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The research aims to investigate the influence of tumor volume and
quantity on its thermal behavior during hyperthermia, using

Keywords Computational Fluid Dynamics (CFD) simulation. Simplified spherical
Hyperthermia therapy, tumor breasts and tumors models were utilized to isolate the effects of tumor
geometry, heat propagation, size and configuration. It encompassed of both single and triple tumors

computational fluid dynamic (CFD) with diameters of 2 cm and 4 cm. The CFD simulation employed ANSYS
Fluent and incorporated governing equations including continuity,
Navier-Stokes, energy and Pennes bioheat equation to model fluid and
heat transfer through biological tissue. The findings show that tumor
size significantly affects thermal behavior during hyperthermia.
Smaller tumors (2 cm) reach peak temperature of 48-58 °C with an
average heating rates of 3.45 to 5.39 °C/cm and the steepest gradients
is up to 16.15 °C/cm. This exhibit a more consistent and higher
temperature across the tumor volume due to rapid heating and lower
thermal mass. In contrast, larger tumor (4 cm) achieve a slightly higher
peak temperature of 49-59°C but with a slower average heating rates
of 2.14 to 2.42 °C/cm. These large tumors developed a much wider and
persistent high temperatures regions but with a slower temperature
decay toward surrounding healthy breast tissues which indicates
greater heat retention and thermal inertia. In the configuration of triple
2 cm tumors, the thermal zones overlapped at higher surface
temperatures whereas the triple 4 c¢cm tumors produce largely
separated thermal regions. These demonstrate that the large tumors
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volume lead to a reduction in heat overlap and an uneven thermal
fields. Overall, the results demonstrated that both tumor size and
configuration significantly influence heat distribution. The CFD
modelling proved to be a dependable, non-invasive technique to
improve hyperthermia treatment planning for even heating and precise
tumor targeting.

1. Introduction

Hyperthermia therapy has emerged as an effective adjunctive approach in cancer treatment as it targets tumors
while sparing surrounding normal tissues [1], [2]. This therapeutic modality functions by raising the temperature
within cancerous tissues to a range of 40 °C to 45 °C, thereby inducing cellular damage and enhancing the efficacy
of conventional cancer treatment such as radiotherapy and chemotherapy [3]-[5]. Tumor characteristics
specifically the tumor quantity and volume can influence thermal distribution during localized hyperthermia
heating as its impact on the thermal gradients, heat retention as well as the uniformity of heat distribution [12].
Understanding these associations is crucial to optimize hyperthermia treatment protocol which tailored to
specific tumor presentations.

Breast cancer has remained as one of the most prevalent malignancies worldwide [6]. The breast tissues are
structurally complex as they’re comprised of layered regions of skin, adipose tissue, glandular lobules and stromal
components which include connective fibers, fibroblast, extracellular matrix and vascular structure [7]. These
elements provide mechanical supports that modulate tissue perfusion which influence heat propagation during
localized hyperthermia intervention. Breast tumors can develop at varying depth within these tissue layers from
a small, confined tumor under 2 cm in size to an intermediate tumor that can range between 2 to 5 cm and large
tumor lesion may even progress up to 5 cm in size [8]. These substantially alter the thermal conduction pathways
and the sensitivity toward cancer treatments.

Breast tumors are characterized by abnormal vasculature, increased interstitial fluid pressures and regions
of hypoxia due to rapid growth and metabolism [9]. These unique microenvironments reduce oxygen diffusion
and develop surroundings that are inherently resistant to certain radiotherapy and chemotherapy treatments.
These hypoxic regions in tumors are usually accompanied by an acidic extracellular pH resulted from glycolytic
metabolism as well as poor perfusion. The therapeutic window of 40 to 45°C in hyperthermia therapy is needed
as temperature below 40 °C fails to induce cytotoxicity in this resistant microenvironment whereas an exceeding
temperature of 45 °C may risk damaging surrounding healthy vasculature and tissue structure. Hyperthermia
selectively sensitizes hypoxic and acidic tumor cells when apply within this optimized range by inhibiting DNA
repair mechanism, denaturing certain protein and disrupting membrane integrity [10]. Hyperthermia has also
shown to induce vasodilation which led to an improvement in oxygen availability, thereby rendering tumors cells
more susceptible and augmenting the cytotoxic effect to other therapies [3], [5]. These physiological effects are
advantageous in breast cancer lesion treatment as hypoperfusion, and thermal heterogeneity impede the usual
conventional therapies.

One of the major challenges in the application of hyperthermia for breast tumor is in achieving controlled and
uniform heating across the tumor of different size and configurations. The breast tissue glandular to fat
composition may vary between individuals as well as the different quadrant of the same breast which may affect
the thermal conductivity and the heat retention [11]. Besides, the presence of blood vessels that either traverse
or lie adjacent to the breast tumor mass might act as a critical heat sink in that way, altering the thermal gradient
[12]. Blood perfusion serves as the main mechanism in heat dissipation in living tissues [13]. This creates a
dynamic balance between energy deposition from hyperthermia and the convective cooling from the circulating
blood. The perfusion mediated heat transfer is mathematically described by the Pennes-Bioheat equation which
models the tissue temperature distribution by integrating the metabolic heat generation [14]. The variations in
perfusion rate may alter the depth of heat penetration achieved during hyperthermia therapy particularly in
breast tissue where adipose and glandular regions show different vascular densities [14], [15]. The structural and
physiological complexities pinpoint the significance of precise characterization of thermal behavior within breast
tissue to guarantee a safe and effective hyperthermia delivery.

Recent advancements in computational approaches have significantly enhanced the effectiveness and
accuracy of hyperthermia therapy. Computational fluid dynamics (CFD) simulations are increasingly employed to
model heat distributions within biological tissues, offering predictive assessment of temperature profiles in
tumors throughout of hyperthermia treatments [14]-[16]. These simulations can act as a guide for treatment
planning by optimizing factors such as the power delivered, the configuration used, and the duration of the
treatment, thereby improving patient outcomes [16].

Previous studies demonstrate that numerical simulations are vital for understanding the thermodynamic
behavior of tumor tissues, which can be crucial for tailoring hyperthermia strategies that will yield the most heat
in cancers while leaving surrounding normal tissues minimally affected [17], [18]. The use of novel materials such
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as magnetic nanoparticles has enabled localized hyperthermia that results in more focused heating and better
therapeutic consequences [19], [20]. Building off the basic principles above, the researcher may improve
techniques for applying hyperthermia to reduce side effects for normal cells, making a stronger case for
hyperthermia a key in multi domain treatment for cancer [21], [22]. The potential of hyperthermia is also
enhanced by its use with immunotherapy, which allows for enhanced use of the body's own immune processes to
treat cancer [5], [21].

The integration of hyperthermia, computational modeling, and new materials potentially provides a
promising opportunity for cancer treatment [14]. Continued research aimed at elucidating the mechanisms
underlying hyperthermia and their relationships with other treatment modalities, is likely to alter future
treatment strategies in oncology, thus enhancing outcomes for cancer patients. Building in this foundation, this
study focuses on the geometry of tumors, their sizes and number as well as how it affects the heat propagation
during the hyperthermia procedure. By simulating varying tumors diameter, this research aims to improve the
understanding of thermal behavior of tumor tissues under a controlled heating setting. Notably, the findings of
this study convey direct relevance to clinical practice and thermal device designing, since accurate prediction of
temperature distribution is vital for defining the safe input power, adjustment heat applicator placement and
confirming total thermal coverage of the tumor areas. The present study therefore provides computational
understanding as well as the refinement of patient-specific hyperthermia therapy planning and the development
of more effective hyperthermia delivery systems.

2. Methodology

2.1 Simplified Geometry of Tumors

3D geometries models were generated in ANSYS software for this simulation study using Design Modeler. Two
types of geometry represent different breast tumor representations were created. A simplified spherical of 14 cm
in diameter breast model with 3 mm blood vessel was developed to better yield a stable simulation and focus
more on the influence of heat on tumor sizes. Next, single and triple tumors models with diameters of 2 cm and 4
cm were chosen based on the clinically reported size ranges commonly utilized in breast cancer classification
systems, as shown in Figs. 1 and 2. According to Cancer Research UK staging criteria, breast tumors are classified
as T1 lesions with the measurement of <2 cm while tumors measuring to > 2 cm and < 5 cm fall under the T2
category [8], [23]. The sizes group used in this study represent average presentation in the early to mid-stage of
breast cancer. The selection of 2 cm and 4 cm tumor diameters allowed sufficient acquiring of thermal behavior
that is therapeutically relevant and clinically prevalent to this study. These two sizes enable good comparison of
heat propagation between small and moderately large tumors. Besides, the configurations of single and triple
tumors were designed to simulate the solitary and clustering effect that arises in some cancer cases. These
geometries aid to determine the influence of tumor size and number of tumors on heat distribution during
hyperthermia.

(a) (b)
Fig. 1 The geometry of a single tumor with diameter (a) 2 cm; (b) 4 cm
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(@) (b)
Fig. 2 The geometry of triple tumors with diameter (a) 2 cm; (b) 4 cm

2.2 Discretization Technique

Tetrahedral element meshing of the tumor geometries was utilized to best reflect the natural feature of the
geometry for biological tissues [14], [24], [25]. An element size of 0.0002 mm was used to develop high-resolution
mesh around the feature of interest the tumor structure and in the tissue region as this region is expected to
exhibit steep temperature gradients and noteworthy heat transfer interaction during hyperthermia treatment
(Table 1). A clear visual of tetrahedral mesh generated is shown in Fig. 3. The Grid independence test (GIT) was
performed to check the mesh resolution [26]. Percentage error (Eq. 1) was calculated to determine the mesh
quality and refinement. A finer mesh generally provides a better representation of the temperature gradients or
heat propagation and is especially critical around the tumor boundary region.

This provides the assurance that the simulation will truly demonstrate the physical model and not merely a
numerical coincidental. By confirming the mesh independence, the simulation outputs could be relied upon to
assess performance of hyperthermia treatment approaches.

TZ cm T4-cm

Percentage error = X 100 (9]

4cm

where Tzcm is temperature value for 2cm tumor whereas T4cm is temperature for 4cm tumor.

Table 1 Meshing of breast models

Geometry One tumor Three tumors

2 cm 4 cm 2 cm 4 cm
Number of Nodes 303464 139772 351719 341435

¥

Fig. 3 Tetrahedral meshing

2.3 Governing Equations

To model computational heat transfer and fluid flow processes in biological tissues, focusing on tissues with
tumors, several mathematical equations are employed to capture the complexity of fluid flow and heat transfer.
The equations are used to maintain mass conservation, track the motion of the fluid, and determine heat transfer
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[14]. The continuity equation (Eq. 2) maintains mass conservation on a variety of levels. The amount of fluid
entering a volumetric region equals the amount of fluid leaving a volumetric region, hence no mass is created or
destroyed. Thus, blood that flows into the tissue must also flow out of the system or must remain unchanged in
the system.

V=0 (2)

where v is the fluid velocity, and the velocity components in each direction sum to zero, thus no fluid is lost or
created.

The Navier-Stokes equation (Eq. 3) describes fluid motion. It looks upon the forces acting on fluids, pressure
on the fluid, viscosity, and body forces. This equation allowed the simulation of fluid movement and applied to
investigate the influence of internal forces and external conditions to fluid motion.

por ="Vt VT tof (3)
t

Where p is the fluid density, V is the velocity, p is the pressure, T represents viscous forces, and frepresents any
external forces. This equation is used to simulate blood flow through the tissues, considering the forces that
promote or create resistance to blood flow. The Energy equation (Eq. 4) governs the distribution of heat in the
system by considering the conduction fluid movement, and heat produced by biological processes within the body.

D (ﬁ +V. (hv)) = dp + V.(kVT) + @ 4
Jat dt

where h is the specific enthalpy, T is the temperature, k is the thermal conductivity (how easily heat spreads) and
¢ represents any additional heat generation due to fluid movement or other factors.

The specific enthalpy, h, is related to temperature through h=C,T, assuming constant specific heat capacity.
This relationship allows the energy equation to be reformulated in terms of temperature which ensures
consistency with Pennes-Bioheat equation (Eq. 5) that describes the heat transfer in biological tissues using
temperatures as the main variable and includes the blood flow as well as metabolic heat production from the cells.
In the tissues, blood serves as a carrier of heat, and its flow rate influences the distribution of the heat. Heat
generated within the cells from metabolic processes is also considered. This equation is expected to model or
simulate heat transfer processes occurring in tissues.

oT,
pCe ((’)_tt> = V. (kVTy) + ppCrwp(Ty — Tj) + Qrer (5)

where T, is the tissue temperature, p;, C; and k; are the tissue’s density, specific heat, and thermal conductivity,
ppCp and wy are the blood’s density, specific heat, and perfusion rate (blood flow) T, is the arterial blood
temperature and Q... is metabolic heat generation. These equations collectively capture the conduction,
metabolic heat generation and the perfusion induced convection in the breast tissue.

2.4 Parameter Assumptions

Several thermal and physical characteristics were assumed based upon previous literature values for the
measurement of specific biological properties during simulation studies [14], [27]. In this study, the tissue density
was assumed to be 1200 (kg/m3) which falls within typical density range for biological soft tissue in
computational thermal simulations. The blood density was taken as 1060 (kg/m?). The specific heat capacities
were taken as 1050 (J/kg-K) for tissue, 3950 (] /kg:K) for blood, and the tumor tissue was assigned a specific heat
capacity of 3660 J/kg-K. The thermal conductivity values were taken as 3500 (] /kg-K) for tissue, 0.37 (W/m-K) for
blood, and 0.52 (W/m-K) for tumor tissue as shown in Table 2. Each of these values are appropriate in defining
how heat may be conducted, stored, and dissipated through biological media.
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Table 2 Parameter assumptions of hyperthermia therapy [14]

Parameter Value

Tissue density, p 1200 (kg/m?3)
Blood density, pb 1060 (kg/m?3)
Specific heat of tissue, C 1050 (kg/m?3)
Specific heat of blood Cb 3950 (J/kg. K)
Specific heat of tumor, Ct 3660 (J/kg. K)
Thermal conductivity of tissue k 3500 (J/kg. K)
Thermal conductivity of blood kb 0.37 (W/m.K)
Thermal conductivity of tumor, kt 0.52 (W /m.K)

3. Results and Discussion

3.1 Grid Independence Test

A grid independence test was performed to confirm that the simulations were not affected by the mesh density.
This step is important in computational fluid dynamics as it shows the solution is stable and independent of the
grid size. Several mesh densities were made of both tumors, and a comparison of the resulting temperatures was
made to gauge the model's sensitivity to mesh density.

As presented in Fig. 4, the chart demonstrated that there was very little variation in temperature results with
each level of mesh density. The values plotted generally indicated a trend that began to stabilize, even further
reducing the mesh size. In Table 3, the comparison between temperature at 2 cm and 4 cm showed a minor
discrepancy with the highest percentage error at 2.56%. The average error across all measurements was
approximately 0.76%, thus demonstrating strong consistency of temperature profiles between 2 cm and 4 cm.
Percentage errors less than 5% imply that the simulation setup used is reliable with only negligible deviations and
further mesh refinement would not significantly alter the numerical solution. This behavior demonstrates grid
independence was achieved and the density of mesh selected was adequately dense enough to capture thermal
behavior in biological tissues during hyperthermia as well as maintaining reasonable computational time and cost.
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Fig. 4 Graph of GIT
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Table 3 Percentage error in grid independence test

Temperature, 4 cm (°C)  Temperature, 2 cm (°C)  Absolute difference  Percentage error (%)

36.9936 36.9936 0 0

37.0036 36.9986 0.0050 0.0135
37.0634 37.0036 0.0598 0.1617
37.6268 37.1980 0.4288 1.1528
39.0976 39.5613 0.4637 1.1720
39.6759 39.8704 0.1944 0.4877
38.6937 39.7108 1.0171 2.5613
39.2372 38.7336 0.5036 1.3003
36.9986 36.9986 0 0

3.2 Heat Propagation of Single Tumor

Figs. 5 to 7 illustrates the temperature within the breast models subjected to different surface heating conditions
of 40, 45 and 50 °C, respectively. At 40 °C, the temperature elevation was primarily confined to the tumor region
which indicates efficient localized heating. The 2 cm tumor demonstrated a well-defined thermal region with
maximum temperatures ranging between 46 °C to 48 °C. In contrast, the 4 cm tumor shows a much broader heat
distribution with a slightly higher central temperature of approximately between 48 °C to 49 °C. This pattern
implies that a larger tumor retained more heat during hyperthermia due to its lower surface-area-to-volume ratio.

With the increased heating temperature to 45 °C, both tumor models demonstrated an expanded high
temperature area. The 4 cm tumor showed a more gradual temperature gradient, indicating a higher degree of
internal heat accumulation. At 50 °C initial hyperthermia temperature, the temperature distribution across the 2
cm tumor became nearly uniform and reaches as high as 55 °C. In addition, the 4 cm tumor exhibited a more
definite thermal gradient with the central region exceeding 57 °C and maintaining around 45 °C to 48 °C at the
periphery. These findings confirm that the tumor size has significant influence on the internal heat propagation
and thermal retention of tumor tissue during hyperthermia therapy.

Temperature

Contour 4 Temperature
48.030 Contour 4

49.254

48.028
46.803
45.577
44.352
43.126
41.900
40.675
39.449
38.224

36.998
&}

46.920
45.820
44.720
43.610
42.510
41.410
-40.300
39.200
38.100
36.990
€]

(b)

Fig. 5 Heat propagation 40 °C single tumor (a) 2 cm tumor; (b) 4 cm tumor
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Temperature
Contour 3 Temperature
Contour 3

54.248
52.523
50.798
49.074
47.349
45.624
43.899
42174
40.450
38.725

37.000
[c

53.030
51.420
49.820
48.220
46.610
45.010
43.410
41.800
40.200
38.600

36.990
€]

() (b)

Fig. 6 Heat propagation 45 °C single tumor (a) 2 cm tumor; (b) 4 cm tumor

Temperature Temperature
Contour 4 Contour 3
57.740 59.240

55.660 57.020

53.590 54.800

51.520 52570
49.440

50.350
47.370
48.120
45.290
45.900
43.220
43.670
41.150

39.070

41.450

37.000 39.220

€] 37.000

() (b)

Fig. 7 Heat propagation 50 °C single tumor (a) 2 cm tumor; (b) 4 cm tumor

In addition, Figs. 8 and 9 presented the temperature profiles that were extracted along the central axis passing
through the tumor for further observation of heat distribution. In both cases of 2 and 4 cm tumors, the
temperature peaked within the tumor core and decreased gradually as it reaches normal breast tissue region. The
2 cm tumor in Fig. 8 exhibited a sharp temperature gradient at the tumor boundary which suggests that a confined
heating zone as well as a rapid dissipation into adjacent breast tissue. On the contrary, the 4 cm tumor in Fig. 9
displayed a much broader plateau region at the elevated temperature, indicating slower cooling, lower heat
dissipation and enhanced heat retention within the tumor core. The differences in core temperature between 2
and 4 cm is due to the thermal resistance within the tumor volume. As the distance between the hyperthermia
heat source and the tumor core increases, the internal thermal resistance also increases while the rate of heat
conduction reaching the center of tumor will then be reduced, thus resulting in less thermal energy accumulation
at the core region.

The difference in the heat distribution behavior between the two tumor sizes can be attributed to the
variations in geometric and physiological characteristics of the tumors themselves. Larger tumors have a much
lower surface area to volume ratio and commonly exhibit a poorer vascular perfusion which results in a decrease
in convective heat loss as well as a longer thermal relaxation time. Contrary to that, smaller tumors experience
faster heat transfer to surrounding breast tissue but express a limitation in the duration of effective therapeutic
heating. These results align with previously reported study by Mahmoud et al. [28] on hyperthermia heat transfer
in biological tissue where the findings showed that a lower perfusion and a higher density in malignant tissue
regions promote greater heat accumulation.

These findings demonstrate that tumor tissue absorbs and retain heat more effectively than healthy normal
breast tissue. The degree of heat retention is influenced by the tumor size and structure. This characteristic proves
that larger tumor sizes retain heat more effectively compared to smaller tumors but require longer heating
duration or higher power to achieve uniform thermal coverage. The utilization in the inherent physical differences
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of heat absorption between the breast tumor and healthy tissue enables a more effective and targeted
hyperthermia therapy procedure.
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Fig. 8 Temperature distribution along central axis through 2 cm single tumor
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Fig. 9 Temperature distribution along central axis through 4 cm single tumor

3.3 Heat Propagation of Triple Tumor

Figs. 10 to 12 displays the thermal behavior of the triple tumor configurations which are affected by the extend of
heating as well as the degree of thermal interaction between adjacent tumors during hyperthermia session. The 2
cm triple tumors exhibited a rapid elevation of temperature and early formation of thermal regions. At 40 °C, each
tumor reached a localized high temperature region ranging from approximately 43 °C to 47 °C as the heat
penetrated quickly through the small tumor mass and progressed laterally toward neighboring tumor tissues. The
thermal contours overlap which indicates the onset of thermal coupling within the tumor cluster. This effect
became more pronounced at 45 °C where the heating generated a continuous band of increased temperature fully
connecting all three tumors. The central region reached a temperature that exceeded 52 °C thus forming a fused
area of therapy rather than separate temperature peaks. Besides, the high temperature core intensified further at
50 °C reaching up to 56 to 58 °C which occupies a large central tumor area. These results demonstrate that small
and closely spaced tumors tend to behave collectively under hyperthermia therapy. The heat conduction produces
merged thermal fields that encompassed the entire tumor cluster.

On the contrary, the 4 cm triple tumors exhibited a distinctly thermal behavior due to larger volume and
advanced thermal mass. At 40 °C, each tumor developed a wider but visibly separated heat distribution with the
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central tumor temperature reaching around 46 to 48 °C. The heated tumor regions did not merge as each tumor
asserted a recognizable thermal boundary. At 45 °C hyperthermia heating, the heated area around each tumor
becomes broader and the thermal fields remain mainly independent with the cores reached up to 52 to 54 °C.
Moreover, the cores of the triple 4 cm tumors reach the highest temperature at 58 to 60°C when heated at 50 °C,
demonstrating a strong internal heating. Nevertheless, the degree of heat merging remained limited in comparison
to 2 cm tumors cluster even with such an elevated temperature. Consequently, the thermal inertia which is the
resistance to temperature change is greater with larger tumor size. The findings highlighted slow heat spread and
heat dissipation that restricts overlapping of heat conduction thereby, limiting uniformity and efficiency of
thermal distribution.

Temperature Temperature
Contour 2 Contour 2
49.66
48.39
47.13
45.86
44.60
43.33
42.06
40.80
39.53
38.27

37.00
[c1

48.80
47.62
46.44
45.26
44.08
42.90
41.72
40.54
39.36
38.18

37.00
[c1

(b)

Fig. 10 Heat propagation 40 °C triple tumors (a) 2 cm tumor; (b) 4 cm tumor

Temperature Temperature

Contour 2
54.66
52.89
5113
49.36
47.59
45.83
44.08
42.30
40.53
38.76
37.00

53.80
5212
50.44
48.76
47.08
45.40
43.72
42.04
40.36
38.68

37.00
[C]

(b)

Fig. 11 Heat propagation 45 °C triple tumors (a) 2 cm tumor; (b) 4 cm tumor

Temperature Temperature

Contour 2 Contour 1
60.47
58.12
55.78
5343
51.08
48.74
46.39
44.04
41.69
39.35

37.00
[c

58.80
56.62
5444
52.26
50.08
47.90
45.72
4354
4136
39.18

37.00
[c1

(@) (b)

Fig. 12 Heat propagation 50 °C triple tumors (a) 2 cm tumor; (b) 4 cm tumor
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In Fig. 13, the temperature profile across the triple tumors forms a single broad peak which confirms the
merging of thermal zone. At 40 °C hyperthermia heating, the temperature increases from the baseline to a peak of
about 47 to 48 °C with a slight dip of only 1.2 °C between tumors, indicating initial stage of the thermal merging
with approximately 85% thermal zone overlapping. Besides, the merged area becomes flatter and wider during
the 45 °C heating with inter-tumor temperature variation reducing to less than 0.5 °C, which suggests that all three
tumors reach uniform heating level corresponding to more than 95% thermal filed merging. At 50 °C heating, the
peak temperature exceeds 57 °C with higher temperature plateau maintained across a continuous region spanning
3.2 cm demonstrating deep heat penetration. These demonstrate a deep heat penetration resulting in a larger
uniform heat region across the tumor cluster. Hence, a smaller tumor cluster acts thermally as a single entity once
hyperthermia heating is applied. Low thermal inertia and their small volume aloe rapid heat transfer thus,
merging the temperature field of neighboring tumors. However, with significant thermal synergy reach even in
moderate hyperthermia heating, the risk of overheating surrounding healthy tissues also increases.

Fig. 14 displays the temperature distribution of triple 4 cm tumors. Each tumor cluster forms three distinct
temperature peaks. At 40 °C, the temperature elevated to approximately 48 to 50 °C, yet the dip between peaks
stays low (~44°C) representing a 4 to 6 °C temperature differential, implying limited heat coalescence with only
30 to 40% thermal zone overlap. This can also be observed at 45 °C and 50 °C hyperthermia heating with result
showing broader peak widths but discrete temperature cores. The inter-tumor temperature differences persist at
3 to 5°C even at the highest temperature setting. The line profile shows lower thermal synergy between tumors
with only thermal overlap of 45 to 55% at 45 °C and 60 to 65% at 50 °C since larger tumors heat slower with
minimal heat interaction.

—e— 40°C
—8— 45°C
—— 50°C
55 4
o
£, 50 1
g
2
o
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o
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# 45 -
40 -
T ‘ ‘ " T T T ‘
0 2 4 6 8 10 12 14

Distance {cm)

Fig. 13 Temperature distribution along central axis through 2 cm triple tumors
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Fig. 14 Temperature distribution along central axis through 4 cm triple tumors
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4. Conclusions

The study demonstrates that breast tumor size and spatial configuration exert a substantial influence on the heat
distribution during hyperthermia therapy. Smaller tumors exhibited rapid heating and strong thermal interaction
while clustered with temperature differentials between single and triple configurations of 2 to 3 °C at peak heating
and thermal overlap raising from isolated hotspots to more than 95% coalescence in the 2 cm triple tumor
configuration. In contrast, larger tumors showed wider high temperature regions but separate thermal areas
when tumors were clumped together with inter-tumor temperature differential persisting at 3 to 5 °C even during
the highest clinical temperature setting. The thermal overlap does not exceed 65% in the 4 cm triple tumor
configuration. Further observation revealed that the most efficient hyperthermia temperature varies depending
on the tumor size. For both 2 cm single and triple tumor configurations, 45 °C provided the most balance between
heating and controlled thermal spread which achieved peak temperatures of 52 to 54 °C with minimal overrun
beyond target temperature margins. On the other hand, 50 °C showed the most optimal temperature input for 4
cm tumor to achieve unform heating as lower temperatures were deemed insufficient to overcome their thermal
inertia. At 40 °C and 45 °C temperature settings, the temperature differentials range between 4 to 6 °C in the
tumors cores thus confirming the inadequate thermal penetration.

This study highlights the requirement to incorporate tumors size and configuration when planning
hyperthermia therapy to ensure consistent thermal coverage and reducing overheating to surrounding healthy
breast tissues. Tailoring the hyperthermia temperature to the tumor size may improve the probability of achieving
therapeutic temperature that enhances the synergistic effects for conventional tumor or cancer treatments.
Integrating these insights into clinical practice will allow safer, more effective and more predictable hyperthermia
planning for patients with multifocal or heterogenous breast tumors. In summary, this study demonstrates that
CFD can be a non-invasive method to systematically appraise and optimize hyperthermia treatment planning.
Simulating heat distribution across different tumor configurations helps reduce treatment planning time while
enabling clinicians to pre-select optimal power settings and exposure duration before treatment begins. As
described by the simulated realistic tumor space, integrating changes to treatment input power and tumor
arrangements could contribute positively to overall treatment effectiveness and safety.

5. Recommendation for Future Work

For further investigation, it is recommended to incorporate tissue damage models such as cumulative equivalent
minutes at 43 °C (CEM43) to directly relate the simulated heat propagation with predicted tissue necrosis and
thermal therapeutic efficacy. Expanding the thermal simulation to include different tissue layer properties,
varying perfusion rates and anisotropic heat transfer would also enhance the physiological realism in biological
tissue which allow more accurate computational prediction. Additionally, adding blood vessel networks of
variable diameter as well as branching patterns could help in clarifying the influence of vascular sinks on
temperature consistency. Integrating experimental validation using physical breast tumor phantoms or inserting
in vivo measurements is commended to reinforce the numerical findings in this study. Lastly, including an
optimization study which explores multi source hyperthermia delivery or utilization of patient-specific tumor
geometries derived from Magnetic Resonance Imaging (MRI) scan may further improve the development of
targeted and personalized hyperthermia therapy planning.
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