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Computer Simulation of Temperature Effect on Human
Biological Tissue in the Treatment of Obesity

This study developed a physical, mathematical, and computational model of temperature
effect on human biological tissue in the treatment of obesity. Temperature distributions in
different layers of biological tissue during cooling were determined. The obtained results
allow us to predict the depth of biological tissue freezing and the maximum cooling effect
during cryomassage and cryodestruction.
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Introduction

It is known that temperature effect promotes activation of processes in the human body and
is an important factor in the treatment of various diseases, namely dermatological, oncological,
allergic, gynecological, cardiovascular, respiratory, musculoskeletal, etc. Cold activates
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metabolism, helps slow down the skin aging process, cleanses and facilitates its breathing,
accelerates blood circulation, helps remove waste products from the surface layers of the skin,
maintains muscle tone, etc. The therapeutic effect of cold locally reduces skin temperature, has
anti-inflammatory, antipruritic, analgesic effects, exfoliates the epidermis, and with prolonged
exposure makes it possible to remove benign or malignant neoplasms, etc. [1-15].

The above information on the temperature effect on human biological tissue demonstrates the
promising application of thermoelectric cooling and heating in dermatology and oncology [11-13].
This is due to its advantages: the ability to accurately set the required temperature of the surface of
the working tool, the time of temperature exposure to the corresponding area of the human body,
and to provide a cyclic change in cooling and heating modes. However, the use of low and high
temperatures in medical practice requires a comprehensive and in-depth study of the features of
thermal effects on biological tissue, which is a complex task that requires the creation of accurate
physical and mathematical models (with account for blood circulation, metabolic and heat exchange
processes, as well as obesity) and the use of computer simulation [14—16].

The study of temperature fields is a fundamental theoretical and practical task for modern
industry, microelectronics, medicine and materials science [17, 18]. Precise control of thermal
processes allows to ensure the reliability of equipment operation, increase the efficiency of
treatment and ensure the appropriate quality of products [19, 20]. However, direct experimental
studies in this field often have limited application due to the high complexity of measuring
temperature distribution, the duration and cost of direct temperature measurement inside closed
objects or in aggressive environments.

To overcome these limitations, mathematical and computer simulation methods are often
used [21-23]. There are several main approaches: the use of analytical methods, which allow
obtaining accurate functional dependencies for calculating the temperature distribution, but
their application is limited to geometries of simple shapes [23]; a combination of analytical and
numerical methods, which allows finding a compromise between the accuracy of calculations
and the speed of calculations for more complex cases; numerical methods, in particular those
implemented using developed software [20, 22-23] or specialized application software
packages (such as ANSYS, COMSOL Multiphysics or SOLIDWORKS). They enable highly
accurate simulation of complex thermal fields, including dynamics, with regard to material
heterogeneity and boundary conditions. Such virtual computer simulation allows for the
optimization of designs at the design stage, significantly reducing the need for actual physical
testing, and also identifies critical conditions requiring increased attention and potential
experimental studies [24-30].

Therefore, the purpose of the work is to develop a computer simulation technique that
will allow predicting the results of local temperature effects on human biological tissue,
including during cryodestruction in dermatology and oncology.

1. Physical model of biological tissue with a cooling element

The biological tissue of the human body (Fig. 1) is a structure of three layers of skin
(epidermis 1, dermis 2, subcutaneous fat 3) and internal tissue (fat) 4. The temperatures at the
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boundaries of the corresponding layers of biological tissue with thicknesses /1, h2, h3, hs are T,
1>, T3, T4, and the specific heat fluxes inside are Q;, Q2, O3, Q4. The free surface of the skin
area (epidermis 1) is in a state of heat exchange with the environment at a temperature of 77.
The specific heat flux from the free surface of the skin is Os, and the specific heat flux of the
human internal organs is Os. Heat exchange of the skin by radiation and sweating is not taken
into account.

A cooled element 5 with a height of / is placed on the surface of biological tissue
(epidermis 1) with a temperature of 7’5, the temperature on the contact surface is 7.

Since the physical model represents a section of biological tissue consisting of four layers,
and the same biochemical processes occur in other neighboring layers, we can assume that heat
flow through the side surfaces of biological tissue does not occur (Q = 0).

Q,

Fig. 1. Physical model of biological tissue with a cooling element: 1 — epidermis,
2 — dermis, 3 — subcutaneous fat, 4 — internal tissue (fat), 5 — cooling element

2. Mathematical description of the model

To describe the process of heat exchange in “living” human biological tissues, the Pennes
model is used [31]. The model is based on four assumptions:

1) heat exchange between blood and biological tissue in prearterioles and postarterioles
is neglected;
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2) blood flow in small capillaries is considered isotropic, the direction of blood flow is
neglected;

3) large blood vessels in close proximity to capillary vessels do not contribute to the
energy exchange between biological tissue and capillary blood (i.e., the Pennes model does not
take into account the local geometry of the vessels);

4) the temperature of the blood in the arterioles is equal to the body temperature. Energy
exchange occurs instantly: the blood temperature equalizes with the local temperature of the
biological tissue.

Based on the above assumptions, Pennes modeled the effect of blood as an isotropic heat
source, proportional to the blood flow velocity and the difference between body temperature
and local tissue temperature [32—34]:

oT
PotinCPsiin — =V (K, VT )+ (PCP) 110 @, (T, = T) + q,,, » (1

ot

where p . —human skin density;

skin
Cp,,.,, — specific heat capacity of human skin;

k

skin

— thermal conductivity of human skin;
Puw.s — human blood density;

CpPyoa — Specific heat capacity of human blood;
®, —human blood perfusion;

T, — arterial blood temperature (7, =37 °C);

T — biological tissue temperature;
g, — heat released due to metabolism.

The metabolic heat generation considered in this model is assumed to be uniformly
distributed throughout the biological tissue, and blood perfusion is also assumed to be uniform
and isotropic. According to the Pennes model, thermal equilibrium occurs directly in the capillary
circle of the microcirculatory bed (blood at temperature 7 enters the capillaries, where heat
exchange occurs and the temperature decreases to the temperature of the biological tissue 7).

The term on the left side of equation (1) represents the rate of change of thermal energy
contained in a unit volume of biological tissue. The three terms on the right side of this equation
represent the rate of change of thermal energy due to thermal conductivity, blood perfusion,
and metabolic heat, respectively.

For the steady-state case z—T =0, therefore equation (1) is simplified to the form:
t

v ' (KskinVT) + (pcp)bloud (’Ob (T:z - T) + qm = 0 : (2)

The steady-state heat transfer equation in biological tissue (2) is solved with the following
boundary conditions (3), resulting in the distribution 7(x, y, z).
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0| =0, [,
o =0 |0 =0 |4| =a-@-D.

=0, |7|_=37°C,

3)

where Q is heat flux density, T is absolute temperature, 7y is ambient temperature, o is heat
transfer coefficient.
The thermophysical properties of the layers of human biological tissue are given in Table 1.

Table 1
Thermophysical properties of human skin layers [35—43]
login ot property vae |
Thermal conductivity, k. 0.24 W/m°K
Density, p,,, 1200 kg/m’
Epidermis Specific heat, Cp,,, 3590 J/kg°K
Thickness, & 8x107 m
Perfusion, o, 0 st
Thermal conductivity, k. 0.45 W/m°K
Density, p,,., 1200 kg/m?
Dermis Specific heat, Cp,,, 3300 J/kg°K
Thickness, 4 2x1073 m
Perfusion, o, 0.00125 st
Thermal conductivity, k. 0.19 W/m°K
Density, p.,, 1000 kg/m?
Subcutaneous fat Specific heat, Cp,,,, 2500 J/kg°K
Thickness, & 1x1072 m
Perfusion, o, 0.00125 s
Thermal conductivity, &, 0.5 W/m°K
Density, p,,., 1000 kg/m’
Internal tissue (fat) Specific heat, Cp,,,, 3800 J/kg°K
Thickness, % 3x107? m
Perfusion, o, 0.00125 s!
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3. Computer simulation results

A three-dimensional computer model of human biological tissue with a cooling element
on its surface was created in a cylindrical coordinate system. The Comsol Multiphysics software
package [44] was used to construct the computer model, allowing for the simulation of
thermophysical processes in biological tissue, taking into account blood circulation and
metabolism.

The calculation of temperature distributions and heat flux densities in human biological
tissue was carried out using the finite element method, the essence of which is that the object
under study is divided into a large number of finite elements and in each of them the value of
the function is sought that satisfies the given second-order differential equation with the
corresponding boundary conditions. The accuracy of the solution of the problem depends on
the level of division and is ensured by the use of a large number of finite elements [44].

Fig. 2 shows the temperature distribution in the volume of biological tissue of the human
body, on the surface of which a cooling element is placed at a temperature of 7= 25 °C.

A 37
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Fig. 2. Temperature distribution in the bulk of human biological tissue
with a cooling element located on its surface at a temperature of —25 °C.

Computer simulation was also used to obtain the distribution of isothermal surfaces in
human biological tissue (Fig. 3), taking into account edge effects in an improved three-
dimensional computer model.

Using computer simulation, the temperature distribution in human biological tissue was
obtained. As an example, Fig. 4 shows the specified temperature distribution in biological tissue
at cooling element temperatures in the range 7= +20 + -25 °C.
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Fig. 3. Distribution of isothermal surfaces in human biological tissue,
with a cooling element located on its surface at a temperature of T = —-25 °C
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Fig. 4. Temperature distribution in biological tissue at cooling

element temperatures in the range T = +20 +~ =25 °C

The relationship between the temperature of the cooling element on the skin surface and

the freezing depth of

biological tissue was also determined (Fig. 5). It was found that to achieve
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freezing of biological tissue to a depth of 2.5 mm, a skin surface temperature of —25 °C was
required.

-10

-15

-20

-25

0.0 0,5 1.0 15 2.0 25 [, mm

Fig. 5. Dependence of the temperature of the cooling element
on the surface of biological tissue on the depth of freezing

The results obtained make it possible to determine the required depth of freezing of
human biological tissue and achieve the maximum cooling effect when performing
cryodestruction in dermatology and oncology.

Conclusions

1. A physical, mathematical and computer model of the temperature effect on human
biological tissue has been developed, with regard to obesity. Temperature distributions and
isothermal surfaces in different layers of biological tissue in the cooling mode have been
determined. It has been established that to achieve freezing of biological tissue to a depth
of 2.5 mm, it is necessary to ensure a temperature on the surface of biological tissue of
T=-25°C.

2. A computer simulation technique has been developed that makes it possible to predict the
results of local temperature effects on human biological tissue, including during
cryodestruction in dermatology and oncology.
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Komm’oTepHe Mo1e/IIOBAHHSI TEMIIEPATYPHOI0 BILIUBY
Ha 0I0JIONiYHY TKAHUHY JIIOAMHY NPH JIKYBAHHI 0KUPIHHS

Y pobomi nobyoosano  izuumy, mamemamuuyHy ma KOMNH'IOMEPHY  MOOei
meMnepamypHo20 nausy Ha 0OI0N02IYHY MKAHUHY JHOOUHU NPU JIKYEAHHI OJICUPIHHIL
Busnaueno posznodinu memnepamypu y pisHux wiapax 0ion02iuHoi MKAHUHU 8 PeHCUMI
oxono0dcenusa. Ompumani pe3yiomamu 0arOMb MONCIUBICING NPOSHO3Y8AMU 2AUOUHY
npomep3aHus OI0N02TUHOI MKAHUHU MA MAKCUMAIbHUL eeKm OXON00NCEeHHs Npu
nposedeHHi Kpiomacaicy ma KpiooecmpyKyii.

KiarwouoBi cjoBa: TepMOENEKTPUUYHE OXOJOIKEHHS, KOMII'IOTEPHE MOICIIOBAHHS,
OlomoriyHa TKaHWHA, TEMIIEPAaTYPHUH BIUIUB, OKUPIHH, KPIOAECTPYKIIisl.
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