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Abstract

Hyperthermia is a promising complementary treatment which
improves the therapeutic efficacy of conventional cancer therapies by
utilizing controlled elevation of tumor temperature. Although
numerous studies have investigated temperature distribution in
individual breast tumors, the behavior of thermal interaction between
multiple tumor regions remains inadequately quantified. This study
presents a secondary analysis of previously obtained computational
fluid dynamics (CFD) simulation data to assess thermal interaction in
single and triple clustered breast tumor configurations exposed to
hyperthermia treatment. Temperature profiles were extracted and
analyzed for tumor diameters of 2 and 4 cm under 40°C, 45°C and 50°C
heating conditions. Three quantitative metrics were evaluated
including thermal overlap, inter-tumor thermal variation (AT) and
thermal synergy index (TSI). The findings demonstrate that clustered
tumors constantly exhibited bigger thermally affected regions in
comparison to equivalent single tumor configurations. This may
indicate stronger spatial interaction of thermal regions. Nevertheless,
clustering also increased temperature heterogeneity with AT values
rising from 4.72°C to 15.26°C and 7.60°C to 16.43°C as heating
condition elevated from 40°C to 50°C in 2 and 4 cm tumors’ cluster
respectively. Thermal synergy analysis displayed a temperature
dependent behavior as TSI value increased from 0.991 at 40°C to 1.018
for 2 cm tumors and consistent positive synergy for 4 cm tumor
reaching a maximum TSI value of 1.021 at 50°C. Findings observed in
this study reveal that clustering tumor increase conductive thermal
interaction as well as promotes synergy heat buildup at high
temperatures but accompanied by a reduction in thermal uniformity.
Therefore, this study provides a quantitative framework to evaluate
thermal interaction involving multifocal breast tumor. It also offers
supplementary insight into the influence of heating intensity and tumor
size on hyperthermia treatment performance.

1. Introduction

Breast cancer has remains as one of the most prevalent malignancies affecting females worldwide and it continues
to contribute significantly to cancer related mortality cases. Fig. 1 illustrates the temporal trends in cancer
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mortality rates in the Malaysia from year 2000 to 2022 for various cancer types. Breast cancer remained the top
three leading causes of cancer-related mortality throughout the period, its mortality rate showed a noticeable
reduction in 2019 and continued increasing afterward [1], [2]. This reduction may reflect the changes in reporting
patterns as well as increased research attention on cancer overtime. The advances in early detection techniques
and the development of more effective treatment strategies also play some role.

Among the available treatment approaches, hyperthermia therapy has been established as a promising
adjuvant treatment modality. It gained increasing attention due to its capability to elevate target tumor tissues to
supraphysiological temperatures typically within range of approximately 40-45°C for a sustained period [3]. This
thermal dose employs direct cytotoxic effects on cancer cells while simultaneously enhancing the efficacy of
conventional radiotherapy and chemotherapy by increasing blood perfusion, improved oxygenation, promote
tumor cell sensitivity and inhibit the DNA repair pathways [4], [5]- The therapeutic benefit is critically reliant on
attaining homogeneous temperature elevation across the entire tumor volume [6]. Insufficient heating may
reduce treatment effectiveness whereas excessive heating can cause damage to the surrounding healthy breast
tissues [7]. It is a challenge in achieving controlled and localized temperature elevation during hyperthermia and
that becomes considerably more complex when multiple tumors are present.

In multifocal or clustered breast tumors, thermal behavior becomes more complex cause by the interaction
between neighboring tumors heating zones. These may generate overlapping thermal fields that can alter local
temperature distribution, the heat penetration as well as temperature uniformity. In certain cases, the
phenomenon of thermal overlap may be therapeutically advantageous by creating thermal synergy but poses
substantial risk of unintended thermal injury to normal tissues [8], [9]. Understanding thermal characteristics of
closely spaced tumors and their heat interaction may improve treatment safety regarding thermal merging during
hyperthermia therapy.
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Fig. 1 Trends in cancer death rates by cancer type in the Malaysia between 2000 to 2022 (per 100,000 population)
(2]

Previous studies on breast hyperthermia primarily focused on isolated tumor behavior and general
temperature visualization using computational and experimental approaches [10] - [13]. Although such
investigation yielded valuable insights into tumor size effects, heat propagation, perfusion effects and thermal
performance, it provides limited attention about thermal overlap mechanism and thermal interaction behavior in
clustered tumor configurations. Quantitative evaluation of thermal merging characteristics, temperature
uniformity and overlap behavior remains insufficiently discussed.

Therefore, this study aims to investigate the thermal interaction, overlapping heat distribution in clustered
breast tumors during hyperthermia treatment using previously obtained computational temperature
distributions [14]. The present study emphases the analysis of thermal overlap percentage, the thermal plateau
formation, inter-tumor temperature variation as well as thermal synergy behavior through interpretation of
temperature contour distributions and front-to-back temperature profile data. The findings of this study are
anticipated to offer additional understanding into thermal field interaction mechanisms and improved thermal
management in breast hyperthermia applications which thereby provide guidance for treatment planning in
patients presenting with multifocal breast disease.

UTH M Penerbit



107 J. Adv. Mech. Eng. Appl. Vol. 7 No. 1 (2026) p. 105-114

2. Methodology

2.1 Numerical Model and Temperature Data Source

The temperature distribution data analyzed in the present study were obtained from previously completed
computational fluid dynamics (CFD) simulations of breast hyperthermia treatment [14]. The numerical model
used consists of breast tissue containing single and triple clustered tumor configurations subjected to external
hyperthermia heating conditions as shown in Fig. 2. The tumor diameters of 2 cm and 4 cm were investigated
under heating temperatures of 40°C, 45°C, and 50°C. The simulations were performed using bioheat transfer
module in ANSYS Fluent based on Pennes’ bioheat equation to model heat transfer and temperature propagation
within the breast tissue domain. The Pennes’ bioheat equation has been a foundational model in bioheat transfer
research since its introduction in 1948 [6]. The present work focuses on quantitative interpretation of the existing
temperature distributions [14] to evaluate thermal overlap behavior and heat interaction characteristics.
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Fig. 2 Computational breast tumor model used in previous simulation study; (a) Single 2 cm tumor; (b) Triple
clustered 2 cm tumors; (c) Single 4 cm tumor; and (d) Triple clustered 4 cm tumors [14]

2.2 Thermal Overlap Analysis

The thermal overlap percentage was applied to quantify the spatial extent of continuous therapeutic heating
within the tumor interaction region. The therapeutic overlap length (Ltherapeuic) was defined as the continuous
distance along the temperature profile in which the local temperature remained above 42°C of therapeutic
threshold. It is known that temperatures above 42°C may induce cytotoxic effects in tumor cells [15] - [17]. The
thermal interaction length (Linteraction) Was expressed as the total spatial region affected by tumor-induced heat
propagation which extends from the point where temperature first increased above the baseline physiological
levels to where it returned to baseline.
The overlap percentage was then calculated using the following formula:

Ltherapeutic

Overlap % = x 100 (1)

interaction

Higher overlap percentages indicate a stronger merging of thermal fields as well as a broader continuous
therapeutic coverage within the triple clustered tumor configuration.
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2.3 Inter-tumor Temperature Variation

The temperature uniformity within the clustered tumor configurations was calculated through inter-tumor
temperature variation analysis. The thermal plateau was identified to show continuous stable regions of relatively
stable temperatures distributions by overlapping thermal fields. Regions exhibiting smaller inter-tumor
temperatures differences were taken as having stronger thermal interaction and a more uniform heat propagation
behavior. This was quantified by the maximum and minimum temperatures difference within cluster tumor using
equation:

AT = Tmax_Tmin (2)

Where the Tmax is defined as the maximum temperature within tumor heating region and Tmin represents the
lowest temperature within continuous thermal interaction region. A low temperature variation, AT, indicates an
improved thermal uniformity and a stronger heat distribution continuity between tumor cluster. Fig. 3 illustrates
temperature profile for a triple tumor cluster. The red circle marks indicate tumor peak, Tmax and Tmin. The
continuous thermal plateau region generated by overlapping thermal fields was presented in the shaded area. The
calculated differences were used to further evaluate the degree of thermal merging within clustered tumors
during hyperthermia treatment.
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Fig. 3 Temperature profile graph indicating Tmax, Tmin (red circle) and the thermal plateau region (grey band) for
clustered tumors configuration [14]

2.4 Thermal Synergy Analysis

Thermal synergy index (TSI) was calculated to analyze thermal synergy between clustered tumor configurations.
It is used to compare heating performance of clustered tumors to single isolated tumor models. The TSI was
calculated using:

TSI = Tcluster (3)

single

Teuster denotes the peak temperature among the three clustered tumor configurations whereas the Tsingle
represents peak temperature obtained from single isolated tumors under identical heating conditions. A greater
TSI value (TSI > 1) indicates positive synergy in clustered tumors and thus illustrates enhanced thermal behavior.
TSI value equal to 1 (TSI = 1) implies no interaction. The TSI was calculated for each hyperthermia temperature
(40, 45 and 50°C).
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3. Results and Discussion

3.1 Thermal Overlap Behavior

The thermal overlap behavior of triple clustered breast tumor configurations was evaluated to calculate the spatial
interaction between tumor heating region during hyperthermia therapy. A therapeutic overlap region was defined
when the continuous region exceeds temperature threshold of 42°C. Fig. 4 shows representative temperature
contour distributions displaying the thermal interaction. This demonstrated that thermal overlap rises
progressively with external heating temperature for all triple clustered tumor configurations indicating strong
thermal interaction among adjacent tumor.

Temperature Temperature Temperature
Contour 2 Contour 2 Contour 2
5380 5660
5212 5662
5044 5444
4876 5226
47.08 5008
45.40 47.90
4372 4572
42.04 4354
4036 4136
38.68 3918
37.00 37.00

48.80
4762
| 46.44
[ 4526
44.08
42.90
4172
4054
39.36
3818

37.00
€}

Localized therapeutic regions Expanded therapeutic regions Enhanced/maximum therapeutic regions

() (b) ©

Fig. 4 Temperature distribution in 2 cm triple clustered tumor; (a) 40°C; (b) 45°C; and (c) 50°C (dashed line
represents the 42°C therapeutic threshold within tumors) [14]

In Fig. 5, the overlap percentage increase in clustered 2 cm tumors from 90.9% at 40°C to 93.3% at 50°C
external hyperthermia heating. Similarly, clustered 4 cm tumors exhibited an increase from 86.8% at 40°C to
95.0% at 50°C. These findings show that increasing heat intensity of hyperthermia therapy enhances the
conductive heat propagation within the breast tissue domain. This resulted in a much broader therapeutic
coverage as well as stronger thermal merging between tumors.
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Fig. 5 Thermal overlap percentage for clustered tumor configurations

These findings are consistent with previous computational studies which reported that spatial thermal
interaction becomes significantly dominant under higher heating conditions [18], [19]. Increasing thermal loading

m Penerbit

Tam Fussein O



J. Adv. Mech. Eng. Appl. Vol. 7 No. 1 (2026) p. 105-114 110

improves heat propagation and promote a wider coverage of therapeutic temperature in hyperthermia system
[20]. The overlap analysis demonstrates that the configurations of clustered tumor can considerably enhance
therapeutic heat coverage but also increase the risk of excessive heating within merged thermal regions.
Therefore, the optimization of hyperthermia heat intensity and tumor targeting strategies remains a crucial goal
for an effective therapy.

3.2 Inter-Tumor Temperature Variation and Thermal Uniformity

The quantification of tumor temperature variation (AT) provides an indication of temperature uniformity. A small
value of AT correspond to a more homogeneous heating whereas larger values show stronger thermal gradients.
The calculated AT values for both 2 cm and 4 cm clustered tumor configuration are tabulated in Table 1. Each
tumor sizes showed a progressive increase in AT with heating temperatures. The temperature variation in 2 cm
cluster increased from 4.72°C at 40°C to 10.08°C at 45°C and it further increase to 15.26°C at 50°C. A similar trend
was seen for 4 cm cluster as the AT value increased from 7.60°C to 12.36°C and 16.43°C at the rises of heating
temperature respectively.

Table 1 Inter-tumor thermal variation (AT) in clustered tumor configuration

Tumor Size (cm) Heating Temperature (°C) AT (°C)

2 40 4.72
2 45 10.08
2 50 15.26
4 40 7.60
4 45 12.36
4 50 16.43

These results demonstrate that higher heating temperatures will produce greater temperature non-
uniformity within the tumor cluster. Although elevated hyperthermia heating enhances the thermal penetration
and therapeutic coverage, it concurrently produces larger spatial temperature gradients. Findings suggest that
the increase in thermal energy become increasingly intense around areas of overlapping heat accumulation. Thus,
localised hotspots were generated while nearby regions remain reasonably cooler.

Fig. 6 showed the comparison between tumor sizes. It further reveals that 4 cm cluster consistently displayed
higher thermal variation values than 2 cm cluster under similar heating conditions. This behavior may be due to
the large, heated volume of 4 cm tumors which promotes greater conductive heat propagation as well as a much
stronger temperature gradient across the tumor cluster.
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Fig. 6 Variation of AT with heating temperature for 2 cm and 4 cm triple clustered tumors
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The observed rise in temperature heterogeneity with hyperthermia heating intensity is consistent with
previous studies which stated that local heat accumulation and conductive contacts with adjacent heated regions
may generates substantial temperatures non-uniformities within biological tissues [21]. Previous study of
computational hyperthermia investigations based on the Pennes bioheat equation has also discussed such
behavior where conductive heat transfer dominates local temperature distribution when the thermal sources are
situated in proximity [13, 14, 21]. Overall, the findings determine that clustered tumor exhibit strong thermal
gradients progressively as hyperthermia heating temperature increases. High thermal interaction improves heat
coverage but excessive AT may lead to reduction of treatment uniformity and raise the risk of local overheating.

3.3 Thermal Synergy Behavior

The thermal synergy index calculated as the ratio of maximum temperature achieved within the clustered tumor
to maximum temperature obtained in the corresponding single tumor models. Table 2 presented the calculated
TSI values. The TSI values for 2 cm tumors were 0.991, 0.983 and 1.018 at hyperthermia heating temperatures of
40°C, 45°C and 50°C respectively. The value below 1 indicates that the tumor clustering did not provide thermal
amplification but instead generates slight reduction in peak temperature. The emergence of positive thermal
synergy was only seen at 50°C as the TSI value exceeds unity.

Table 2 TSI for clustered tumor configurations

Tumor Size (cm)  Temperature (°C) Tmax Triple (°C) Tmax Single (°C) TSI

2 40 47.62 48.03 0.991
2 45 52.12 53.03 0.983
2 50 58.80 57.74 1.018
4 40 49.66 49.25 1.008
4 45 54.66 54.25 1.008
4 50 60.47 59.24 1.021

In comparison, a different behavior was observed for 4 cm tumor cluster. The TSI values remained above
unity for all heating conditions. Although scale of enhancement was relatively small, the findings suggest larger
tumor cluster steadily promote constructive thermal interaction between adjacent thermal areas. The rise in TSI
with heating proposes that thermal synergy is temperature dependent as illustrated in Fig. 7. Higher heat intensity
led to stronger overlap in thermal fields thereby causing more heat accumulation and higher peak temperature.
Furthermore, positive synergy, highest thermal overlap and largest thermal variation values were all observed at
50°C of hyperthermia heating. This shows that thermal synergy and thermal disparity are closely associated
phenomena. Robust heat accumulation enhances thermal interaction but also simultaneously encourages bigger
temperature gradients within tumor region.
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Fig. 7 TSI as a function of heating temperature
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In clinical practice, exploiting thermal synergy should not be considered as the sole objective because
unnecessary heat accumulation can produce larger temperature gradients. An optimal heating condition which
provides adequate overlap to ensure complete tumor coverage while maintaining temperature variation within
acceptable range needs to be identified. This balance can be achieved by adjusting heating temperature, the
duration of treatment or applicator placement based on the tumor size and clustering pattern that cater to each
specific patient.

3.4 Overall Thermal Interaction Behavior in Clustered Tumors

The combined analysis of these thermal performance metrics including thermal overlap, inter-tumor temperature
variation and thermal synergy provides a much more comprehensive characterization of thermal interaction
mechanism within clustered breast tumor during hyperthermia treatment. Thermal overlap analysis displayed
that elevated heating temperature increases spatial merging of therapeutic area which indicates enhance
conductive heat propagation between adjacent tumors. Besides, temperature variation raised significantly with
temperature yet reflects deterioration in thermal uniformity as well as steeper gradients in clustered tumor. In
addition, thermal synergy analysis further demonstrated that clustering can improved peak temperature
generation with sufficient heating conditions as evidenced by the transition toward mild positive synergy at
higher temperatures. This suggests that conductive heat buildup becomes prominent once enough thermal energy
is supplied.

Collectively, increased spatial overlapping regions, elevated temperature gradients within cluster and
constructive enhancement of peak temperature are interconnected processes which develop thermal interaction.
However, the same mechanism may promote the likelihood of uneven temperature and overheating. Thus,
optimizing hyperthermia treatment for clustered breast tumors should balance the aids of enhanced thermal
interaction against the risk related to unwarranted thermal heterogeneity. The findings of this study deliver
quantitative evidence in which tumor size as well as heating intensity plays as key governing parameter
influencing thermal interaction in clustered tumor configurations.

4. Conclusion

This study evaluated thermal interaction in single and triple clustered breast tumor configurations by analyzing
CFD derived temperature profiles obtained under hyperthermia heating conditions of 40°C, 45°C and 50°C for
tumor diameter of 2 and 4 cm. The results demonstrated that cluster tumors produced larger thermally affected
regions than single tumors. Thermal overlap increased with high heat intensity for both tumor sizes which reflects
greater merging of therapeutic regions. Moreover, temperature variation rises also with heating temperature. This
heat accumulation may lead to decrease in thermal uniformity. Furthermore, thermal synergy was revealed to be
a temperature dependent response which varied with tumor size. The transition exhibited by 2 cm clustered
tumor configuration from slight thermal suppression (TSI<1) at low heat setting to positive thermal energy
(TSI>1) at 50°C whereas 4 cm clustered configuration showed positive synergy across all investigated heating
conditions. This behavior indicates that tumor size influences the effectiveness of thermal coupling as well as heat
accumulation within clustered environments. Overall, the findings in this study suggest that tumor clustering may
improve thermal interaction and coverage but could result in increased uneven temperature at high hyperthermia
heating conditions. The proposed thermal performance metrics offer a useful framework in interpreting
temperature distribution and assist as the base for treatment planning of multifocal breast tumor using
hyperthermia. Future work should incorporate thermal dose metrics and experimental validation to further
explore the association of tumor geometry, tissue heterogeneity and thermal interaction behavior throughout
hyperthermia treatment.

Acknowledgement

This research was supported by the Malaysian Ministry of Higher Education (MOHE) through the Fundamental
Research Grant Scheme (FRGS) (FRGS/1/2022/TK10/UTHM/03/5).

Conflict of Interest

Authors declare that there is no conflict of interest regarding the publication of the paper.

Author Contribution

The authors confirm contribution to the paper as follows: study conception and design: Roseman NAH, Taib I; data
collection: Roseman NAH; analysis and interpretation of results: Roseman NAH; draft manuscript preparation:
Roseman NAH. All authors reviewed the results and approved the final version of the manuscript.

UTH M Penerbit



113 J. Adv. Mech. Eng. Appl. Vol. 7 No. 1 (2026) p. 105-114

References

[1]

[11]

[12]

[15]

[16]

Hyuna Sung, Jacques Ferlay, Rebecca L. Siegel, Mathieu Laversanne, Isabelle Soerjomataram, Ahmedin
Jemal & Freddie Bray (2021) Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality
worldwide for 36 cancers in 185 countries. CA: A Cancer Journal for Clinicians, 71(3), 209-249,
https://doi.org/10.3322 /caac.21660

Our World in Data (2022). Cancer death rates by type, United States. Our World in Data. Retrieved May 29,
2026, from https://ourworldindata.org/grapher/cancer-death-rates-by-type-who-db?time=earliest..2022

Jill van der Zee (2002) Heating the patient: A promising approach? Annals of Oncology, 13(8), 1173-1184
https://doi.org/10.1093/annonc/mdf280

Niloy Ranjan Datta, Gdmez Ordéfiez, Udo Gaipl, Margarethus Maarten Paulides, Hans Crezee, ]. Gellermann,
D. Marder, E. Puric, and S. Bodis (2015) Local hyperthermia combined with radiotherapy and/or
chemotherapy: Recent advances and promises for the future, Cancer Treatment Reviews, 41(9), 742-753,
https://doi.org/10.1016/j.ctrv.2015.05.009

Peter Wust, Bert Hildebrandt, Geetha Sreenivasa, Beate Rau, Johanna Gellermann, Hanno Riess, Roland
Felix, and Peter M. Schlag (2002) Hyperthermia in combined treatment of cancer, The Lancet Oncology,
3(8), 487-497, https://doi.org/10.1016/5S1470-2045(02)00818-5

Harry H. Pennes (1948) Analysis of tissue and arterial blood temperatures in the resting human forearm,
Journal of Applied Physiology, 1(2), 93-122, https://doi.org/10.1152/jappl.1948.1.2.93

Mark W. Dewhirst, Benjamin L. Viglianti, M. Lora-Michiels, M. Hanson & P. ]. Hoopes (2003) Basic principles
of thermal dosimetry and thermal thresholds for tissue damage from hyperthermia, International Journal of
Hyperthermia, 19(3), 267-294, https://doi.org/10.1080/0265673031000119006

Kok, H. P., Peter Wust, Paul R. Stauffer, F. Bardati, G. C. Van Rhoon & J. Crezee (2015) Current state of the art
of regional hyperthermia treatment planning: A review, Radiation Oncology, 10, 196,
https://doi.org/10.1186/s13014-015-0503-8

Rolf D. Issels (2008) Hyperthermia adds to chemotherapy, European Journal of Cancer, 44(17), 2546-2554,
https://doi.org/10.1016/j.ejca.2008.07.038

Margarethus M. Paulides, Paul R. Stauffer, Esra Neufeld, Paolo F. Maccarini, Adamos Kyriakou, Richard AM
Canters, Chris ]. Diederich, Jurriaan F. Bakker & Gerard C. Van Rhoon. (2013) Simulation techniques in
hyperthermia treatment planning, International Journal of Hyperthermia, 29(4), 346-357,
https://doi.org/10.3109/02656736.2013.790092

Kok, H. Petra, Linda Korshuize-van Straten, Akke Bakker, Rianne de Kroon-Oldenhof, Elisabeth D. Geijsen,
Lukas JA Stalpers & Johannes Crezee (2017) Online adaptive hyperthermia treatment planning during
locoregional heating to suppress treatment-limiting hot spots. International Journal of Radiation Oncology,
Biology, Physics, 99(4), 1039-1047, https://doi.org/10.1016/j.ijrobp.2017.07.011

Paul R. Stauffer, Paolo Maccarini, Kavitha Arunachalam, Oana Craciunescu, Chris Diederich, Titania Juang,
Francesca Rossetto, Jaime Schlorff, Andrew Miligan, Joe Hsu, Penny Sneed & Zeljko Vujaskovic (2010)
Conformal microwave array (CMA) applicators for hyperthermia of diffuse chest wall recurrence,
International Journal of Hyperthermia, 26(7), 686-698, https://doi.org/ 10.3109/02656736.2010.501511

Nur Maizatul Hanisha Khairi Azhar, Ishkrizat Taib, Awaludin Martin, Ahmad Mubarak Tajul Arifin,
Mohamad Saddam Kamarudin & Amani Hanis Roseman (2024) Heat propagation in multiple malignant
tumours using the hyperthermia therapy, Journal of Advanced Research in Numerical Heat Transfer, 26(1),
1-21. https://doi.org/10.37934 /arnht.26.1.121

Nur Amani Hanis Roseman, Mohamad Saddam Kamarudin, Ahmad Mubarak Tajul Arifin, Abdul Rahman
Abd Majid, Aslam Khan Abdul Azim Khan, Takahisa Yamamoto, Mohd Nizam Mazlan & Awaludin Martin
(2026) Computational analysis of hyperthermia therapy on breast tumors, International Journal of
Integrated Engineering, 18(2), 141-154,
https://publisher.uthm.edu.my/ojs/index.php/ijie/article /view /25132

Nada Orsoli¢, Darko Kucan & Maja Jazvins¢ak Jembrek (2026) Enhancing cancer therapy with
hyperthermia: Synergistic effects with natural compounds and conventional treatments, International
Journal of Molecular Sciences, 27(4), 1650, https://doi.org/10.3390/ijms27041650

Toshiaki Iba, Yutaka Kondo, Cheryl L. Maier, Julie Helms, Ricard Ferrer & Jerrold H. Levy (2025) Impact of
hyper- and hypothermia on cellular and whole-body physiology, Journal of Intensive Care, 13(1), 4,
https://doi.org/10.1186/s40560-024-00774-8

UTH M Penerbit



https://doi.org/10.3322/caac.21660
https://ourworldindata.org/grapher/cancer-death-rates-by-type-who-db?time=earliest..2022
https://doi.org/10.1093/annonc/mdf280
https://doi.org/10.1016/j.ctrv.2015.05.009
https://doi.org/10.1016/S1470-2045(02)00818-5
https://doi.org/10.1152/jappl.1948.1.2.93
https://doi.org/10.1080/0265673031000119006
https://doi.org/10.1186/s13014-015-0503-8
https://doi.org/10.1016/j.ejca.2008.07.038
https://doi.org/10.3109/02656736.2013.790092
https://doi.org/10.1016/j.ijrobp.2017.07.011
https://doi.org/10.3109/02656736.2010.487418
https://doi.org/10.3109/02656736.2010.487418
https://doi.org/10.37934/arnht.26.1.121
https://publisher.uthm.edu.my/ojs/index.php/ijie/article/view/25132
https://doi.org/10.3390/ijms27041650
https://doi.org/10.1186/s40560-024-00774-8

J. Adv. Mech. Eng. Appl. Vol. 7 No. 1 (2026) p. 105-114 114

[17] Pei Wang, Biaoqi Chen, Yunyan Zhan, Lianguo Wang, Jun Luo, Jia Xu, Lilin Zhan, Zhihua Li, Yuangang Liu &
Junchao Wei (2022) Enhancing the efficiency of mild-temperature photothermal therapy for cancer
assisting with various strategies, Pharmaceutics, 14(11), 2279,
https://doi.org/10.3390/pharmaceutics14112279

[18] Andras Szasz (2024) On the thermal distribution in oncological hyperthermia treatments, Open Journal of
Biophysics, 14(2), 239-263, https://doi.org/ 10.4236/0jbiphy.2024.142010

[19] Barbara Wirthl, Paolo Decuzzi, Bernhard A. Schrefler & Wolfgang A. Wall (2025) Computational modelling
of cancer nanomedicine: Integrating hyperthermia treatment into a multiphase porous-media tumour
model, International Journal for Numerical Methods in Biomedical Engineering, 41(8), e70074,
https://doi.org/10.1002/cnm.70074

[20] Dolat Khan, Ata ur Rahman, Poom Kumam & Wiboonsak Watthayu (2022) A fractional analysis of
hyperthermia therapy on breast cancer in a porous medium along with radiative microwave heating,
Fractal and Fractional, 6(2), 82, https://doi.org/10.3390/fractalfract6020082

[21] Ivana Gorbaslieva, Tom Quisenaerts, Johannes JPM Bogers, Marc Peeters, Vera Saldien & Dirk Ysebaert
(2025) Temperature-dependent effects of induced hyperthermia, including whole-body hyperthermia, on
the hallmarks of cancer: A systematic review, Cancers, 17(23), 3824,
https://doi.org/10.3390/cancers17233824

UTH M Penerbit


https://doi.org/10.3390/pharmaceutics14112279
https://doi.org/10.4236/ojbiphy.2024.142012
https://doi.org/10.4236/ojbiphy.2024.142012
https://doi.org/10.1002/cnm.70074
https://doi.org/10.3390/fractalfract6020082
https://doi.org/10.3390/cancers17233824


  Overlap  % =     L  t h e r a p e u t i c    L  i n t e r a c t i o n × 100


  Δ T =   T  m a x –   T  m i n


  TSI =     T  c l u s t e r    T  s i n g l e

