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Article Info ABSTRACT
Article type: Magnetic nanoparticle hyperthermia is a preclinical treatment for bladder cancer that
Research Article employs ferromagnetic nanoparticles exposed to an external alternating magnetic field

to elevate the temperature within the tumor. In this study, magnetic hyperthermia using
Fe304 nanoparticles was simulated for T1 non-muscle-invasive bladder cancer and T2
muscle-invasive bladder cancer, investigating the effect of the presence of urine and its
convection within the bladder in this treatment method. For this purpose, simulations for

Keywords: both stages of bladder cancer were conducted for three cases. First, the bladder without
bladder cancer, urine was modeled as a homogeneous muscle tissue. Next, to investigate the effect of
fluid modeling, the absence of perfusion, the bladder containing urine was modeled, but the effect of

heat transfer,
hyperthermia,
magnetic nanoparticles

convection was neglected. Finally, the bladder containing urine was modeled,
incorporating the effect of convection. The distribution of the volumetric heat generation
rate due to induction heating, the volumetric power dissipation of the magnetic
nanoparticles, and the temperature are presented for three simulation cases and two
stages of bladder cancer. Pennes and Navier-Stokes equations were used to obtain the
temperature distribution in solid tissues and fluid, respectively. The equations were
solved using the finite element method in two dimensions. The results demonstrate that
in magnetic nanoparticle hyperthermia, convection within urine increases heat
generation, reduces temperature, and creates a non-uniform temperature distribution in
the tumor for both stages of bladder cancer. Additionally, the more uniform temperature
distribution in T1 compared to T2 suggests that this treatment is more effective for non-
muscle-invasive bladder cancer than for muscle-invasive bladder cancer.

1. INTRODUCTION for this condition [1,2]. Currently, hyperthermia is used in
the treatment of NMIBC in combination with
chemotherapy, utilizing drugs such as mitomycin C
(MMC). Hyperthermia enhances the absorption of this
drug within tumor cells [3-5]. Additionally, hyperthermia,
in combination with radiotherapy and systemic
chemotherapy, may serve as an alternative to radical
cystectomy in the treatment of MIBC [6-8].

In hyperthermia, longer treatment durations and higher
tumor temperatures lead to increased tumor destruction.
However, this can lead to a rise in temperature in the
surrounding tissues, damaging healthy tissue as well.
Therefore, challenges associated with hyperthermia
methods include heterogeneous temperature distribution,
excessive temperature elevation in the tumor, and

Bladder cancer is one of the most prevalent cancers,
particularly among men. More than 90 % of bladder
cancers originate in the mucosal layer, the innermost lining
of the bladder wall, and are classified as urothelial cell
carcinoma (UCC). Bladder cancer is classified into two
types based on the extent of its spread: non-muscle-
invasive bladder cancer (NMIBC), which is confined to the
inner lining of the bladder, and muscle-invasive bladder
cancer (MIBC), which invades the muscular layer of the
bladder wall and may extend to surrounding tissues.
These two types of bladder cancer require distinct
treatment approaches. Hyperthermia in bladder cancer
involves elevating the temperature of the tumor to
approximately 41-44 °C, serving as an adjuvant therapy
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unintended temperature increases in healthy tissues [9].
Consequently, the goal is to achieve the highest possible
temperature within the tumor while avoiding pain or
thermal toxicity, which typically occurs at temperatures
exceeding 45 °C [10,11].

One of the preclinical hyperthermia approaches for
bladder cancer involves heating the tumor using
ferromagnetic nanoparticles exposed to an external
alternating magnetic field (AMF). In this method, the
nanoparticles are delivered either directly or systemically,
aiming to achieve high concentrations within the tumor,
and are subsequently exposed to an externally applied
AMEF [1]. The primary advantage of this method lies in the
ability to accumulate nanoparticles as thermal mediators
within the tumor, creating a targeted temperature
difference between the tumor and the surrounding healthy
tissue. As a result, this method enables the generation of
concentrated heat within the tumor [9]. Oliveira et al. were
the first to investigate, in a preclinical study, the feasibility
of using magnetic fluid hyperthermia and the potential for
localizing heat within the rat bladder. In this study, iron
oxide nanoparticles were used in combination with an
AMF at a frequency of 40 kHz. They elevated the bladder
temperature to the target temperature of 42 °C in under 10
minutes. This study demonstrated that the magnetic
nanofluid hyperthermia method effectively generates
concentrated heat within the rat bladder while minimizing
heat in the surrounding tissues [12].

Yuan et al. were the first to investigate convective heat
transfer in the bladder through a clinical trial. They
introduced a novel treatment planning method and
demonstrated its potential to enhance treatment quality. In
this study, a combination of chemotherapy and
radiofrequency (RF)-induced hyperthermia was utilized
for the treatment of NMIBC [13]. Sadee and Kashdan
conducted the first quantitative analysis of chemo-
thermotherapy by developing a mathematical model. In
this study, the necessary heat was generated using an
intravesical ~microwave antenna  system. They
demonstrated that chemo-thermotherapy using this
method can result in local hot spots, potentially causing
burns in areas of the bladder and surrounding tissues.
Additionally, they found that the presence of residual urine
or a saline solution in the bladder leads to excessive but
ineffective heating of the bladder wall, preventing the
desired depth of heat penetration. This outcome is
qualitatively similar to heating the solution externally and
circulating it within the bladder cavity. Therefore,
continuous monitoring of the solution's salinity is essential
to prevent ineffective heating and the formation of local
hot spots [14]. To improve the accuracy of treatment
planning in NMIBC hyperthermia using RF, Schooneveldt
et al. compared the results of three models: the common
muscle-like solid bladder model, the static bladder
contents model (without fluid dynamics), and the dynamic
bladder contents model (with fluid dynamics), against the
measured temperature values during treatment. The
dynamic model achieved significantly higher and more
uniform bladder temperatures compared to the previously
used muscle-like model. The results of this study

demonstrated that the dynamic model's temperature
predictions exhibited less deviation from the measured
temperature values during treatment compared to the other
two models, offering a more accurate representation of
clinical conditions [2]. Additionally, Ooi et al. investigated
the impact of natural convection on gold nanorods-assisted
photothermal therapy for bladder cancer in mice. They
observed that natural convection currents in urine exert a
cooling effect. Therefore, natural convection within the
bladder at low heating levels may dissipate heat from the
targeted tissue, potentially compromising treatment
effectiveness. Conversely, at high heating levels, cooling
may help prevent excessive thermal damage to
surrounding tissues [15].

Realistic bladder modeling plays a critical role in
optimizing hyperthermia treatment for bladder cancer.
However, hyperthermia treatment planning systems do not
model fluid dynamics in the bladder lumen, modeling it as
a solid instead of a fluid [2]. Given the presence of urine
within the bladder during treatment, it is essential to
account for convection effects in all hyperthermia methods
to develop a more accurate bladder model. In this study,
we investigated the impact of urine and its convection on
magnetic nanoparticle (MNP) hyperthermia in two stages
of bladder cancer (T1 and T2). The stages of bladder
cancer are schematically illustrated in Figure 1. The
required heat is generated by untargeted Fe;Os MNPs
localized within the tumor, under the influence of an
external AMF produced by an induction coil positioned
around the patient. To examine the effects of urine and its
convection, three models were developed for both T1 and
T2 stages: first, a common solid, muscle-like bladder
model without urine; second, a bladder model with urine
but without convection; and finally, a bladder model with
urine incorporating convection. By comparing the results
of these three models, the influence of urine presence and
its convective flow on MNP hyperthermia performance
was evaluated.

Perivesical tissue

Muscle layers

Urethra

Fig. 1. A schematic diagram of the bladder and the stages of
bladder cancer: T1 (the tumor remains within the bladder's inner
lining), T2 (the tumor invades the muscle wall of the bladder),
T3 (the tumor spreads to the perivesical tissue), and T4 (the
tumor metastasizes to surrounding organs).
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2. METHODS
2.1. Geometrical Model and Assumptions

The problem investigated in this study is modeled as two-
dimensional (2D). The system is assumed to exhibit
rotational (cylindrical) symmetry about the z-axis,
implying that all variables are independent of the
azimuthal coordinate. The geometry, illustrated in Figure
2, includes an induction coil, the pelvis, the bladder, and a
spherical tumor embedded in the bladder wall.
Untargeted Fe;O4 MNPs are assumed to accumulate
within the tumor and be uniformly distributed throughout
its volume. When exposed to the AMF generated by the
coil, these nanoparticles act as localized heat sources. The
following key assumptions underlie the modeling
approach:
e Cylindrical symmetry about the z-axis.
e All materials, except MNPs, are isotropic, non-
magnetic, and electrically neutral.
e Nanoparticles are uniformly distributed within the
tumor.
o Steady-state conditions prevail.

Fig 2. The geometry considered in the hyperthermia process.

2.2. Induction Heating

Passing an alternating current (AC) through the coil
generates a time-varying magnetic field (in accordance
with Ampere's law), which in turn induces an electric field
around the coil (as described by Faraday's law). When
electrically conductive materials (such as the human body)
are placed within this field, eddy currents are induced in
these materials. Due to the electrical resistance of the
materials, Joule heating (RI?) occurs.

By solving Maxwell's equations and employing the
relationship between the vector potential and the magnetic
field (§ =V X/Y), along with the principles of Joule
heating, the heat generated in the tissue can be expressed
as:

|—iwoA,|?

P (1)

where w represents the angular frequency, o is the
electrical conductivity of the tissue, and A, denotes the
complex amplitude of the vector potential [16].

2.3. The Power Dissipation of MNPs

The volumetric power dissipation of MNPs is described as:
P = pomxoH3f — LT 2
= HoTtXo 0f1+ (2nfr)? (2)
where uy, = 4m X 1077 is the permeability of free
space, x, is the equilibrium susceptibility, H, and f are
the amplitude and the frequency of AMF, respectively, and
7 is the effective relaxation time given by:
TgTN
- Tp + Ty 3)
where 75 and Ty are the Brownian and the Néel
relaxation times, respectively, and 7z is given by the
following relationship:
3nVu
= %T “
where 7 is the viscosity of the medium, kg is the
Boltzmann constant, and T is the absolute temperature. Vy
represents the hydrodynamic volume of the MNPs, defined

3
asVy = x(D+26) , where, D is the diameter of the MNPs

and & is the thickness of the ligand layer. The Néel
relaxation time, Ty, is expressed as follows:

r
Ty = \/Z—Ero % 5)

where 1 is the average relaxation time in response to
thermal fluctuations, typically assumed to be 7, = 107 °s.

Tp

KeffV . . .
Here, I' = % where K.ff is the effective anisotropy
B

constant, and V), is the volume of the MNP. The
equilibrium susceptibility, x,, is described as:

2 (cotne ) ©)
0 l{; 2«
where y; = MkBT is the initial susceptibility,

UoMgHV

and & =

the volume fraction of MNPs, and M, is the domain
magnetization [17].

is the Langevin parameter. ¢ represents

2.4. Heat Transfer in Solid Tissues

The temperature distribution in the tissue and tumor
(modeled as solid tissues) is obtained using the Pennes
bioheat equation, given by the following relations,
respectively [18]:

aT
P1C1 E =V. (kVT) + PpCpWp (Ta - T) + Qmet (7)
aT
P2C2 E =V.(kVT) + ppcpwp(Ty = T) + Qe (8)
+P

where p;, p,, and p, represent the density of the tissue,
tumor, and blood, respectively. ¢;, ¢,, and ¢, are the
specific heat capacities of the tissue, tumor, and blood,
respectively. k is the thermal conductivity, T is the
temperature, T, is the arterial blood temperature, w, is the
blood perfusion rate, Q. is the metabolic heat
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generation, and P represents the power dissipation of
MNPs in the tumor.

To solve the Pennes bioheat equation, the boundary
conditions were defined such that the heat flux is zero at

. a
the upper and lower boundaries (i = ) , and the
temperature on the body surface is maintained at 37 °C.

2.5. Fluid Modeling

The fluid flow in the bladder lumen is modeled using the
Navier-Stokes  equations  with  the  Boussinesq
approximation, which in the steady state are given by
[19,20]:

pY.(39) = uV? — Vp + pgB(T — Tp)é, ©)

The left-hand side of this equation represents the
change in the motion of a fluid element with velocity ¥ and
constant density p. The right-hand side of the equation
describes the forces acting on the fluid element. The first
term on the right-hand side represents the frictional forces
between neighboring fluid elements, determined by the
fluid's viscosity u. The viscosity of urine was assumed to
be 0.000824 Pa s [21]. The second term represents the
pressure gradient, where p is the pressure. The third term
represents the volumetric force acting on the fluid element,
which derives convection, and includes gravitational
acceleration g, density p, and the thermal expansion
coefficient 8. We used Ty = 37 °C and f = 3.61 x 10~*
K1 [22].

a

At the steady state (a—: = 0), the heat equation for the

fluid is given by:

—kV2T + pc(¥.VT) = 0 (10)

where k, p, and ¢ are the thermal conductivity,
density, and specific heat capacity of urine, respectively.
Similar to Equation (9), T represents the temperature, and
¥ denotes the velocity of the fluid element. To solve the
equations, the boundary conditions were defined such that
the fluid velocity on the boundaries (the inner wall of the
bladder and the surface of the tumor) is zero, ¥ = 0.

2.6. Numerical Solution and Simulation Setup

The finite element method (FEM) was employed to solve
the equations. Figure 3 illustrates the mesh used for
performing the calculations. The calculations were
performed using a “free triangular” mesh. Due to the
greater importance and intensity of temperature and heat
variations in the bladder wall, bladder cavity, and tumor, a
finer mesh was employed in these regions. Additionally,
for the case involving convection, the “boundary layers”
mesh was applied to the tumor wall and the inner wall of
the bladder, both of which are in contact with urine and
exposed to convective heat transfer. A mesh independence
test was conducted for the studied quantities to ensure the
accuracy and reliability of the numerical results. The
results demonstrated that the solution for the studied
quantities is independent of the mesh resolution,
confirming that further refinement of the mesh does not
significantly affect the outcome.

bladder wall

bone tumor,

coil

skin

00000000000

muscle
fat

Fig. 3. Computational domain (left) and its mesh (right).

In this simulation, after injecting FesO4 MNPs into the
tumor and achieving a uniform distribution and steady-
state conditions, the target tissue is exposed to the AMF
generated by the induction coil. To investigate the effect
of urine on the simulation results of MNPs hyperthermia
in bladder cancer, the calculations were performed for the
following cases:

e Case 1: The bladder is assumed to be empty of urine,
solid, and muscle-like.

e Case 2: Since the bladder is not empty during
treatment, urine is considered to be present within the
bladder cavity. The thermal properties of urine are
incorporated into the simulation, while the blood
perfusion rate w;, and the metabolic heat generation
Qmet 1n the bladder cavity, are set to zero. In this case,
the effect of convection within the urine is neglected.

e Case 3: Inside the bladder cavity, urine is taken into
account, similar to Case 2. In addition to the conditions
of Case 2, the effect of convection within the urine is
also considered in this case.

In Case 3, urine convection is assumed to result from
temperature gradients induced by localized heating within
the bladder tumor. Forced convection effects—such as
those occurring during clinical bladder irrigation, where
saline is introduced into the bladder at operator-dependent
flow rates—are not considered in the model.

b /
bladder wall bladder wall

() (b)

Fig. 4. Two stages of bladder cancer investigated in this study:
(a) T1 and (b) T2.

Cases 1, 2, and 3 were conducted for two stages of
bladder cancer (T1 and T2), as illustrated in Figure 4. To
ensure computational efficiency and focus on key thermal
effects, T1 NMIBC and T2 MIBC were modeled as
spheres positioned at different depths relative to the
bladder wall. This geometric simplification facilitates the
isolation of urine and convection effects while aligning
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with established practices in early-stage thermal modeling.
Although anatomically simplified, the model serves as a

Table 1
Geometry dimensions [23-25].

practical foundation for preliminary analysis before more Property Value (cm)
detailed, anatomically accurate simulations. Bladder wall thickness 0.5
The volume used in the modeling for the bladder is 60 Tumor radius 0.5
mL, which falls within the normal range for post-void Fat
residual urine volume. In Table 1, the dimensions of the Bone 1
geometry are provided, and in Table 2, the thermal Muscle 3.7
properties of healthy tissues, the tumor, and urine are Subcutaneous fat 1
presented. Due to the lack of data on the thermal properties N d,Skm — (1)2
of bladder cancer, the properties of liver cancer were used uter racius of the col .
. . . Inner radius of the coil 1
as a substitute, since the thermal properties of non- - -
li d bladder 6 differ by 1 han 1.5 Distance between the coils and the central 30
g/arEgeir;n; iver and bladder tissues differ by less than 1. axis of the body
0 , .
Table 2
Parameter values for the simulations [26-32].
Parameters Blood Skin Bone Fat Bladder Muscle Tumor Urine
c(Jkg'K" 3770 3391 2274 2348 3581 3421 3581 4178
p (kg m?) 1060 1109 1178 911 1086 1090 1086 1024
k (Wm'K" 0.52 0.37 0.31 0.21 0.52 0.49 0.52 0.56
w (s - 0.05 0.00014 0.00125 0.0014 0.00165 0.00165 0
Qmet (W m?) ; 368.1 70 368.3 14414 684.2 72070 0
Table 3 3. RESULTS AND DISCUSSION
Physical properties of Fe3O4 [17,34]. In this section, we present the results obtained from the
Parameters Values simulations. Specifically, the distribution of the volumetric
heat generation rate due to induction heating, the
D (nm) 19 distribution of the volumetric power dissipation of the
5 (nm) 1 MNPs, and the temperature distribution are analyzed for
two stages of bladder cancer (T1 and T2) across three
() 0/071 cases: the muscle-like bladder, the bladder with urine
My (kA m) 446 without convection, and the bladder with urine including
T convection.
K Jm- . . . .
efs ( ) 0 3.1. Induction Heating in Healthy Tissue and
To (5) 10° Tumor

The physical properties of Fe;04 MNPs are presented
in Table 3. The frequency used in the simulation is 100
kHz, and the electric current is 88 A.

It should be noted that this electric current value was
determined in Case 1 by targeting the tumor within the
therapeutic temperature range for destruction (41 °C and
above) while ensuring the surrounding tissue remains
within the permissible temperature range (below 45 °C).
To ensure comparability of the simulation results, the
electric current value in the other two simulation cases was
also set to 88 A. Therefore, this electric current value may
not be optimal for Cases 2 and 3. This choice was made to
maintain identical AMF excitation across all cases,
allowing us to isolate the specific effects of urine presence
and convection on heat transfer, independent of variations
in the electric current.

As previously mentioned, the AMF generated by the coil
creates an electric field around it, which induces eddy
currents in the workpiece (here, the human body). Due to
the electrical resistance of the workpiece, Joule heating
occurs. In this section, the distribution of the volumetric
heat generation rate due to induction heating is presented
for two stages of bladder cancer (T1 and T2) across the
three cases mentioned above. Figure 5 illustrates the
distribution of the volumetric heat generation rate in both
healthy tissue and the tumor, while Figure 6 focuses on the
distribution of the volumetric heat generation rate within
the tumor itself.
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100
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Fig. 5. Distribution of the volumetric heat generation rate due to
induction heating in healthy tissue and tumor: (a) T1, muscle-
like bladder; (b) T1, bladder with urine without convection; (c)
T1, bladder with urine including convection; (d) T2, muscle-like
bladder; (e) T2, bladder with urine without convection; (f) T2,
bladder with urine including convection.

o

Q[w m-3]
40.359

0.35
0.3
0.25
0.2
0.15

. 0.1
0.05
o]

Yo

Fig. 6. Distribution of the volumetric heat generation rate due to
induction heating within the tumor, for both stages of bladder
cancer (T1 and T2), across all three cases.

As shown in Figure 5, the highest volumetric heat
generation rate occurs in the muscle for both stages of
bladder cancer and across all three cases considered. This
is attributed to the higher electrical conductivity of muscle
(0.362 S m™") compared to skin, fat, bone, and the bladder
wall. As observed, the skin effect results in a decrease in
volumetric heat generation rate from the tissue surface
toward the center of the body [35]. For this reason, in
Figures 5(a) and 5(d), where the bladder is modeled as
muscle tissue, the volumetric heat generation rate inside
the bladder remains low despite the high electrical
conductivity of muscle. In Figures 5(b), 5(c), 5(e), and
5(f), the volumetric heat generation rate in the bladder
increases due to the presence of urine. This increase is
attributed to the higher electrical conductivity of urine
(1.75 S m™) compared to that of muscle.

Figure 6 demonstrates that the volumetric heat
generation rate in the tumor is similar for both T1 and T2
across all three cases, with its value being very small. It is

also observed that the volumetric heat generation rate,
influenced by the skin effect, is higher at the tumor's
surface and decreases toward its center. It should be noted
that the volumetric heat generation rate gradient in the
tumor is independent of its shape and location, decreasing
linearly toward the center.

3.2. Distribution of the Volumetric Power
Dissipation of the MNPs

Since it is assumed that Fe;O4 MNPs are exclusively
localized within the tumor, the distribution of the
volumetric power dissipation of the MNPs (referred to as
the volumetric heat generation rate of the MNPs) is
observed only in the tumor. This localization helps
minimize damage to healthy tissue. Figure 7 shows the
distribution of the volumetric heat generation rate of the
MNPs for two stages of bladder cancer (T1 and T2) across
the three studied cases.

P[W m-3]

43.78x10%
x10%
3.75
3.7
3.65
36
(a) (b) (c)

3.55

35
. 345
34
3.35
(d) (e) (f)

v 3.35x10%

Fig. 7. Distribution of the volumetric heat generation rate of the
MNPs within the tumor: (a) T1, muscle-like bladder; (b) T1,
bladder with urine without convection; (c) T1, bladder with

urine including convection; (d) T2, muscle-like bladder; (e) T2,
bladder with urine without convection; (f) T2, bladder with

urine including convection.

As observed, the volumetric heat generation rate of the
MNPs is at its minimum at the center of the tumor and
increases toward the periphery, reaching its maximum
value at the tumor's surface. As shown in Figures 7(b) and
7(e), when urine is included in the model with perfusion
absent within the bladder lumen but convection neglected
(Case 2), the volumetric heat generation rate of the MNPs
in the tumor is reduced compared to Figures 7(a) and 7(d),
where the bladder is assumed to be devoid of urine and
modeled as muscle tissue (Case 1). When convection in
urine is considered (Case 3), as shown in Figures 7(c) and
7(f), the volumetric heat generation rate of the MNPs
increases compared to Cases 1 and 2. This increase is
observed in Case 3, particularly in the border regions of
the tumor that are in contact with urine. Therefore, it is
evident that convection within the bladder enhances the
heat generation of the MNPs in the tumor.

The difference in the distribution of the volumetric heat
generation rate of the MNPs across the three cases, for both
stages of bladder cancer, is due to the dependence of the
volumetric heat generation rate of the MNPs on changes in
temperature and magnetic field (see Subsection 2.3). Since
the magnetic field for a specific tumor is the same across
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the three cases, the results indicate that the temperature
distribution varies across the three modeled cases for a
specific tumor, as discussed in the next subsection. It
should be noted that the magnetic field distribution in T1
and T2 differs due to the variation in tumor location
relative to the induction coil.

By comparing Figures 6 and 7, it is evident that the
volumetric heat generation rate due to induction heating in
the tumor is significantly lower than the volumetric heat
generation rate of the MNPs. According to calculations,
the volumetric heat generation rate due to induction
heating in the tumor is 10% % of the volumetric heat
generation rate of the MNPs (Q=1.4354x10"' W m™ and
P=4.6529x10° W m). Therefore, the heat generation of
the MNPs can be considered the total heat generation.

3.3. Temperature Distribution in Healthy Tissue
and Tumor

As mentioned, to investigate heat transfer and determine
the temperature distribution, Pennes bioheat equation
(Equations (7) and (8)) is applied to solid tissues, while the
Navier-Stokes and heat equations (Equations (9) and (10))
are used for the fluid domain (in Case 3). Figure 8 shows
the temperature distribution in both healthy tissue and the
tumor, while Figure 9 shows the temperature distribution
specifically within the tumor.

As can be seen, the temperature is highest at the center
of the tumor and decreases as it moves away from the
center (due to heat transfer from the surrounding area). The
temperature in the areas far from the tumor is 37 °C. A
slight increase in temperature is observed around the tumor
in the bladder, but it does not harm the healthy tissue, as
the temperature remains below 45 °C [10,11]. This is the
desirable feature of MNPs hyperthermia, which localizes
the heat and prevents damage to the surrounding tissue. It
can be seen that the distribution pattern of the volumetric
heat generation rate of the MNPs, as shown in the previous
subsection, is inversely related to the temperature
distribution pattern in the tumor. In contrast to the
temperature distribution, the lowest heat generation occurs
at the center of the tumor, while the highest heat generation
occurs at the tumor's surface. This contrast corresponds to
the inverse square relationship between the volumetric
heat generation rate of the MNPs and temperature, as
derived from Equation (2).

Figures 8(a), 8(d), 9(a), and 9(d) show the case where
the bladder is void of urine and is entirely solid (muscle-
like). Therefore, all heat transfer calculations were
performed using the Pennes equation (Case 1). In this case,
perfusion in the muscle-like bladder causes cooling.
Figures 8(b), 8(e), 9(b), and 9(e) illustrate the case where
urine is present inside the bladder but convection is
neglected, with calculations performed using the Pennes
equation (Case 2). In this case, it can be observed that the
temperature field in the tumor and its surrounding tissue
has increased compared to Case 1. This increase in
temperature field is due to the absence of perfusion within
the bladder lumen. Therefore, considering the presence of
urine without convection within the bladder and the
absence of perfusion, the temperature distribution changes,
showing an increase in the temperature field. Figures 8(c),

8(f), 9(c), and 9(f) show the case where the effect of
convection in the bladder containing urine is taken into
account. Therefore, the Navier-Stokes and heat equations
for fluid were used in the calculations (Case 3). In this
case, it can be observed that the temperature distribution
has changed compared to the previous cases, resulting in a
decrease in the temperature field relative to Cases 1 and 2.
The decrease in the temperature field is due to the presence
of convection within the urine and its cooling effect on the
tumor and its surrounding tissues. Accordingly, the
decrease in temperature caused by convection within the
urine dominates the increase in temperature resulting from
the absence of perfusion within the bladder lumen. Thus,
when urine convection was included, the simulations
showed a reduced tumor temperature but an increased
volumetric heat generation rate of the MNPs (see
Subsection 3.2). This paradox arises because cooling by
convection increases the magnetic susceptibility and
relaxation times, which enhances heating efficiency (see
Equation (2)), while the stronger advective heat removal
dominates, leading to a lower overall tumor temperature.
Since convection increases heat removal from the tumor,
greater MNP heat generation is required to maintain
therapeutic temperatures.

In Figures 9(c) and 9(f), it can be observed that the
temperature of the part of the tumor directly adjacent to the
urine has decreased due to the presence of convection,
compared to the temperature of the same areas in Cases 1
and 2. By examining Figure 8, the maximum temperature
values at the center of the tumor can be compared across
the three studied cases for each stage of bladder cancer.
The temperature at the center of the tumor in T1 for Cases
1,2, and 3 is 44.6, 45.6, and 43 °C, respectively, and in T2
for Cases 1, 2, and 3, it is 44.9, 45.7, and 44 °C,
respectively. Therefore, the maximum temperature value
in both T1 and T2 is highest in Case 2 and lowest in Case
3. This result is consistent with the results and arguments
of the previous paragraph.

T°c] g TI°c]

Fig. 8. Temperature distribution in healthy tissue and the tumor:

(a) T1, muscle-like bladder; (b) T1, bladder with urine without

convection; (¢) T1, bladder with urine including convection; (d)
T2, muscle-like bladder; (e) T2, bladder with urine without
convection; (f) T2, bladder with urine including convection.
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Fig. 9. Temperature distribution within the tumor: (a) T1,
muscle-like bladder; (b) T1, bladder with urine without
convection; (¢) T1, bladder with urine including convection; (d)
T2, muscle-like bladder; (e) T2, bladder with urine without
convection; (f) T2, bladder with urine including convection.

To examine and compare the results more closely,
Figure 10 presents the line graph of the temperature
distribution on the tumor surface for T1 and T2 across the
three simulated cases.
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Line graphs indicate that, as you move along the tumor
surface from point 1 to point 2, the temperature
distribution curve in Case 1 is lower than in Case 2 for both
T1 and T2. In Case 2, the temperature distribution curve
shifts upward due to the absence of perfusion within the
bladder lumen. Additionally, the temperature distribution
becomes more uniform, particularly in areas adjacent to
the urine. This uniformity in temperature distribution on
the tumor surface is particularly noticeable in T1, as a
larger portion of the tumor surface is adjacent to the urine.
In Case 3, the temperature distribution curve shifts
downward relative to Cases | and 2, owing to the
convection within the urine and its associated cooling
effect, which is evident in both T1 and T2. Thus, the
temperature reduction induced by convection is greater
than the temperature rise caused by the absence of
perfusion.

In Case 3, the curve rises with a relatively steep slope
as it moves along the tumor surface from point 1 to point
2 toward the bladder wall, a trend observed in both T1 and
T2. As it approaches the bladder wall, the effect of
convection diminishes and is eliminated in areas where the
tumor is no longer in contact with the urine, resulting in an
increase in temperature. Consequently, the temperature
distribution in Case 3 exhibits greater non-uniformity.
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Fig. 10. Line graph of temperature distribution on the tumor surface (arc length): (a) T1, three cases and (b) T2, three cases.

In Figures 8, 9, and 10, it is evident that in each case,
the temperature field in T1 is lower than in T2, and its
distribution is more uniform. This result occurs because a
larger portion of T1 is in the vicinity of urine and exposed
to convection, whereas T2 extends into the bladder wall,
with a smaller part near the urine.

The urine flow within the bladder is characterized as
laminar. Figure 11 illustrates the streamlines of urine flow.
Streamlines are curves tangent to the velocity vectors at
every point in the fluid, representing the instantaneous
direction of flow. As observed, the density of the
streamlines is higher near the tumor (heat source) and
decreases with increasing distance from these regions. The
direction of the streamlines, indicated by the red arrows,
demonstrates that the area of urine adjacent to the tumor
flows upward in the bladder due to the rise in temperature

and subsequent decrease in density. As a result, urine with
a lower temperature and higher density moves downward.
These displacements create a large convection cell in the
upper region of the bladder, adjacent to the tumor, which
extends into the bladder walls. A smaller counter-rotating
cell also forms at the base of the bladder due to the change
in geometry and flow separation.

These convective flows persist throughout the
treatment and continue as long as the tumor's temperature
remains higher than that of the surrounding tissue. As
observed, the presence of convection in the urine leads to
a decrease in the temperature of both the tumor and the
surrounding tissue.
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(a) (b)
Fig. 11. Urine streamlines (velocity field) within the
bladder, with marked tumor location: (a) T1 and (b) T2.

3.4. Limitations and Future Work

This study has several limitations that should be
acknowledged. The tumor was modeled as spherical with
a uniform nanoparticle distribution, and the computational
system was represented using a 2D axisymmetric
geometry. These simplifications reduced computational
cost and allowed clearer interpretation of the effects of
urine presence and convection, but future work will extend
the model to irregular tumor geometries, heterogeneous
nanoparticle distributions, and full 3D domains to capture
more anatomical detail and improve clinical relevance.
While the focus was on the physical aspects of MNP
heating, thermal dose metrics such as CEM43 and
Arrhenius-based damage integrals, which are essential for
quantifying biological effects, were not included and will
be incorporated in future work to extend the modeling
toward treatment outcome evaluation. Finally, the study
was purely numerical due to the challenges of
experimentally controlling urine convection. Nevertheless,
the Pennes and Navier-Stokes framework used here is well
established, and our results are consistent in both
temperature ranges and trends with previously reported
hyperthermia studies [2,12,15].

4. CONCLUSION

In this article, the effect of urine and its convection within
the bladder on MNPs hyperthermia in bladder cancer was
investigated. For this purpose, a numerical study was
conducted on the MNPs hyperthermia process using Fe;O4
nanoparticles in two stages of bladder cancer (T1 and T2)
in three cases. While this study focused on a spherical
tumor at a specific location, the methodology and findings
may provide insights applicable to non-spherical tumor
shapes and other tumor locations, subject to further
validation. The results indicated:

o The presence of urine does not affect the heat generated
by induction heating in the tumor, but increases it
within the bladder cavity (inside the urine).

e The heat generated by the MNPs, which is localized
within the tumor in this hyperthermia method, is at its
minimum at the center of the tumor and increases
toward the periphery, reaching its maximum value at
the tumor's surface. The convection within the urine
enhances the heat generation of the MNPs in the tumor.

e The temperature is highest at the center of the tumor
and decreases as it moves away from the center.

e The absence of perfusion within the bladder lumen
increases the temperature and improves its uniformity
within the tumor.

e The convection within urine causes a decrease in
temperature in the tumor and surrounding healthy
tissue. Additionally, the presence of convection results
in a more non-uniform temperature distribution within
the tumor.

e The effect of decreasing the temperature due to
convection within urine is more dominant than the
effect of increasing the temperature due to the absence
of perfusion within the bladder lumen.

e The temperature distribution in T1 is more uniform
than in T2, so it seems that MNPs hyperthermia is more
effective in treating NMIBC than MIBC.

As expected and confirmed by the results, in the MNPs
hyperthermia, the localized heat generation maintains the
temperature in the surrounding healthy tissue within a safe
range. Therefore, the cooling effect of urine is unnecessary
for the surrounding tissue. As a result, it can be concluded
that the cooling effect of urine in this hyperthermia method
lowers the temperature of the tumor, thereby diminishing
the treatment's effectiveness. To offset the temperature-
reducing influence of urine on the tumor's temperature, the
input electric current in the coil can be increased. This
would raise the tumor's temperature and maintain the
treatment's efficacy. Therefore, given the significant
influence of urine and its convective properties on
temperature distribution, it is essential to account for the
presence of urine and its convection within the bladder
when conducting simulations related to MNPs
hyperthermia for bladder cancer. This consideration will
enable more accurate predictions of experimental
outcomes and improve the reliability of the treatment
planning process.
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