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3D NUMERICAL STUDY OF TEMPERATURE PATTERNS
IN A FEMALE BREAST WITH TUMOR USING
A REALISTIC MULTI-LAYERED MODEL

Abstract. This paper presents a three-dimensional numerical study of temperature patterns in a realistic multi-
layered model of a female breast including blood perfusion. The breast surface temperature distributions are
computed and analyzed with different tumor positions, sizes and different fat contents in the breast. The results are
compared with experimental results for validation of the model. The paper shows that realistic breast model can
accurately predict the temperature distributions inside the breast compared with traditional idealized models. The
results demonstrate that all of the identifiable tumor occurrences were at the depth from 13 mm to 23 mm while none
of the tumors at a depth of 29 mm were found to be detected. In respect to this, it was observed that tumors lied in
the gland layer had less impact on the temperature profile of the breast. In addition, it was perceived that because of
the natural deformation the breast geometry has an asymmetric surface temperature distribution in regards to
symmetric tumor positions. Thus, the conducted parametric study analyzes the tumor location, size, and metabolic
heat generation, and compares different temperature patterns subjected to the changes in the fat layer. Additionally,
this study uses more realistic breast geometry model compared to previous studies. All this gives greater insight into
the detectability of tumors with a variety of physiological conditions based on personalized patients’ data and can
give useful insight to improve the accuracy of computer-aided diagnosis using similar breast models. This can
provide a very useful tool in inverse thermal modelling for the accurate detection of tumors in the breast.

Keywords: breast cancer, multilayer model, numerical study, fat content, COMSOL.

Introduction. Breast cancer is a multifactorial disease, the development of which is associated with
changes in the genome of the cell under the influence of external causes and hormones. It is considered to
be one of the most common diseases that lead to death among females. Early diagnosis is vital, as the
tumor is highly treatable at the earlier stages [1].

There are many techniques for cancer diagnosis and the most common are breast examination and
mammography. Thermography is another imaging technique using infrared rays to produce color pictures
of the temperature distribution fields. According to Acharya et al. [2], the surface of a breast with
cancerous tissues has higher temperature profile compared to the surrounding region and abnormalities
can be discovered through thermography. A 0.5 °C difference in temperature profiles between two breasts
of a patient is enough to conclude abnormal condition [1]. In Chen et al. [3], cameras with 0.1°C
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resolution with 4 second scan time can detect tumor hidden within more than one-third of the depth of the
breast. Nowadays, thermography is capable of detecting possible tumor hidden inside more than one-
fourth of the depth of a breast.

There have been numerous studies on the numerical analysis of female breasts with tumors. However,
the studies used a simple model of the breast, whose geometry was assumed to be a perfect hemisphere
which is axisymmetric. Only a small number of the studies considered multi-layered breast models to
replicate realistic anatomy of the breast. Moreover, even the multi-layer models were assumed to have
constant fat contents, which limits the information that can be gathered.

The main objective of this work is to examine temperature patterns generated by tumors on different
locations based on multi-layered breast models with blood perfusion and different physiological
conditions to provide insight into the detectability of tumor inside the breast. This study analyzes the
tumor location, size, and metabolic heat generation, and compares different temperature patterns subjected
to the changes in the fat layer. Additionally, this study uses more realistic breast geometry model
compared to previous studies. The findings in this study could provide useful insight to improve the
accuracy of computer-aided diagnosis using similar breast models.

1 Methodology of the study

To solve the steady-state thermal conduction problem in a breast, the bioheat equation presented by
Pennes [4] was used in the model [5-9]: kV2T — c,wp,pp (T — T,) + g, = 0, where “k” is the thermal
conductivity; “cp” is the heat capacity of blood; “w,” is the blood perfusion coefficient; “p;,” is the
density of the blood; “q,,” is the metabolic heat generation; “7” tissue temperature; “T,” arterial
temperature, which is equal to 37 °C, that is the same as the core temperature of the body.

At the boundaries, there are heat convection condition on the surface of the breast and the constant
thoracic temperature condition applied at its bottom where it is connected to the thorax:
—k AT = h(T = Tympient) and T = T,, where h = 13.5 Wm~=2°C~1, which is evaluated for combined
effects of convection, radiation and evaporation [10]. Equation (2) is a boundary condition at the skin
surface representing heat convection between breast surface and the ambient environment assumed to be
air temperature T,, = 22 °C. Equation (3) is a boundary condition at the surfaces representing body core
and it always remains constant T,, = 37 °C.

In order to consider a geometrically realistic breast as a 3D-model, the geometry obtained by
Mukhmetov et. al. [11,12] was used as a base model (figure 1). The authors used an engineering scanning
technique to obtain a 3D surface model of a mannequin chest and converted it into a solid breast model in
SolidWorks CAD software. The overall geometry was not changed, but layers of materials were added to
simulate real breast tissues. The parameters chosen were: height of the gland layer (figure 2), spherical
coordinates (7, 6 ¢ in figures 3,4), of the center of the tumor inside the breast, and the diameter of the
tumor, totaling five independent parameters.

Tumor

Gland layer

Fat layer

Figure 1 - The breast model developed Figure 2 - A cross-section view of the 3D model
by Mukhmetov [14] of the breast in SolidWorks
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Figure 3 - Spherical coordinate system Figure 4 - CAD model in spherical coordinate

COMSOL Multiphysics was chosen as a solver because it includes bioheat transfer module [10], to
synchronize 3D model changes between SolidWorks and COMSOL the “LiveLink”. The “biological
tissue” feature of the COMSOL was used to set the heat generation values for each tissue: fat, gland layer
and tumor. The feature has dedicated settings for blood perfusion and metabolic heat generation terms.
The domains and contact regions are automatically recognized by the COMSOL via LiveLink feature and
can be easily selected for application of materials. The PARDISO was set as a solver with automatic
preordering algorithm. Also, the nonlinear Newton method was used with initial damping factor of 0.01
and minimum damping factor of 10,

The parameters of thermal properties for all the breast tissues were taken from Ng and Sudharsan [10]
and are presented in table 1.

From Bezerra et. al. [6] the metabolic heat generation of the tumor can be derived from the function
of Doubling time: q,, * T = C (W * day/m?), where “C” is a constant C=3.27x10° Wxday/m® and “t” is
the doubling time value. On top of that, the tumor dimeter is a function of doubling time as [7]:
D = 0.01 * exp (0.002134 * (t — 50)).

Table 1 - Pennes equation parameters [10]

Parameter name Symbol Fat Gland Tumor
Thermal conductivity (W/mK) k 0.21 0.42 0.42
Blood perfusion (ml/s/ml) w 0.0002 0.0006 0.012
Density (kg/m?) ) 920 1050 1060
Specific heat (J/kg K) c 2770 3770 3800
Arterial temperature (°C) T 37 37 37
Metabolic heat generation (W/m?) q 400 700 29000

From these equations, the heat generation can be estimated for each input diameter of the tumor, such
as 10, 15 and 20 mm. The variation of this parameter would give insight into the relationship between
detectability of tumor for various body fat values which normally vary with ages of patients. This
parameter was varied as Hgiand = 74, 64 and 54 mm which resulted in 36.7%, 49.4%, and 60.3% of fat
content in the 3D breast model respectively.

These parameters were uploaded to COMSOL Multiphysics via option in “Parametric sweep” study.
In order to have reference temperatures for comparison, several simulations were conducted for
Hgtana = 74, 64 and 54 mm (fat content of {36.7%, 49.4%, and 60.3%}) for the breast without a tumor.

3 Results and discussion

To ensure accurate and reliable result, a mesh convergence study was conducted and for this purpose
tetrahedral mesh was adopted. Mesh convergence study was varied, ranging from 5,193 elements to
178,517 elements and the probe was placed at the center of the tumor that corresponds to the maximum
temperature in the breast. Based on figure 5, it was decided to use 37,231 tetrahedral mesh elements due to
the convergence of the results within the change of 0.002 °C, which is a much smaller value than the
resolution of thermal cameras needed to identify tumor [1]. The difference in the number of elements is
associated with the complexity of the realistic model.
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Figure 5 - Results of mesh verification study for a tumor of radius 20 mm, zenith angle of 90 mm,
tumor distance of 54 mm, and a gland height of 74 mm

Based on the forward simulation of the heat conductivity in the breast without tumour for the values
of gland layer height = {74, 64, 54} mm, the respective values of average surface temperatures are
{304.084, 303.428, 303.175} K. The average temperature data indicates that the surface temperature is
cooler with decreasing height of gland layer or increasing fat content. This trend is due to the change of
material properties near the surface area, namely the increase of fat layer, which has lower metabolic heat
generation rate as well as lower blood perfusion rate. Furthermore, surface temperature difference
distributions between healthy (no tumor) breast and breast with tumor become less significant with
decreasing vector distance (figure 6).

Figure 6 - The temperature difference distributions between diseased and healthy breasts for gland layer of 74mm,
a tumor of 20mm, zenith angle of 90°, vector distance of: a) 54 mm; b) 49 mm; c¢) 44 mm;
d) 39 mm and reference data of the same gland layer

Since the vectors distance is the distance from the center of spherical coordinates to the tumor center,
decreasing vector distance means increasing tumor depth from the skin surface. Based on Figure 9d, the
identification of tumor at depth of 29 mm is unlikely due to the fact that the maximum observed
temperature difference was 0.058 °C while according to the literature it should be at least 0.5 °C [1].
Furthermore, changing the zenith angle to 60° results in the same pattern of tumor recognition features that
fade away with deepening tumor location (figure 7) and gives a visual cue on the change of tumor position
due to zenith angle.

Figure 8 represents a deviation of the surface temperature of the breast with a tumor from a reference
breast. The threshold average surface temperature on the skin surface was calculated to be {0.0189 °C},
which corresponds to the maximum surface temperature difference of 0.5 °C between tumorous and
reference breast model that was concluded as enough to identify a breast with a tumor [1]. This threshold
was used to identify the detectable tumors from the parameter sweep data.
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Figure 7 —
The temperature difference distributions
between diseased and healthy breast for gland layer
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d) 39 mm and reference data of the same gland layer
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Table 2 reveals a summary of the data obtained for analysis. The total number of simulations for each
gland height case was 144: a combination of tumor diameters of {20, 15, 10} mm, zenith angle of {60°,
80°, 100° 120°}, the angle between planes of {0° 90°, 45°}, tumor depth of {14, 19, 24, 29} mm derived
from vector distances of {54, 49, 44, 39} mm respectively. The table shows the number of simulations that
surpassed the threshold of being detectable. The obvious trend is that the instances increase with
decreasing gland height or increasing the fat content. This is due to lower metabolic heat generation, lower
heat capacity, and lower blood diffusion coefficient of fat tissue that cannot contain the heat generated by
the tumor and conducts it through generating a more distinct pattern compared to a thinner layer. Although
this property of tumor detectability may indicate that people with more fat content can detect tumor easier,
it should be taken with caution. The fact is that additional fat increases breast size and breasts with the
same gland size but different fat content will have different overall size. If the tumor grows on the same
place on the glandular tissue the tumor will be deeper from the surface for the breast with more fat content
compared to another breast.

Table 2 - Number of instances categorized as detectable out of 12 for different gland layer height and fat content

Tumor depth, mm Gland layer 74 mm; Gland layer 64 mm; Gland layer 54 mm;
Fat content 36.7% Fat content 49.4% Fat content 60.3%
Tumor diameter, mm Tumor diameter, mm Tumor diameter, mm

20 15 10 20 15 0 20 15 10

14 12 8 4 12 10 0 12 11 11

19 4 3 2 7 4 5 12 8 9

24 0 0 0 3 0 0 5 4 2

29 0 0 0 0 0 0 0 0 0

Total 33 51 74

Figure 9 shows novel bubble charts of tumor detectability, which is found to increase with the tumor
diameter. In addition, it should be noted that the data showed no occurrences of detectable tumor that had
a depth of 29 mm, among all simulations. This depth puts the tumor inside the glandular tissue even at the
highest fat content of 60.3%. The high heat capacity and high blood perfusion of the gland contained
prevents identifiable hot spots on the surface of the breast model.
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Figure 9 - Scatter bubble chart for fat content of:
a) 36.7%; b) 49.4%; c) 60.3% where the size represents a number of detected instances

Moreover, at a gland height of 64 mm, the number of instances with 10 mm diameter tumor being
detected is higher than the number of detected tumors with a 15 mm diameter. This was the result of
sufficiently high heat generation rate of the 10 mm tumor as well as being fully located in the fat layer due
to its smaller size that resulted in greater detectability of the tumor.

An interesting trend was observed when comparing data of zenith angles 60° and 120° of different
plane angles. The pattern was that there was a difference between average temperatures of heat patterns
produced by tumors at upper and lower regions on the breast with respect to the x-axis. The upper region
is tumor locations with parameters: a zenith angle 60° and a plane angle of 90°, whereas lower region has a
zenith angle of 120° and a plane angle of 90°. The average temperatures were compared and the upper
region generated 20.785% more heat on average. This asymmetry could be explained by the fact that the
realistic geometry of the breast that was used in this study is asymmetric due to natural deformation of the
breast under the effect of gravity and lower part of the breast has accumulated tissue which creates
asymmetry in final surface temperatures. This effect was impossible to observe in previous studies that
assumed the breast to be perfectly semispherical and thus axisymmetric. Further examination was done on
the comparison between the left and rights regions. The right tumor locations could be described by the
parameters: a zenith angle 60° and a plane angle of 0°, whereas the left region has a zenith angle of 120°
and a plane angle of 0°. A similar comparison was performed and the difference in the surface
temperatures was 7.157% on average. This suggests that the tumors that are located in the lower regions
are harder to identify compared to upper regions and that left and right temperature profiles vary less than
the top and bottom temperature profiles.

Conclusion. A sophisticated 3D numerical heat transfer model for the breast was developed and
validated. Selected breasts were simulated by the model with various sized tumors and corresponding
metabolic heat generation rates, different locations of the tumor and gland heights that corresponded to fat
content. The predicted temperature agreed well with experimental results from the studies of Gautherie.
The surface temperature was observed to be lower with increasing fat content, which could be estimated
based on the thermogram using reverse thermal modeling. The parametric analysis of different tumor
locations indicated that the variation of the surface temperature patterns due to tumor positions in the fat
or gland layer significantly differed. As the diameter of a tumor increased its detectability increased
correspondingly. The tumors that were fully emerged in the gland layer due to very thin fat layer had a
significantly lower surface impact and sometimes did not give enough thermal signature in the breast
surface to make it identifiable. All of the identifiable tumor occurrences were at the depth from 13 mm to
23 mm while none of the tumors at a depth of 29 mm were found to be detected. Moreover, it was
observed that a naturally deformed breast geometry results in asymmetric surface temperature distribution
with respect to symmetric tumor positions. This behavior did not take place in the previous studies with
axisymmetric breast models.

Funding. This work was supported by grants from the Ministry of Education and Science of the
Republic of Kazakhstan «Application of artificial intelligence to complement thermography for breast
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"Mammna xacay ’oHE adpOFapBIIITHIK TEXHAKA Kadeapachl, MHKeHepIIiK sxoHe THQPIBIK FEUILIM MEKTEO],
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YIOIEMAI HAKTbI KOTIKABATTBI MOAEJIBAI KOJJIAHY APKbLIbI
ICITT BAP OUEJI OMBIPAYbI BETIHAEI'I TEMITIEPATYPAHBIH TAPAJIYBIH 3EPTTEY

Annotanusi. Makanajga KaH nepQy3uschblH KOca allFaH/Iarbl oiiell OMBIPaybIHBIH PEAIHMCTIK KOMKa0aTTHl MoJe-
JHIH HAKTHI 0ETKiI Ka0aThIHIIA TEMICPATYPAaHbIH TapaTybl MEH JKBUTY OTKI3TIIITITIHIH YIIOJIIIEM Il MaTeMaTHKAIBIK
3epTTeynepi kepcerinreH. Cyt 6e3i OeTiHAET! KBUTy OTKI3TIIITIK IIEH TeMIepaTypaHbIH Tapallybl dHell OMBIpayhI-
HIAFBl TYPJi iCIK TMO3HIHUACH, MOJIIEp] XoHE TYpJ THIFBI3ABIKIICH (Mail MeIIepi) ecenTeneni jKOHEe TalJaHa bl
Oiien oMbIpayblHa apHAIFAH aTalFaH MOJENb A3CTYPIIl HAcaAIn3alUsIaHFaH MOJICIIbICPMEH CaJIbICTBIPFAH/Ia OMBIpay
IITiHAE TeMIlepaTypaHbIH TapalyblH ToJI OOJDKail amaTHIHABIFE KYMbIcTa kKepcetinai. Ecentey HoTIXENEpi GapibiK
aHbIKTaNFaH icikTep 13 MM-neH 23 MM-Te AEWiHT1 TepeHIIKTe OONAaThIHBIH KOpCEeTTi. 29 MM JKoHE OJaH Jia apblKa-
paiFbl TEPEeHIIIKTET] icikTep aHbIKTaIMaabl. COHABIKTAH CYT Oe3iHiH KaOaThIHIA XKaTKaH icikTep cyT Oe3nepi OeTiHiH
KBUTY OTKI3TILITIrIHE XKOHE TeMIIepaTypachlHbIH TapalyblHa a3 acep ereTiHi aran oTinai. COHbIMEH KaTtap, 3epTTey-
nep, Taburu nedopmalysra OaiIaHbICThI diie] OMBIPAYbIHBIH T€OMETPUSCHI, 1CIKTIH CHMMETPHSUIBI TIO3UIMsIIapbIHA
KaTBICTHI OETKI TeMIlepaTypaHblH aCHMMETPHSIIBIK TapaJlaThIHbIH KepceTei. ColTill, eTKI3UIreH mapaMeTpiliK xKoHe
MaTeMaTHKAIBIK 3epTTeyJIep iCIKTIH IIOFBIPIaHybIH, MOJIIEPIH )KoHE METaOOIMKANBIK JKbLTy OOJHICIH Tajiaiibl.
CoHbBIMEH KaTap, alTbUIFaH 3epTeysep Mail KaOaThIHIaFbl e3repicTepre YIIBIPAHTBIH TYPJl TeMIlepaTypaliblK 3aH-
IBUTBIKTAPIBl  CANBICTHIpaAbl. MYHBIH Oopi MAIlMEHTTEpHiH JKeKe AepeKTepi HETi3iHAe TYpii (QH3HONOTHSIIBIK
JKaFJaiIarel iCIKTep/i aHBIKTAay Typallbl KeHipeK TYCiHIK Oepeni jkoHe cyT Oe3lepiHiH yKcac MOJENbIACPiH KONIaHy
HETi31H/Ie KOMITBIOTEP-JIiK JHarHOCTHKA JAIIIITIH jKaKcapTyFa IMaiaaisl aKmapaT YChIHA B

Tyiiin ce3nep: cyT Oe3iHiH Karepdi iciri, KenkabaTThl MOJIEINb, CAaHIBIK 3epTTey, Mail meiepi, COMSOL.

1. Kao', A. Meip3axmer', A. Mamekosa'*, N.J.K Hr?, O. Myxmeros!

! Kagenpa MalIMHOCTPOEHHS U a3POKOCMHYECKOM TEXHHKH,
[Ikosa nmxeHepHbIX ¥ HUPPOBbIX Hayk, HazapbaeB Yuusepcurer, Hyp-Cynran, Kazaxcran;
2 [1Ikoya MaITMHOCTPOEHHS U a3POKOCMHYECKOM Texuuky, Haubsuckuii Texnonoruaeckuii Y ausepcutet, CHHramyp

YUCJIEHHOE U3YYEHHUE PACHIPEAEJTEHUS TEMIIEPATYPbI
HA IIOBEPXHOCTH X KEHCKOU I'PY 1A ITPU HAJINYUU OIIYXOJIHN
C HCITOJIB30BAHUEM TPEXMEPHOU PEAJTMCTHYECKOU MHOI"OCJIOMHOU MOJEJIN

AHHoTanusi. B nanHoit paboTe mpencTaBieHo TpeXMEPHOE YHCICHHOE HCCIEA0BAHNE TEMIIEPATYPHBIX MaTTep-
HOB B PEATMCTUYHON MHOTOCIONHON MOIENH KEHCKOH MOJIOYHOW JKele3bl, BKIoUas nepdys3uro KpoBu. Pacmpene-
JICHUE TEMIIEPaTypbl IIOBEPXHOCTH MOJIOYHOM JKEJIe3bl BBIYUCIIETCS] M aHATTM3UPYETCS IPH PA3INIHBIX ITOJIOKECHUSIX
OITyXOJIH, pa3Mepax M pa3IndHOM COAEPKAHUM KHpa B MOJIOYHOM xene3e. [lomyueHHbIe pe3yIbTaThl CPAaBHUBAIOTCS
C 3KCIEPUMEHTAIBHBIMH pPe3yJbTaTaMH Ui BaIMIALUKM MOAENH. B cTaThe MOKa3aHO, YTO pEealCTHYHAs MOJENb
rpyau MOXKET TOYHO IIPEACKa3aTh pacHpenesieHue TEMIIEPATYPhl BHYTPH I'PYAH 10 CPABHEHHUIO C TPaAWLIMOHHBIMU
HUACAIIM3UPOBAHHBIMU MOJCIISIMH. PeSyJ’IbTaTbI IMOKa3bIBAKOT, YTO BCC I/lIleHTl/I(l)I/IIJ,l/IpyeM]:le OITYXOJICBBIC o6pa3033H14;1
HAXOJWIKMCh Ha riyOuHe oT 13 10 23 MM, B TO BpeMs KaK HH OJIHA M3 OIyXOJiei Ha TiayouHe 29 MM He Obl1a 00Hapy-
JKeHa. B cBs3M ¢ 3THM OBIJIO 3aMeYeHO, YTO OITyXOJIH, JIeKAIKe B CJI0€ JKeJe3bl, OKa3blBald MEHbIIEE BIMSHHUE Ha
TEMIIepaTypHBIH MPOQHIb MOJIOYHOH jkene3bl. Kpome Toro, ObIIIO 3aMeUeHO, YTO M3-32 €CTECTBEHHOH aedopManun
TeOMeTpUs TPyIU UMEET aCUMMETPUYHOE pacHpelesieHHe TeMIepaTypbl NOBEPXHOCTU OTHOCUTEIIBHO CUMMETpPUY-
HBIX MOJIOKEHUH OIyXxosin. TakuM 00pa3oM, NMPOBEICHHOE HMapaMeTPHUECKOE HCCIIeIOBAaHIE aHAIN3UPYET JIOKaJH-
3aIMIO OITyXOJIH, €€ pa3Mephl U METabOJIMYECKOE TETIIOBBIACICHNUE, a TAK)KE CPABHUBAET Pa3JINYHbIC TEMIIEPaTyPHbIE
MaTTepPHBI, MOABEP>KCHHBIE H3MEHEHUSIM XKHUPOBOTo ciosi. Kpome Toro, B 3TOM HCCIEIOBAaHWU MCHONB3YeTCsl Oosee
peanucTU4YHas TeOMETPUUEcKasi MOJEIb TPy MO CPAaBHEHWIO C MPEAbIIYLIMMHU HCCIeNoBaHMAMHU. Bce 310 nmaer
Ooinee rimyOoKoe IOHUMaHHUE BBIBIAEMOCTH OITyXOJIel ¢ pa3IMYHBIMU (PU3HOJOTHYSCKUMH COCTOSHUSAMM Ha OCHOBE
NEPCOHATM3UPOBAHHBIX JaHHBIX MAIIMEHTOB M MOXET [aTh IOJIE3HYI0 MH(GOPMALUIO IS TOBBIIIEHHS TOYHOCTH
KOMIIBIOTEPHON AMAarHOCTUKM C MCIIOJIB30BAHHMEM aHAJIOTHMUYHBIX MOJENeH MOIOYHOM JKene3bl. DTO MOXET CTaTh
OYCHb IMOJIC3HBIM MHCTPYMEHTOM B OGpaTHOM TCIJIOBOM MOACIUPOBAHUMN JIsI TOUYHOI'O 06Hapy>KeH1/m onyxoneﬁ B
MOJIOYHOH JKelnese.

KiroueBble c10Ba: pak MOJIOUHON JKelle3bl, MHOTOCIONHAsI MOJENb, YACIEHHOE UCCIIECA0BAaHUE, COJEpKAHUE
sxkupa, COMSOL.
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