = 3.6x10° s'),
resulting in lower and more consistent temperatures
in the healthy tissue that are near physiological
levels (=37 °C). As a result, increased perfusion
rates considerably lessen tissue damage (Fig. 1c—f).

A637 AsLs
Ao27
90 60 ?
i e
70 50 y
60 45 2
50 40 ;
40 v 37 v
v 37
a[W =48] b [W =1°2] c[W=18¢e2]
A 473 A 444 A 377
47 44 L
22 43 37.6
a4 42 37.5
43 41 37.4
zf 40 37.3
40 39 37.2
39
58 38 37.1
37
v 37 v 37 v 37
d[W =2.6°2] e [W = 3,6°2] f[W =23.6e3]

Figure 1 Representation of the surface temperature distribution on healthy tissue and Tumor as a function of blood
perfusion rate [a(W; = 48 [1/s]), b (W, = 1e2 [1/s]), ¢ (Ws=1.8e2 [1/s]), d (W4 = 2.6€2 [1/s]), e (Ws= 3.6€2 [1/s]),f
(Ws = 3.6e3 [1/s])].

Near the heat source region, the highest W,—W; are efficient in attaining total tumor ablation

temperatures range from 90 °C (low perfusion) to because tumor  coagulation ~often demands

37.7 °C (high perfusion). While examples We Ws - ZT00RUE et B e by
keep the tumor below the coagulation threshold P y y

. . . the perfusion rate.
because of excessive cooling by perfusion, cases P
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The radial temperature variation along particular
lines that cross the tumor and healthy tissue is
shown in Figures 2 and 3.

The temperature distribution inside the tumor is
depicted in Figure 2 along the line that connects the
sites M1(0, 25, 15) and M3(25, 0, 15), which are 15
mm above the tumor center. As the perfusion rate
rises, the peak temperature in the center band
gradually drops, demonstrating that improved
blood flow reduces local overheating and speeds up
cooling.

W =48
W =1e2
W =1.8e2
W = 2.6e2
W = 3.6e2
W = 3.6e3

100

Temperature ["C]

Time [min]

Figure 2 the evolution of the radial temperature of the tumor
cell according to the band Central and based on different

values of the Infusion rate [W].

The heated zone narrows as perfusion rises (W4 =
2.6x10% s' and Ws = 3.6x10% s7'), with tissue above
y = 17-19 mm staying near 37 °C. Nearly the whole
outer layer remains at physiological temperature at
the maximum perfusion rate (We = 3.6x10° s7'),
demonstrating total protection of the healthy area
from heat diffusion.
The temporal variation of temperature at various
fixed sites within the tumor and healthy tissue is
shown in Figure 4. The temperature close to the
tumor surface is always higher than the surrounding
areas for a given perfusion rate, and it progressively
drops toward the outer boundary.

In low and moderate perfusion situations (W1—Ws),
the outside surface approaches 37 °C and reaches
steady-state conditions during the first minute of
exposure, whereas the interface temperature
between the tumor and healthy tissue stays over 40
°C during the heating duration.The interface and
peripheral temperatures, on the other hand, stay
almost constant at body temperature for the
maximum perfusion rate (Ws = 3.6x10° s™),
demonstrating that high perfusion inhibits any
appreciable thermal accumulation. These findings
show how blood flow stabilizes temperature
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The temperature gradient along the y-axis (z = 15
mm) through the healthy tissue is shown in Figure
3. The temperature at the tumor boundary rises over
40 °C for low perfusion levels (W1 =48 s7' and W»
=1x10%s™"), and a significant amount of the healthy
area is warmed. The tumor reaches about 51 °C
with moderate perfusion (Ws; = 1.8x10? s™!), which
is still enough for necrosis but still shows some heat
diffusion into the surrounding tissue.

Temperature ["C]

in]

Time [m

Figure 3 The evolution of radial temperature on
healthy tissue [next the y-axis between the two points
(0,40,15) and (0,20,15)] and for different Infusion rate

distribution and plays a critical role in determining
the effective heating zone. The necrotic tissue
fraction for each perfusion case was calculated
using the Arrhenius model in order to measure the
biological impact of heating. The geographical
distribution of necrosis in a 2D slice (yoz-plane) of
the tumor is displayed in Figure 5.The necrotic
fraction achieves its greatest value (Q =~ 1) near the
tumor core at low perfusion (Wi 48 s,
signifying total heat destruction. But a sizable
amount of nearby healthy tissue is also impacted.
The extent of necrosis diminishes with increasing
perfusion: at W, =2.6x10% s and Ws=3.6x10?s™,
the tumor necrosis becomes incomplete while the
healthy region is mostly intact.At intermediate
perfusion rates (W, = 1x10? s™! and W3 = 1.8x10?
s'), the best compromise is found, where tumor
elimination is almost complete and surrounding
tissue damage is at its lowest. On the other hand,
tumor damage is minimal at the maximum
perfusion (We = 3.6x10° s™') because the strong
cooling  impact inhibits  adequate  heat
accumulation.By displaying the time evolution of
the necrotic fraction at multiple sites from the
tumor boundary to the healthy tissue, Figure 6
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Figure 4 Evolution of the temporal temperature at different fixed points [a (0,0,24), b (0,0,25),
¢(0,0,28), d(0,0,32), e( 0,0,36), f(0,0,40)]
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validates these findings. Necrosis spreads broadly
in both areas when perfusion rates are poor. The
degree of thermal damage in healthy tissue
gradually decreases as perfusion rises, eventually
becoming insignificant. Necrosis is completely
contained inside the tumor volume for W > 2.6x10?
s7!, guaranteeing selective heating.The necrotic
fraction achieves its greatest value (Q = 1) near the
tumor core at low perfusion (Wi = 48 s7),
signifying total heat destruction. But a sizable
amount of nearby healthy tissue is also impacted.
The extent of necrosis diminishes with increasing
perfusion: at W, =2.6x10?s and W5s=3.6x10?s7",
the tumor necrosis becomes incomplete while the
healthy region is mostly intact.

At intermediate perfusion rates (W, = 1x10?s" and

Ws; = 1.8x10% s7!), the best compromise is found,
where tumor elimination is almost complete and
surrounding tissue damage is at its lowest. On the
other hand, tumor damage is minimal at the
maximum perfusion (We = 3.6x10° s™') because the
strong cooling impact inhibits adequate heat
accumulation.

By displaying the time evolution of the necrotic
fraction at multiple sites from the tumor boundary
to the healthy tissue, Figure 6 validates these
findings. Necrosis spreads broadly in both areas
when perfusion rates are poor. The degree of
thermal damage in healthy tissue gradually
decreases as perfusion rises, eventually becoming
insignificant. Necrosis is completely contained
inside the tumor volume for W > 2.6x10% s,
guaranteeing selective heating.

W=1%2

W=1.8°%2

0.9
0.8
0.7
0.6
1 0.5
0.4

A A

W =2.6%2

W=3.6¢e2

W =3.6°3

Figure 5 Fraction of necrotic tissue on a slice cut according to the YOZ Plan as a function of different Infusion rate

[a (W1 = 48 [1/s]), b (W2 = 1°2 [1/s]), ¢ (Wa=1.82 [1/s]), d (W = 2.6€2 [1/s]), e (Ws= 3.662 [L/s]), f (We = 3.6°3
[1/s])].
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Figure 6 Evolution of the necrotic fraction as a function of time in Healthy Tissue [a (0,0,24), b (0,0,27), ¢ (0,0,30),
d (0,0,40)].

4. Discussion

The current work used a model of prostate tissue
exposed to localized electromagnetic hyperthermia
to examine the spatiotemporal progression of
temperature and thermal damage. The findings
show that blood perfusion rate is a key factor in
regulating the temperature increase inside the
tumor and the surrounding healthy tissue, as well as
its spatial extent.

The produced heat is not effectively dispersed by
blood flow at low perfusion rates (48—1.8x10% s™),
which causes a noticeable rise in temperature both
inside the tumor and in surrounding tissues. These
situations result in a sharp increase in temperature
to cytotoxic levels (>50 °C), which efficiently kill
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tumor cells but run the danger of scorching the
peritumorous area. Although there is a significant
chance of collateral harm, such circumstances are
appropriate for total tumor ablation.

The constant intake of colder blood functions as a
heat sink at greater perfusion rates (>2.6x10% s1),
greatly lowering the peak temperature and the
radial temperature gradient. Because the
temperature in  healthy tissue stays near
physiological levels (37-38 °C), the treatment is
therefore safer. However, because of the substantial
cooling impact, the temperature cannot exceed the
coagulation threshold when perfusion is severe
(3.6x10° s'), which leads to incomplete tumor
heating. These results are consistent with earlier
research on the thermoregulatory behavior of
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biological tissues [24,25,36].

Regardless of perfusion level, steady-state
conditions are reached within the first minute of
exposure, according to the temperature—time curves
in Figure 5. This brief stabilization period
demonstrates that rapid energy deposition in the
target volume is facilitated by electromagnetic
heating. To guarantee irreversible tissue damage, as
indicated by the Arrhenius integral, therapeutic
temperatures must be maintained for the
recommended amount of time (10 minutes).

Figures 5-6, which analyze the necrotic proportion,
provide additional evidence for these findings.
According to the Arrhenius-based damage model,
high perfusion limits necrosis to the tumor core, but
poor perfusion causes widespread necrosis outside
the tumor margin. Complete tumor ablation with no
harm to healthy tissue is the best balanced result
from the middle perfusion range (1.0x10%>-2.6x10?
s7!). Realistic physiological parameters for prostate
tissue are reflected in this ideal range [35-38].

Practically speaking, these findings emphasize how
crucial it is to take patient-specific perfusion
variability into consideration when designing a
treatment plan. To obtain comparable therapeutic
dosages, people with more vascularization might
need to be exposed for longer periods of time or

120

(0,0, 25)
= 00 (0,0, 30)
E (0,0, 35)
o S (O, 0,40)
% 80
Tl
2
E ‘
— 60
40 P T T E———— | -
0 2 . 4 . 6 8 10
Time [min]

Figure 7 The temporal evolution of the temperature at
different points (Z direction). [(0,0,25), (0,0,30), (0,0,35)
(0,0,40)] provided by a network of 3x3x3 sources of
heating (electric dipoles) of distance d = 0.25 mm. (w =
2.6e2 [1/s])

expend more energy. On the other hand, in order to
prevent overheating, patients with limited perfusion
could require less power.

Furthermore, comparing the two dipole networks
(2x2x2 and 3x3x3) sheds light on how heat source
dispersion affects.

While more dipoles improve thermal uniformity,
they also raise the possibility of damaging healthy
tissue in the event of inadequate perfusion (fig.7).
Wider necrotic zones resulted from the simulations'
increased temperatures at the tumor's periphery
caused by the (3x3x3) shape (Fig.8, 9). Only when
paired with high perfusion (>2.6x10°* s™) (Fig.10,
which enhances convective heat loss to offset
excessive heating, can this combination become
beneficial.

Overall, the study demonstrates that the final
temperature distribution and tissue response are
determined by the interaction between blood
circulation and electromagnetic energy deposition.
For the purpose of creating customized
hyperthermia procedures, the model thus offers a
helpful forecasting tool. Clinicians can minimize
side effects and maximize therapy success by
modifying heat source geometry and perfusion-
related parameters.

1

08 (0,0, 25)
_ — (0, 0, 30)
%:' s (0, 0, 35)
;
o
& 04
£
Q
H o o2

4 6
Time [min]

10

Figure 8 Temporal evolution of the necrotic fraction at

,  different points (Z direction). [(0,0,25), (0,0,30), (0,0,35),
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(0,0,40)] provided by a network of 3x3x3 sources of
heating (electric dipoles) distance d = 0.25 mm (w =
2.6e2 [1/s])
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0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

Figure 9 Fraction of the necrotic tissue on a slice cut
according to the YOZ Plane in the 3x3x3 network with a
distance of d = 0.25 mm between the heat sources. . (w =
2.6e2 [1/s])

Figure 10 Fraction of the necrotic tissue on a slice cut
according to the YOZ Plane in the 3x3x3 network with a
distance of d = 0.25 mm between the heat sources. . (w =
2.6e3 [1/s])

5. Conclusions

The combined effects of blood perfusion and
electromagnetic heating on temperature distribution
and tissue necrosis were examined in this work using
a computational model of prostate tumor
hyperthermia. Two dipole configurations (2x2x2
and 3x3x3 arrays) were Simulated using the
Arrhenius damage model and the Pennes bioheat
equation.

The findings support the notion that blood perfusion
is a vital physiological factor that influences the
safety and effectiveness of therapies for
hyperthermia.

 Tumor necrosis is complete at low perfusion rates
(£1.8x10%s"), but there is also a noticeable warming
of healthy tissue.

* Heat dissipation hinders adequate tumor heating at
high perfusion rates (>3.6x10* s™), resulting in
partial ablation.

* The perfusion rate of 2.6x10? s is the ideal
treatment window, since it guarantees sufficient
tumor destruction while keeping healthy tissue at
body temperature.

The computational results show that selective
heating of the tumor and preservation of surrounding
tissue are made possible by a suitable balance
between energy input and perfusion rate. A useful
design and optimization tool for upcoming
advancements in hyperthermia therapy for prostate
cancer may be this predictive model.

Future research should concentrate on combining
time-dependent and heterogeneous perfusion
models, more accurately linking the thermal and

electromagnetic  fields, and confirming the
predictions using clinical or experimental data.
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