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Abstract

Featured Application: This article presents a numerical simulation model built using COMSOL software

to study the thermophysical properties of different breast sizes. Specifically, the effects of varied blood
perfusion, tumor size, location depth, and thermal conductivity were studied in relation to breast size.
Pennes’ bioheat formula was applied to illustrate thermal distribution by applying thermal
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conductivity characteristics in each layer in the breast using COMSOL software. This was followed by an
emulation experiment to demonstrate the effectiveness of using situ-cooling gel on the breast surface
area in providing better temperature contrast and amplifying heat detection. Simulation results
demonstrated that both large breast size and small breast size both have heat detection issues, while
experimental results showed how situ-cooling can help mitigate these issues. The findings offer
valuable insights for future research in this field. This article presents a numerical simulation model
using COMSOL software to study breast thermophysical properties. It analyzes tumor heat at different
locations within the breast, records breast surface temperatures, investigates the effects of factors such
as blood perfusion, size, depth, and thermal conductivity on breast size, and applies Pennes’ bioheat
formula to illustrate thermal distribution on the breast skin surface. An analysis was conducted to
examine how changes in tumor location depth, size, metabolism, blood flow, and heat conductivity
affect breast skin surface temperature. The simulation model results showed that the highest
variations in skin temperatures for breasts with tumors and without tumors can range from 2.58 °C to
0.274 °C. Further, large breast size with a large surface area consistently reduces the temperature
variations on the skin and might have difficulty in yielding observable temperature contrast. For small
breast sizes, however, heat from tumor sizes below 0.5 cm might be quite difficult to detect, while
tumors located deep within the breast layers could not produce observable temperature variations.
Motivated by the above interesting results, an emulation experiment was conducted to enhance the
observable heat and temperature background contrast, using situ-cooling gel applied to silicon breasts,
while the tumor source was emulated using LEDs. The experiment was used to evaluate the
effectiveness of adding situ-cooling to the breast surface area, and to study the modulated effect of
tumor size and depth. Experimental results showed that situ-cooling enhances thermal contrast in
breast thermal images. For example, for a tumor location at a depth of 10 cm, a difference of 6 °C can
still be achieved with situ-cooling gel applied, a feat that was not possible in the simulation model.
Furthermore, changes in tumor size and location depth significantly impacted surface temperature
distribution. © 2023 by the authors.

Author keywords

breast cancer; Pennes bioheat equation; situ-cooling; thermography; thermophysical

characteristics
SciVal Topics @ h
Metrics e
Funding details v
References (30) View in search results format >
1 Al

Export (S Print XE-mail [ Saveto PDF  Create bibliography

[0 1 Available online
https://www.iarc.who.int/wp-content/uploads/2018/09/pr263_E.pdf

2 Wishart, G.C., Campisi, M., Boswell, M., Chapman, D., Shackleton, V., Iddles,
S., Hallett, A,, (...), Britton, P.D.

The accuracy of digital infrared imaging for breast cancer
detection in women undergoing breast biopsy

(2010) European Journal of Surgical Oncology, 36 (6), pp. 535-540. Cited 114
times.
doi: 10.1016/j.€j50.2010.04.003

View at Publisher



Antony, L., Arathy, K., Sudarsan, N., Muralidharan, M.N., Ansari, S.

Breast tumor parameter estimation and interactive 3D
thermal tomography using discrete thermal sensor data

(2020) Biomedical Physics and Engineering Express, 7 (1), art. no.
015013. Cited 4 times.

https://iopscience.iop.org/article/10.1088/2057-1976/abce91
doi: 10.1088/2057-1976/abce91

View at Publisher

Husaini, M.A.S.A., Habaebi, M.H., Hameed, S.A., Islam, M.R., Gunawan, T.S.

A Systematic Review of Breast Cancer Detection Using
Thermography and Neural Networks

(2020) /EEE Access, 8, art. no. 9261422, pp. 208922-208937. Cited 35 times.
http://ieeexplore.ieee.org/xpl/Recentlssue.jsp?punumber=6287639
doi: 10.1109/ACCESS.2020.3038817

View at Publisher

Gonzalez-Hernandez, J.-L., Recinella, A.N., Kandlikar, S.G., Dabydeen,
D., Medeiros, L., Phatak, P.

Technology, application and potential of dynamic breast
thermography for the detection of breast cancer

(2019) International Journal of Heat and Mass Transfer, 131, pp. 558-
573. Cited 68 times.
http://www.journals.elsevier.com/international-journal-of-heat-and-mass-

transfer/

doi: 10.1016/j.ijheatmasstransfer.2018.11.089

View at Publisher

Shrestha, S., Kc, G., Gurung, D.B.

Transient Bioheat Equation in Breast Tissue: Effect of Tumor Size and
Location

(2020) J. Adv. Appl. Math, 5, p. 51002. Cited 7 times.

Mukhmetov, O., Igali, D., Mashekova, A., Zhao, Y., Ng, E.Y.K., Fok, S.C., Teh,
S.L.

Thermal modeling for breast tumor detection using
thermography

(2021) International Journal of Thermal Sciences, 161, art. no. 106712. Cited 8
times.

http://www.journals.elsevier.com/international-journal-of-thermal-sciences/

doi: 10.1016/j.ijthermalsci.2020.106712

View at Publisher

Gonzalez-Hernandez, J.-L., Recinella, A.N., Kandlikar, S.G., Dabydeen,
D., Medeiros, L., Phatak, P.

An inverse heat transfer approach for patient-specific breast
cancer detection and tumor localization using surface thermal
images in the prone position

(2020) Infrared Physics and Technology, 105, art. no. 103202. Cited 17 times.

https://www.journals.elsevier.com/infrared-physics-and-technology
doi: 10.1016/j.infrared.2020.103202

View at Publisher



Sarigoz, T., Ertan, T.

Role of dynamic thermography in diagnosis of nodal
involvement in patients with breast cancer: A pilot study
(Open Access)

(2020) Infrared Physics and Technology, 108, art. no. 103336. Cited 6 times.
https://www.journals.elsevier.com/infrared-physics-and-technology.
doi: 10.1016/j.infrared.2020.103336

View at Publisher

Zeng, )., Lin, L., Deng, F.

Infrared thermal imaging as a nonradiation method for
detecting thermal expression characteristics in normal female
breasts in China

(2020) Infrared Physics and Technology, 104, art. no. 103125. Cited 5 times.
https://www.journals.elsevier.com/infrared-physics-and-technology
doi: 10.1016/j.infrared.2019.103125

View at Publisher

Figueiredo, A.A.A., Fernandes, H.C., Malheiros, F.C., Guimaraes, G.

Influence analysis of thermophysical properties on
temperature profiles on the breast skin surface

(2020) International Communications in Heat and Mass Transfer, 111, art. no.
104453, Cited 15 times.
https://www.journals.elsevier.com/international-communications-in-heat-
and-mass-transfer

doi: 10.1016/j.icheatmasstransfer.2019.104453

View at Publisher

Lozano, A., Hayes, J.C., Compton, L.M., Azarnoosh, J., Hassanipour, F.

Determining the thermal characteristics of breast cancer
based on high-resolution infrared imaging, 3D breast scans,
and magnetic resonance imaging

(2020) Scientific Reports, 10 (1), art. no. 10105. Cited 34 times.
www.nature.com/srep/index.html
doi: 10.1038/s41598-020-66926-6

View at Publisher

Delestri, L.F.U,, Ito, K., Seng, G.H., Shakhih, M.F.M., Wahab, A.A.

Thermal proﬁ|i$ analysis for asymmetrically embedded
tumour with different breast densities

(2020) Malaysian Journal of Medicine and Health Sciences, 16, pp. 6-12.

https://medic.upm.edu.my/upload/dokumen/2020082609281002_MJMHS_0
586.pdf




[ 14

Korczak, 1., Romowicz, A., Gambin, B., Patko, T., Kruglenko, E., Dobruch-
Sobczak, K.

Numerical prediction of breast skin temperature based on
thermograEhic and ultrasonographic data in healthy and
cancerous breasts

(2020) Biocybernetics and Biomedical Engineering, 40 (4), pp. 1680-
1692. Cited 3 times.
http://www.sciencedirect.com/science/journal/02085216

doi: 10.1016/j.bbe.2020.10.007

View at Publisher

Bezerra, L.A., Ribeiro, R.R., Lyra, P.R.M., Lima, R.C.F.

An empirical correlation to estimate thermal properties of the
breast and of the breast nodule using thermographic images
and optimization techniques

(2020) International Journal of Heat and Mass Transfer, 149, art. no.
119215. Cited 23 times.
http://www.journals.elsevier.com/international-journal-of-heat-and-mass-

transfer/
doi: 10.1016/j.ijheatmasstransfer.2019.119215

View at Publisher

Wahab, A.A., Salim, M.I.M., Ahamat, M.A., Manaf, N.A,, Yunus, J., Lai, K.W.

Thermal distribution analysis of three-dimensional tumor-
embedded breast models with different breast density
compositions

(2016) Medlical and Biological Engineering and Computing, 54 (9), pp. 1363-
1373. Cited 26 times.

http://link.springer.com/journal /11517

doi: 10.1007/s11517-015-1403-7

View at Publisher

Bezerra, L.A., Oliveira, M.M., Rolim, T.L., Conci, A., Santos, F.G.S., Lyra,
P.R.M., Lima, R.C.F.

Estimation of breast tumor thermal properties using infrared
images

(2013) Signal Processing, 93 (10), pp. 2851-2863. Cited 72 times.
doi: 10.1016/j.sigpro.2012.06.002

View at Publisher

Figueiredo, A.A.A., Fernandes, H.C., Guimaraes, G.

Experimental approach for breast cancer center estimation
using infrared thermography

(2018) Infrared Physics and Technology, 95, pp. 100-112. Cited 18 times.
doi: 10.1016/j.infrared.2018.10.027

View at Publisher



] 19 Mitra, S., Balaji, C.

A neural network based estimation of tumour parameters
from a breast thermogram

(2010) /nternational Journal of Heat and Mass Transfer, 53 (21-22), pp. 4714-
4727. Cited 46 times.
doi: 10.1016/j.ijheatmasstransfer.2010.06.020

View at Publisher

[ 20 Figueiredo, A.A.A., do Nascimento, J.G., Malheiros, F.C., da Silva Ignacio,
L.H., Fernandes, H.C., Guimaraes, G.

Breast tumor localization using skin surface temperatures
from a 2D anatomic model without knowledge of the
thermophysical properties (Open Access)

(2019) Computer Methods and Programs in Biomedicine, 172, pp. 65-
77. Cited 25 times.

www.elsevier.com/locate/cmpb
doi: 10.1016/j.cmpb.2019.02.004

View at Publisher

[] 21 Gonzélez, FJ.

Thermal Simulations of Cancerous Breast Tumors and Cysts
on a Realistic Female Torso

(2021) Journal of Biomechanical Engineering, 143 (6), art. no. 061001. Cited 5
times.

https://asmedigitalcollection.asme.org/biomechanical

doi: 10.1115/1.4049957

View at Publisher

[ 22 Barros, T.C., Figueiredo, A.A.A.

Three-dimensional numerical evaluation of skin surface
thermal contrast by application of hypothermia at different
depths and sizes of the breast tumor (Open Access)

(2023) Computer Methods and Programs in Biomedicine, 236, art. no.
107562.

www.elsevier.com/locate/cmpb

doi: 10.1016/j.cmpb.2023.107562

View at Publisher

[] 23 Camilleri, J.S., Farrugia, L., Curto, S., Rodrigues, D.B., Farina, L., Dingli,
G.C., Bonello, J., (...), Sammut, C.V.

Review of Thermal and Physiological Properties of Human
Breast Tissue

(2022) Sensors, 22 (10), art. no. 3894. Cited 7 times.
https://www.mdpi.com/1424-8220/22/10/3894/pdf?version=1653049344
doi: 10.3390/s22103894

View at Publisher

[ 24 Pennes, H.H.
Applied Physiology
(1946) Med. J. Aust, 2, p. 844.



1ofl

] 25

] 26

] 27

] 28

] 29

] 30

Charny, C.K.
Mathematical Models of Bioheat Transfer

(1992) Advances in Heat Transfer, 22 (C), pp. 19-155. Cited 197 times.
doi: 10.1016/S0065-2717(08)70344-7

View at Publisher

Zhou, Y., Herman, C.

Optimization of skin cooling by computational modeling for
early thermographic detection of breast cancer (Open Access)

(2018) International Journal of Heat and Mass Transfer, Part B 126, pp. 864-
876. Cited 30 times.
http://www.journals.elsevier.com/international-journal-of-heat-and-mass-

transfer/

doi: 10.1016/j.ijheatmasstransfer.2018.05.129

View at Publisher

Gautherie, M.

THERMOPATHOLOGY OF BREAST CANCER:
MEASUREMENT AND ANALYSIS OF IN VIVO
TEMPERATURE AND BLOOD FLOW

(1980) Annals of the New York Academy of Sciences, 335 (1), pp. 383-
415. Cited 184 times.
doi: 10.1111/j.1749-6632.1980.tb50764.x

View at Publisher

Hossain, S., Mohammadi, F.A.

Tumor parameter estimation considering the body geometry
by thermography

(2016) Computers in Biology and Medicine, 76, pp. 80-93. Cited 23 times.

www.elsevier.com/locate/compbiomed
doi: 10.1016/j.compbiomed.2016.06.023

View at Publisher

Available online
https://www.flir.com/globalassets/imported-assets/document/flir-one-pro-
series-datasheet.pdf

Koch, A.D., Nicolai, J.-P.A., de Vries, .

Breast cancer and the role of breast size as a contributory
factor

(2004) Breast, 13 (4), pp. 272-275. Cited 7 times.
http://www.elsevier-international.com/journals/brst/
doi: 10.1016/j.breast.2004.04.003

View at Publisher

O, Habaebi, M.H.; loT and Wireless Communication Protocols Laboratory, Department
of Electrical and Computer Engineering, International Islamic University Malaysia
(ITUM), Kuala Lumpur, Malaysia; email:habaebi@iium.edu.my

© Copyright 2023 Elsevier B.V., All rights reserved.

A~ Top of page






About Scopus

What is Scopus
Content coverage
Scopus blog
Scopus API

Privacy matters
Language

HARERZRTT S
EEBEPIRE
BERZRPIRE

MpocMoTp BEPCUM Ha PYCCKOM Si3bIKe

Customer Service

Help
Tutorials

Contact us

ELSEVIER

Terms and conditions 71 Privacy policy 71

Copyright © Elsevier B.V 7. All rights reserved. Scopus® is a registered trademark of Elsevier B.V.
We use cookies to help provide and enhance our service and tailor content. By continuing, you agree to the use of cookies 7.

& RELX



