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The thermoregulation of human female body is influenced by hormonal and physiolog-
ical changes in the body during the menstrual cycle. The fluctuation of estrogen and
progesterone hormones, release in the follicular phase and the luteal phase of menstrual
cycle, respectively play an important role in the growth of breast ducts and lobules (milk
glands). The imbalance of these hormones causes breast tumors/cysts. The body core
temperature, blood perfusion and metabolism rate are higher in the luteal phase than the
follicular phase of menstrual cycle. In the present work, a tumor/cyst is assumed to be
in the glandular layer. A two-dimensional Pennes bioheat equation is solved to find the
temperature variation in breast tissue with and without tumor/cyst during the menstrual
cycle by using the finite element method. The results show that the temperature of each
layer of breast tissue in the luteal phase is higher than the follicular phase in the case of
normal breast, tumorous breast and breast with cyst.
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1. Introduction

The thermoregulation of female human body is influenced by hormonal and physiological changes in
the body during the menstrual cycle. The body temperature is sensitive to the sex hormones, which
are released by the uterus during the menstrual cycle. During the menstrual cycle, the hypothalamus
of pituitary gland produces follicle-stimulating hormone (FSH) and Luteinizing hormone (LH), which
promote ovulation and stimulate the ovaries to produce sex hormones — estrogen and progesterone.
These hormones stimulate the uterus and breasts to prepare for possible fertilization. The menstrual
cycle is a natural process of a female body, which occurs due to hormonal changes in reproductive
system. The first menstruation of the girl begins at the age of 12− 15 and it ends with menopause [1].
It is a monthly series, which is counted from the first day of one period to ends with the start of the
next period. The length of the menstrual cycle may vary from month to month and from woman to
woman. The average length of menstrual cycle is 28 days (shortest 21 and longest 35 days). The
menstrual cycle consists of two phases: follicular (pre-ovulation period, first half of the menstrual
cycle) and luteal (post-ovulation period, second half of the menstrual cycle). The follicular phase is
starting with a low level of estrogen and progesterone hormone. During the follicular phase (before
release of the egg), follicles produce estrogen and its level rises up to the beginning of ovulation (egg
release), which lasts 16 to 32 hours [2]. Estrogen hormone plays an important role in development
of normal breast tissue [3]. After ovulation, estrogen’s level decreases. During the luteal phase, the
follicle closes and forms a corpus luteum, which produces mainly progesterone and some estrogen. If
the egg is unable to fertilize, the corpus luteum degenerates and stops the production of hormones.
Then estrogen and progesterone hormone level decreases, which causes the onset of menses.
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Breasts are accessory organs of the female reproductive system [4,5]. Human breast tissue begins to
develop in the fourth week of fetal life. Before puberty, the female breast is composed with branching
of ductal system (lacks of lobular units). The breasts of female start to grow and develop at puberty
due to estrogen and progesterone hormones. The glandular layer of breast tissue increases with the
first menstrual cycle of girls. During the menstrual cycle, breast tissue responds to changing levels of
estrogen and progesterone hormones. The fluctuation of estrogen hormone causes the growth of breast
ducts in size and progesterone hormone causes the growth of breast lobules (milk glands). This causes
female breast pain, soreness and swelling before menses.

The imbalance of estrogen and progesterone hormones in the human female body causes a breast
lump. It can developed in any part of the breast. This lump can be either cyst or tumor. Breast cyst
is a fluid-filled sac, which is normally developed in milk glands. The physical properties of a cyst are
the same as the properties of water [6]. Most of the breast cysts are benign (non-cancerous). During
menstrual cycle, estrogen stimulates breast tissue to increase cell division [3]. When cell division is
damaged, it causes tumor. Tumors may be benign or malignant (cancerous).

Hessemer and Bruck [7] experimentally observed the influence of menstrual cycle on shivering, skin
blood flow, and sweating responses in external cold and heat exposure in middle of luteal phase and in
the early follicular phase of the menstrual cycle. They reported that Serum progesterone concentrations
in luteal phase and follicular phase were averaged 46.0 nmol/l and 0.9 nmol/l, respectively when the
luteal phase and follicular phase core temperature difference was maximal. They concluded that female
luteal phase temperature was higher than follicular phase. Acharya et al. [8] developed one dimensional
heat transfer model based on sweating responses to change of body temperature. They compared the
temperature profile of female luteal and follicular phases of menstrual cycle and temperature profile of
male. They concluded that the male body temperature was higher than female follicular temperature
and lower than female luteal temperature. Makrariya and Pardasani [9] studied the thermal changes in
a woman breast during menstrual cycle in different stages of breast development. They conclude that
the thermal discomfort in luteal phase was higher than follicular phase. Makrariya and Adlakha [10]
studied thermographic patterns in women breast with and without tumor during menstrual cycle.
Whelan et al. [11] observed the risk of breast cancer during menstrual cycle. They conducted the
information by mail survey among 997 women who had recorded menstrual events. They found that
a risk factor for breast cancer may be a pattern of short (less than 26 days) or long (greater or equal
to 34 days) menstrual cycle during reproductive life. Nakamur et al. [12] concluded that the body
core temperature was higher in the luteal phase than follicular phase on their experiments of eight
healthy young women. Bosetti et al. [13] studied on the benign ovarian cysts and risk of breast cancer
by analyzing the data from three hospitals. Lee et al. [14] experimentally compared the local sweat
rates and cutaneous vasodilatation during heat exposure in women with a regular full menstrual cycle.
They found that the sweating rate and skin blood flow were greater in the luteal phase compared to
follicular one.

The aim of the presented paper is to find the temperature variation of female breast tissue with
and without tumor/cyst during menstrual cycle by using two-dimensional finite element method.

2. Model formulation

The five layers epidermis, dermis, subcutaneous tissue, glandular layer and muscle with thoracic wall
are assumed in breast with hemi-spherical shape. The domain of the breast is assumed to be 72 mm
from areola to the body core [15–19] with thickness 1.5 mm, 2 mm, 1.5 mm, 45 mm and 22 mm of
epidermis, dermis, subcutaneous tissue, glandular layer and muscle with thoracic wall, respectively.
The X-axis is central line of the breast. The part of the breast is symmetrical about the central line.
In the study, a tumor/cyst is assumed in glandular layer at central line of the breast. This is because
most of the breast tumor/cyst develops in lobules and milk ducts of glandular layer and medically
glandular is known as breast.
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Fig. 1. Schematic diagram of element-wise 2-D dis-
cretization of breast tissue with tumor.

Figure 1 represents the schematic diagram
of element wise two-dimensional discretization
of breast tissue with tumor/cyst. The diame-
ter of tumor/cyst is taken 20 mm having center
(35, 0).

The finite element method is used for numer-
ical solution. The whole domain of the breast is
divided into 862 triangular finite elements. The
epidermal, dermal and subcutaneous layers of
SST region are divided into 128, 128, 130 trian-
gular finite elements, respectively. The glandu-
lar layer, tumor/cyst and muscle with thoracic
wall are divided into 382, 52 and 42 triangular
finite elements, respectively.

2.1. Governing equation

The Pennes bioheat equation [20] describes the energy balance between metabolism and blood perfusion
in a living tissue. In the study, this model is used for numerical solution. The simplified form of two-
dimensional bioheat equation is:

K ∆U +Bp(Ub − U) +Mh +Mt = 0, (1)

where K is thermal conductivity of tissue [W/m ◦C], ∆ = ∇2 is Laplacian operator, Bp = wb cb ρb
[W/m3◦C], wb is volumetric blood perfusion rate per unit volume [s−1], cb is specific heat of the
blood [J/kg ◦C], ρb is density of the blood [kg/m3], Ub is arterial blood temperature [◦C], U is local
temperature of tissue [◦C], Mh is metabolic heat generation rate of healthy tissue [W/m3] and Mt is
extra heat generation due to tumor [W/m3]. Mt = 0 for normal breast tissue.

2.2. Boundary condition

The heat loss from breast skin is caused by convection, radiation and sweat evaporation. The mixed
boundary condition [18, 19, 21] is used in outer surface of the breast:

Γ1 : K
∂U

∂η
= hc(U − UR) + LE, (2)

where η is the normal direction to the surface boundary, hc is combined heat transfer coefficient due
to convection and radiation [W/m2 ◦C], UR is room temperature [◦C], L is Latent heat of evaporation
[J/kg] and E is sweat evaporation rate [kg/m2 sec].

Thermoregulation of human body maintains body core temperature at 37 ◦C (±0.6 ◦C) by physical
(conduction, convection, radiation, evaporation) and physiological (blood flow and metabolism) fac-
tors. The body core temperature is sensitive to female sex hormones, which are released during the
menstrual cycle. Estrogen hormone has a cooling effect on the body and it cools the body temperature
before ovulation [8]. The plasma concentration rises during the luteal phase [8, 22]. So, progesterone
hormone warms the body temperature after ovulation to menstruation. Stephenson and Kolka [23]
experimentally observed the thermoregulation in women at two different times of day during the fol-
licular and luteal phases of the menstrual cycle. They found the resting body core temperatures range
from 36.76 ◦C during early morning in the follicular phase to 37.48 ◦C during the afternoon of the
luteal phase. The same results is used in the study. Thoracic wall is inner boundary of the breast and
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Dirichlet boundary condition is used in this part:

Γ2 : Bt, (3)

Bt = 36.76◦C for follicular phase,

Bt = 37.48◦C for luteal phase,

where Bt is body core temperature.
For continuity, the temperatures at the interface i of breast tissue layers are defined as:

Ki
∂Ui

∂η
= Ki+1

∂Ui+1

∂η
,

Ui = Ui+1.

(4)

Similarly, for interface of tumor and healthy breast tissue,

Kh
∂Uh

∂η
= Kt

∂Ut

∂η
,

Uh = Ut.

(5)

Here, the suffices h and t are used for healthy and tumor.

2.3. Existence and uniqueness of weak solution of model equation

The governing equation is:
−K∆U +Bp U = f in Ω, (6)

where, f = Bp Ub +Mh +Mt.
With the boundary conditions:

K
∂U

∂η
= hc(U − UR) + LE on Γ1, (7)

Ub = Bt on Γ2, (8)

∂Ω = Γ1 ∪ Γ2, Γ1 ∩ Γ2 = φ.

Multiplying (6) by the test function v ∈ V = H1(Ω) and integrating over the domain Ω yields

K

∫

Ω
∇U · ∇v dx dy +

∫

Ω
Bp U v dx dy =

∫

Ω
f v dx dy +W, (9)

where,

W =

∫

∂Ω
v K

∂U

∂η
dx dy.

Thus, the weak form or variational problem of governing equation (6) is:

find U ∈ V = H1(Ω) such that

a(U, v) = ℓ(v) +W for all v ∈ V = H1(Ω) (10)

where,

a(U, v) = K

∫

Ω
∇U · ∇v dx dy +

∫

Ω
Bp U v dx dy,
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ℓ(v) =

∫

Ω
f v dx dy, v ∈ V = H1(Ω).

(i) As a(U, v) = a(v, U), a(·, ·) is symmetric.
(ii) For U1, U2, v ∈ V and α1, α2 ∈ R

a(α1U1 + α2U2, v) = α1 a(U1, v) + α2 a(U2, v)
and, for U, v1, v2 ∈ V and β1, β2 ∈ R

a(U, β1v1 + β2v2) = β1 a(U, v1) + β2 a(U, v2).
Therefore, a(·, ·) is a bilinear functional on V × V .

(iii) Since | a(U, v) |6 (Kn+ P )‖U‖H1(Ω)‖v‖H1(Ω), a(·, ·) is bounded and hence continuous.
(iv) Since a(v, v) > (K C + P )‖v‖2H1(Ω), C > 0, a(·, ·) is Coercive or V-elliptic.

(v) ℓ(·) is bounded since
∣∣ℓ(v)

∣∣ 6 ξ ‖v‖H1(Ω), ξ > 0.
(vi) For v1, v2 ∈ V and α1, α2 ∈ R, ℓ(α1v1 + α2v2) = α1ℓ(v1) + α2ℓ(v2).

Therefore, ℓ(·) is linear.

Here, a(·, ·) : V ×V −→ R, V = H1(Ω) is bilinear, bounded and V-elliptic. Also, ℓ : V → R is a bounded
linear functional and ℓ ∈ V ∗, the dual space of V . Hence by the Lax–Milgram theorem, there exists a
weak formulation of Eq. (6), and it has a unique solution.

Since a(·, ·) is symmetric, the variational problem (10) is equivalent to the minimization problem:

I[U(x, y)] =
1

2
a(U,U) − ℓ(U).

The variational form of the partial differential Eq. (1) together with its boundary condition (2) in
two-dimensions is given by

I[U(x, y)] =
1

2

∫∫

Ω

[
K

((
∂U

∂x

)2

+

(
∂U

∂y

)2)
+ P (Ub − U)2 − 2MU

]
dx dy

+
1

2

∫

Γ1

[
hc(U − UR)2 + LEU

]
dΓ1, (11)

where, M = Mh +Mt.
The Lagrange linear interpolation functions are used to approximate the solution of the triangular

finite elements [24, 25].
For minimization,

dI

dUi
= 0, (12)

where, Ui represents the temperature in ith triangular mesh.
The system of Eq. (12) can be written in matrix form:

U = A−1B, (13)

where, U = [Ui] isN×1 vector, B = [Bi] isN×1 load vector matrix and A is N×N conductance matrix
respectively, N is the total number of nodal points in discretization of the domain. The MATLAB
programming language is used for simulation.

3. Results and discussion

The metabolic rate in luteal phase is about 5 − 6% higher than follicular phase of females [7,8]. So in
the study, 6% more metabolic rate is used for luteal phase than follicular phase. The parameter values
in the numerical simulations are taken as in Table 1 and 2.

Mathematical Modeling and Computing, Vol. 8, No. 2, pp. 192–202 (2021)



Mathematical modeling of temperature variation in breast tissue with and without tumor/cyst . . . 197

Table 1. Values of thermal conductivity, perfusion and metabolism.

Layers of Thermal Perfusion Metabolism
Breast Conductivity wb cb ρb M
Tissue K (W/m ◦C) (W/m3 ◦C) (W/m3)

Muscle with 0.48 b = 1538 (Follicular) m = 665 (Follicular)
Thoracic b = 2197 (Luteal) m = 705 (Luteal)

wall [15, 18, 19, 26] [8, 9] [8, 9]

Epidermis 0.20934 0 0
[18, 19, 28] [18, 19, 28] [18, 19, 28]

Dermis 0.31401 b/3 4m/7
[18, 19, 28] [19, 26] [19, 26]

Subcutane- 0.41868 b/3 4m/7
ous [18, 19, 28] [19, 26] [19, 26]

Glandular 0.48 b m
[15, 18, 19, 26] [19, 26] [19, 26]

Tumor 0.55 20 b 2m
[27] [19, 26] [19, 26]

Cyst 0.6 0 0
[6] [6, 29] [6, 29]

Table 2. Parameter values used in Model.

Parameters Values

Heat transfer coefficient (hc, W/m2 ◦C) 13.5 [17, 19, 26]

Latent heat of evaporation (L, J/kg) 2.4 · 106 [18, 19, 28]

Sweat evaporation rate (E, kg/m2 sec) 3.0806 · 10−6 [30]

Room temperature (UR, ◦C) 25 [30]

3.1. Temperature profile of breast tissue

Figures 2 and 3 show the temperature profiles of normal breast tissue in follicular phase and luteal
phase, respectively. From the exhibited graphs, the skin surface temperatures of breast tissue in
follicular and luteal phases are 31.60◦ and 32.39◦ respectively. Similarly, the interface temperatures of
epidermis and dermis, dermis and subcutaneous, subcutaneous and glandular, glandular and muscle of
breast tissue in follicular and luteal phases are 32.29◦, 32.90◦, 33.23◦, 36.64◦ and 33.15◦, 33.83◦, 34.20◦,
37.40◦ respectively. This shows that the temperature of breast tissue increases from skin surface to
body core in both phases of menstrual cycle. The results show that the temperature of each layers of
breast tissue in luteal phase is higher than the follicular phase. The similar behavior of the temperature
is shown in breast tissue in presence of tumor and cyst (Figs. 4–7).

Also, it is observed from the graphs that the skin surface temperature of normal breast in luteal
phase is higher than follicular phase by 0.79◦C. Hessemer and Bruck [7] and Lee et al. [14] found the
mean skin temperature in luteal phase was averaged 0.59◦C and 2.5◦C respectively higher than follicular
phase. Acharya et al. [8] observed the skin temperature in luteal phase was higher by 0.68 − 1.18◦C
than follicular phase at different room temperatures.
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Fig. 2. Temperature profiles of normal breast
tissue in follicular phase.
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Fig. 3. Temperature profiles of normal breast
tissue in luteal phase.
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Fig. 4. Temperature profiles of tumorous breast
tissue in follicular phase.
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Fig. 5. Temperature profiles of tumorous breast
tissue in luteal phase.
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Fig. 6. Temperature profiles of breast tissue
with cyst in follicular phase.
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Fig. 7. Temperature profiles of breast tissue
with cyst in luteal phase.
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Fig. 8. Temperature profiles of breast tissue with
and without tumor/cyst.

Temperature profiles of breast tissue with and
without tumor/cyst are shown in Fig. 8. The results
show that the temperature of tumorous breast tissue
increases from skin surface to tumor region due to
high impact of perfusion and metabolic rate in tu-
mor and then it maintains body core temperature
in both phases of menstrual cycle. The graph shows
that the temperature of each layer of tumorous breast
is higher than normal breast in both phases of men-
strual cycle. The skin surface temperatures of tumor-
ous breast in follicular and luteal phases are higher
than normal breast by 0.12◦C and 0.07◦C respec-
tively. The difference of skin surface temperature of
tumorous and normal breast is small because tumor
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lies 35 mm far from areola. In our previous article [18,19], we observed that increase in tumor distance
from areola decreases the skin surface temperature.

In the presence of cyst, the skin surface temperature of breast in follicular and luteal phases are
lower than normal breast by 0.03◦C. The results show that the temperature in cyst region is lower than
normal breast in both phases of menstrual cycle due to no blood perfusion and metabolism in cyst.

3.2. Sensitivity analysis of temperature profiles of breast tissue for different heat transfer coeffi-
cients and different room temperatures

Figures 9–11 represent the temperature profiles of normal breast, tumorous breast and breast with cyst,
respectively at different heat transfer coefficients (hc) 10 W/m2 ◦C, 13.5 W/m2 ◦C and 16 W/m2 ◦C. The
results show that increase in heat transfer coefficient in both phases of menstrual cycle decreases the
temperature of breast with and without tumor/cyst. The skin surface temperatures in luteal phase
are higher than follicular phase by 0.81◦C, 0.79◦C, 0.78◦C in normal breast, 0.76◦C, 0.75◦C, 0.72◦C in
tumorous breast and 0.81◦C, 0.80◦C, 0.78◦C in case of cyst at heat transfer coefficient 10 W/m2 ◦C,
13.5 W/m2 ◦C, 16 W/m2 ◦C respectively.
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Fig. 9. Temperature profiles of normal breast tis-
sue at different heat transfer coefficients (hc).
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Fig. 10. Temperature profiles of tumorous breast
tissue at different heat transfer coefficients (hc).
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Fig. 11. Temperature profiles of breast tissue with
cyst at different heat transfer coefficients (hc).
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Fig. 12. Temperature profiles of normal breast tis-
sue at different room temperatures (UR).

The temperature profiles of the breast tissue at different room temperatures (UR) 21◦C, 25◦C,
30◦C with sweat evaporation rates 0 kg/m2 sec, 3.0806 × 10−6 kg/m2 sec, 3.6139 × 10−6 kg/m2 sec are
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shown in Figs. 12–14 in the case of normal breast, tumorous breast and breast with cyst, respectively.
The results show that increase in room temperature in both phases of menstrual cycle increases the
temperature of breast with and without tumor/cyst. The skin surface temperatures in luteal phase are
higher than in follicular phase by 0.92◦C, 0.79◦C, 0.61◦C in normal breast, 0.85◦C, 0.73◦C, 0.58◦C in
tumorous breast and 0.93◦C, 0.81◦C, 0.62◦C in the case of cyst at different room temperatures 21◦C,
25◦C, 30◦C, respectively.
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Fig. 13. Temperature profiles of tumorous breast
tissue at different room temperatures (UR).
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Fig. 14. Temperature profiles of breast tissue with
cyst at different room temperatures (UR).

4. Conclusions

The two-dimensional bioheat equation based on the steady state temperature distribution of the female
breast with and without tumor is studied in follicular and luteal phases of menstrual cycle. The results
show that the temperature of each layer of breast tissue with and without tumor/cyst in the luteal
phase is higher than in the follicular phase. The increase in the heat transfer coefficient results in the
decrease in the temperature of breast with and without tumors/cysts in both phases of menstrual cycle.
The temperatures of normal and tumorous breast are increased when room temperature is increased
during the menstrual cycle. The similar behavior of temperature is shown in the case of cysts. The
temperature of tumor region is higher than normal but the temperature of cyst region is lower than
the temperature of normal breast.
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Математичне моделювання змiн температури в тканинах
молочної залози з пухлиною/кiстою та без неї пiд час

менструального циклу

Шрешта С., Гурунг Д. Б., Гокул К. С.

Вiддiл математики Природничої школи, Унiверситет Катманду,
Джулiхель 45200, Непал

На терморегуляцiю жiночого органiзму людини впливають гормональнi та фiзiоло-
гiчнi змiни в органiзмi пiд час менструального циклу. Флуктуацiї гормонiв естрогену
та прогестерону, що видiляються у фолiкулярнiй та лютеїновiй фазах менструального
циклу вiдповiдно, вiдiграють важливу роль у зростаннi проток грудей та молочних
залоз. Дисбаланс цих гормонiв викликає пухлину молочної залози/кiсту. Базальна
температура тiла, перфузiя кровi та швидкiсть обмiну речовин вищi в лютеїновiй
фазi, нiж у фолiкулярна фазi менструального циклу. У цiй роботi припускається, що
пухлина/кiста знаходиться у залозистому шарi. Двовимiрне рiвняння бiологiчного
нагрiвання Пеннеса розв’язано для виявлення змiн температури в тканинi молочної
залози з пухлиною/кiстою та без неї пiд час менструального циклу за допомогою
методу скiнченних елементiв. Результати показують, що температура кожного шару
тканини молочної залози в лютеїновiй фазi вища, нiж у фолiкулярнiй для випадку
нормального стану, наявностi пухлини та кiсти.

Ключовi слова: пухлина молочної залози, менструальний цикл, коливання тем-
ператури, МСЕ.
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