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COMPUTER SIMULATIONOF CYCLIC TEMPERATURE EFFECT
ON THE ONCOLOGICAL NEOPLASM OF THE HUMAN SKIN

The paper presents the results of computer simulation of the temperature effect on the tumor of the
human skin in a dynamic mode. The physical, mathematical and computer models of the human
skin with oncological neoplasm (melanoma) were built with regard to thermophysical processes,
blood circulation, heat exchange, metabolic processes and phase transition. As an example, the
case is considered when a work tool is located on the tumor surface, the temperature of which
changes cyclically according to a predetermined law in the temperature range [-50 ~ +50] °C.
Temperature distributions in the tumor and various layers of human skin in the cooling and
heating modes have been determined. The results obtained make it possible to predict the depth of
freezing and heating of biological tissue, in particular a tumor, at a given temperature effect.
Bibl. 59, Fig. 6, Tabl. 2.
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Introduction

Cryodestruction [4 5, 8 27] and hyperthermia [28 32] of biological tissue are increasingly used
to neutralize malignant and benign oncological neoplasms of the human skin [1 7]. When performing
such procedures, it is important to control the temperature in the tumor, but there are still no tools to
determine the temperature in the tumor during cryodestruction and hyperthermia. Thus, during the
above procedures, the temperature in the tumor remains unknown, and, therefore, the destruction of
oncological neoplasm remains an open question.

One of the methods for determining the temperature in a tumor with a given cyclic change in the
temperature of the work tool is computer simulation [33 35]. However, in the computer models used so far,
blood circulation, heat exchange, metabolic processes and other thermophysical processes are taken into
account, but the phase transition in biological tissue is disregarded [36 38].

Therefore, the purpose of this work is computer simulation to determine the temperature in the
tumor, taking into account the phase transitions.

Physical model

A physical model (Fig. 1) of the area of biological tissue of human skin is a structure of three
skin layers (epidermis 1, dermis 2, subcutaneous layer 3), inner biological tissue 4 and tumor 5 which
is characterized by thermophysical properties [33-35, 39-43], such as thermal conductivity ;, specific
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heat C;, density p;, blood perfusion rate wsi, blood density pn, blood temperature Ty, blood heat
capacity Cp, and specific heat release Qmei due to metabolic processes and latent heat of phase
transition L. The thermophysical properties of biological tissue of the skin and tumor in the normal
[44-49] and frozen states [50, 51] are given in Tables 1, 2. In this paper, we use a 2D model with axial
symmetry, because the proposed physical model is symmetric about the y-axis. Also, such a model
allows increasing the speed of calculations without loss of accuracy [33-35, 39 — 43].

The corresponding layers of biological tissue 1-5 are considered as bulk heat sources @i, where:

0 = Queri +Py -Gy -0, (T, -T), i=1.5. ()

The geometric dimensions of each skin layer 1-4 are a;, b;, and of tumor (melanoma) are as
follows: thickness bs and radius n. The skin surface accommodates a work tool 6 with thickness d and
radius c. The temperatures at the boundaries of respective layers 1-5 and work tool 6 are Ty, Tz, Ts, T4,
Ts, Ts, T7. The temperature inside biological tissue is T1. The ambient temperature is To. The surface of
the human skin with temperature 75 is in the state of heat exchange with the environment (heat transfer
coefficient o and radiation coefficient &) at temperature 7o. The lateral surface of the skin is
adiabatically insulated.
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Fig.1. Physical 2D model of the human skin with a tumor: 1 — epidermis, 2 — dermis,
3 — subcutaneous layer, 4 — inner biological tissue, 5 — tumor (melanoma), 6 — work tool

Mathematical description

In the general form, the equation of heat exchange in biological tissue is as follows [52]:

C -%r:V-(Ki -VT)+p,-C, -0, -(T,-T)+Q

i=1.5, )

meti

where C,, x; is specific heat and thermal conductivity of the respective skin layers and tumor,

p, is blood density, C, is blood specific heat, o, is blood perfusion of respective layers,

T, is blood temperature, T is temperature of biological tissue; Q,...; is heat released due to metabolic

meti
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processes in each layer.

The term on the left side of equation (2) is the rate of change of thermal energy contained in a
unit volume of biological tissue. The three terms on the right part of this equation represent,
respectively, the rate of change of thermal energy due to thermal conductivity, blood perfusion and
metabolic heat.

Heat transfer equation in biological tissue (2) is solved with the corresponding boundary
conditions. The temperature on the surface of work tool changes by the given dependence in the
temperature range Tg =[-50 + +50] °C. The temperature inside biological tissue is T; =+37°C. The
lateral surfaces of biological tissue are adiabatically insulated (q = 0), and the upper surface of the skin
is in a state of heat exchange (heat transfer coefficient « and radiation coefficient ¢) with the
environment at temperature 7o.

g, (% y,t) e =a-(Ty _-I-s)'+'<9'5'(-|-94 _T54) ' (3)

X<

y=bi

where gi(x,y,t) is heat flux density of the i-th layer of the skin and tumor, « is coefficient of convective
heat exchange of the skin surface with the environment, ¢ is radiation coefficient, ¢ is the Boltzmann
constant, Ts is surface temperature of the human skin, 7y is ambient temperature (7o=+22 °C).

At the initial moment of time t = 0 s, it is considered that the temperature in the entire volume of
the skin is T = T, = +37°C, that is, the initial conditions for solving equation (2) are as follows:

T(xy,00=T, i=1.5. (4)

As a result of solving the initial boundary value problem (2) - (4), the distributions of
temperature T«(x,y,t) and heat fluxes q(x,y,t) in the corresponding layers of the skin and tumor at any
time are determined.

During the freezing process, a phase change will occur in the cells at the freezing point, while
there will be a loss of phase transition heat (L) and the temperature in these cells will not change. The
phase transition in biological cells occurs in the temperature range (-1 + -8) ° C. In the temperature
range (-1 = -8) ° C, when the cells are frozen, the heat of the phase transition is absorbed which in this
work is simulated by adding the corresponding value of L to the heat capacity C [50, 51].

Freezing of the human skin causes vasoconstriction and freezing of blood, therefore the value of

blood perfusion w,; tends to zero. In addition, cells will not be able to generate metabolic heat when

frozen, and metabolic heat Q_.. will be zero at temperatures below zero.

meti
In the frozen state, the properties of biological tissue of the skin will have the following values
(5)-(8), where i = 1..4:

Ci(l)
) c e T>-1°C
C =17 e 0 > 2 _g°C<T<-1°C, (5)
T<-8C
Ci(z)
K;
@ N T>-1°C
K. K
K = % —8°C <T <-1°C, (6)
ko T<-8C
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Qret iy T>-1°C

Quer, =10 —8°C<T<-1°C, @)
0 T <-8°C
@y i) T>-1°C

@, =40 —-8°C <T <-1°C. (8)
0 T<-8°C

Accordingly, the properties of tumor in the frozen state will have the following values (9)-(12):

C
50 coic T>-1°C
+
C5 _ L + 5(1) 5(2) _SOC ST S _10C , (9)
—1-(-8) 2
T <-8C
CS(Z)
s T>-1°C
K, =150 s ~8°C <T <-1°C, (10)
2
T<-8C
K55
Qmet(S) T=-1°C
Qpe, =10 -8°C <T <-1°C, (11)
0 T<-8C
By (s T>-1°C
o, = —8°C <T <-1°C. (12)
0 T<-8C

Computer simulation example

To create a computer model, as an example, we used the following geometric dimensions of the
skin — the thickness of epidermis b;=0.08 mm, dermis b,=2 mm, subcutaneous layer bs=10 mm, inner
tissue bs=30 mm, radius ai=20 mm (i=1..4) and tumor (melanoma) — thickness bs = 1 mm and radius
n=2mm [53, 54]. The surface of the skin accommodates a work tool 6, which is a copper probe in
the form of a round disc. Its geometrical dimensions are as follows: thickness d =1 mm and radius
¢ = 3 mm. This model does not take into account the thermal contact resistance between the work tool
and the human skin, since it is estimated to be insignificant and makes R = 2-10° m?K/W [55]. The
temperature inside the biological tissue is T1 = +37°C. The ambient temperature is Tg = +22 °C. As an
example, this paper considers the case when the temperature of the work tool varies according to a
given dependence in the temperature range of Tg = [-50 + +50] °C. However, it is noteworthy that the
developed computer model makes it possible to consider the cases when the temperature of work tool
Tx(t) varies in any temperature range or according to any predetermined function. The thermophysical
properties of biological tissue of the human skin and tissue in the normal and frozen states are given in
Tables 1, 2 [44 — 49].
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Table 1.
Thermophysical properties of biological tissue of the human skin
and tumor in the normal state [44 — 49]
. . . . . Subcuta- . Tumor
Layers of biological tissue | Epidermis| Dermis Internal tissue
neous layer (melanoma)
Specific heat,
2 4 2
C (kg K1) 3590 3300 500 000 385
Thermal conductivity,
K (W-m K 1) 0.24 0.45 0.19 0.5 0.558
Density,
5 1200 1200 1000 1000 1030
p (kg-m™)
Metabolism,
368 368 368 368 3680
Qmet (W/m?3)
Blood perfusion rate,
0 0.0005 0.0005 0.0005 0.0063
op (Ml/s:ml)
Blood density,
3 1060 1060 1060 1060 1060
po (kg-m™)
Blood heat capacity,
3770 3770 3770 3770 3770
Co (kg tK?Y)
Table 2
Thermophysical properties of biological tissue of the human
skin in the frozen state [50, 51]
. . . . . Measurement
Thermophysical properties of biological tissue Value units
Heat capacity of frozen biological tissue (C,) 1800 Jim3°C
Thermal conductivity of frozen biological tissue () 2 Wr1/m°C
Latent heat of phase transition (L) 250-103 J/m?3
Upper temperature of phase transition (T1) -1 °C
Lower temperature of phase transition (T>) -8 °C

Thus, a three-dimensional computer model of the human skin with oncological neoplasms
(melanoma) was created. To construct a computer model, the Comsol Multiphysics software package
was used [56], which makes it possible to simulate thermophysical processes in biological tissue,
taking into account blood circulation, heat exchange, metabolic processes and phase transition.

The distribution of temperatures and heat flux densities in biological tissue was calculated by
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 a function value is sought for that satisfies given
second-order differential equations with the corresponding boundary conditions. The accuracy of
solving the formulated problem depends on the level of partitioning and is ensured by the use of a
large number of finite elements [56] and is 7=+0.1 °C.
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Computer simulation results

According to the known methods of cryodestruction and hyperthermia of biological tissue [11,
31, 57-59], the cooling rate should be at least (40-50) °C/min, and the heating rate (20-25) °C / min.
Therefore, in this paper, as an example, we consider the case in which the temperature of the work tool
Ti(t) varies in the range [-50 + +50] ° C as follows (Fig. 2, graph 1). First, cryodestruction of the tumor
is carried out with a cooled work tool at a temperature of 7=-50°C for t=30 s, then the temperature of
the work tool changes from -50°C to +50°C for the next 240 s (note that in this case when the
temperature changes, the freezing of the tumor continues to grow for a few more seconds), following
which a heated work tool is used to conduct tumor hyperthermia at a temperature of 7=+50°C for
t=30s. The subsequent decrease in temperature to T = -50 °C occurs within 120 s, and then this
temperature effect is repeated cyclically to achieve tumor destruction.

T,°C
50 |
40.
30 |
20 |
10

0

0 100 200 300 400 500 600 700 800  tc

Fig.2. The plots of work tool temperature (1) and tumor temperature
(2) versus time. The tumor temperature was taken at the depth of 1 mm from
the skin surface along the Oy axis.

With the help of computer simulation, the temperature distribution in the tumor was determined
at different points in time with the corresponding specified cyclic change in the temperature of the
work tool. The results of computer simulation, namely the temperature in the tumor at a depth of 1 mm
from the skin surface on the Oy axis, are shown in plot 2, Fig.2.

Figs.3-6 show the temperature distributions in the cross-section of the skin with the tumor the
surface of which accommodates a work tool the temperature of which changes cyclically according to
the above dependence in the temperature range of [-50 +~ +50]°C.
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S50

Fig.3. Distribution of temperature in the cross-section of the skin with a tumor the surface of which
accommodates a work tool at a temperature of 7=50°C at point of time t=30s

Fig.4. Distribution of temperature in the cross-section of the skin with
a tumor the surface of which accomodates a work tool at a temperature
of T=+50°C at point of time t=300 s
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Fig.5. Distribution of temperature in the cross-section of the skin with a tumor the surface of which
accommodates a work tool at a temperature of 7=-50°C at point of time t=450 s

Fig.6. Distribution of temperature in the cross-section of the skin with a tumor the surface of which
accommodates a work tool at a temperature of 7=+50°C at point of time t=720 s

From Fig .3, 4 it is seen that at t = 30 s the skin tumor (melanoma) is cooled at point 1 to a
temperature of -48.8 ° C, and at point 2 to -30.5 ° C (it should be noted that when changing temperature
from -50 ° C to + 50 ° C freezing of the tumor at point 2 continues to increase to a temperature of T =-31.3
°C fort=4s5). And at t =300 s the temperature at point 1 of the tumor rises to +49.9 ° C, and at point 2 of
the tumor the temperature is + 42.8 ° C. Since the tumor is in direct contact with the work tool, the
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temperature at point 1 of the tumor will be close to the temperature of the work tool.

Subsequently, with repeated cyclic temperature exposure (Figs. 5, 6), it is observed that at t =
450 s after cooling, the temperature at point 1 of the tumor reaches 49.4 °C, at point 2 of the tumor the
temperature is -32.3 °C. At t = 720 s, the temperature at point 1 of the tumor rises to + 48.6 °C, and at
point 2 of the tumor the temperature is + 40.1 °C.

It is established that taking into account the phase transition increases the accuracy of determining
the temperature in the tumor at AT = 6 °C and the depth of freezing (heating) by Ah = 0.8 mm.

The obtained results make it possible to determine the depth of freezing and heating of the skin
layers, in particular the tumor, at a given cyclic temperature effect to achieve maximum efficiency
during cryodestruction and hyperthermia. The developed computer model in dynamic mode allows
determining at any time the temperature distributions in different layers of the skin and tumor with a
predetermined arbitrary function of temperature change of the work tool with time Tx(t).

Conclusions

1. A computer model was developed to determine the temperature in the tumor, taking into account
the phase transitions in the dynamic mode for any given cyclic change in the temperature of the
work tool.

2. Using computer simulations, it was found that taking into account the phase transitions increases the
accuracy of determining the temperature in the tumor by AT = 6 °C and the depth of freezing
(heating) by Ah = 0.8 mm.
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KOMII'IOTEPHE MOJEJIIOBAHHSA
HOUKJITYHOI'O TEMIIEPATYPHOI'O BIIJIUBY
HA OHKOJIOTTYHE HOBOYTBOPEHHS IKIPHU JIIOJUHHU

YV pobomi nasedeno pesynomamu Komn’romepHo2o MOOeNO8AHHA MeMNepamypHo20 NIugy Hd
NYXAUHY WKIpU Y OuHamiyHomy pedxcumi. [lobydosano gizuuny, mamemamuyny i KoMn iomepHy
MoOeni WKIpU 3 OHKOJOIYHUM HOB0YMBOPEHHAM (MEIAHOMOI0) I3 8PAXYB8AHHAM MENioQi3uUHUX
npoyecis, Kpogooobizy, menyioobMiny, npoyecie memaborizmy ma ¢azoeozo nepexody. Ax npuxiao,
PO32IAHYMO  BUNAOOK, KOIU HA NOBEPXHI NYXAUHU 3HAXOOUMbCS poOOYUll  [HCMPYMeHm,
memMnepamypa siKo2o 3MIHIOEMbCS YUKIIMHO 34 HAnepeo 3a0aHOK 3ANe)CHICMIO Y O0ianasoHi
memnepamyp [-50 + +50] °C. Busnaueno po3nodinu memnepamypu y NyXauni ma y pizHuX ulapax
WKipU 8 pedicumax 0xon00xcenHs i Haepigy. Ompumani pe3yibmamu 0aiomv MOAICIUBICMb
BUSHAuUAmMu 2AUOUHY NPOMEP3AHHS [ Npoepigy OION02IYHOI MKAHUHU, 30Kpema NYXJAUuHU, Npu
3a0anomy memnepamypruomy enausi. bion.59, puc. 6, maébn. 2.

KuarouoBi cioBa: TemrmeparypHU BIDIMB, IIKipa JIOOUHH, MyXJIHHA, MEIaHOMa, JTWHAMIUYHUHA
PEXHUM, KOMIT I0OTEPHE MOJIETIOBAHHS.
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KOMIIBIOTEPHOE MOJAEJUPOBAHUE HUKJINYECKOI'O
TEMIIEPATYPHOI'O BO3JENCTBUSA HA OHKOJIOT MYECKHE
HOBOOBPA3OBAHMUS KOXKHU YEJIOBEKA

B pabome npugedenvt pesyibmamvl KOMNbIOMEPHO20 MOOCIUPOBAHU MEMNEPAMYPHO2O
6030€licmeust Ha ONyXoib KOJCU 6 OuHamuyeckom peoscume. Ilocmpoenwvi pusuueckasi,
MAMEMAMUYECKass U KOMNbIOMEPHASL MOOEIU KONCU C OHKOIOSUYECKUM HOB00OPA308aAHUEM
(menanomoil) ¢ yuemom meniopuzuuecKux npoyeccos, KposooobpaweHus, meniooomena,
npoyeccos mMemabomuzma u pazoeo2o nepexoda. B kawecmee npumepa, paccmompen ciyuail,
K020a HA NOBEPXHOCMU ONYXOAU HAXOOUMCS paboyull UHCMPYMEHMm, MeMnepamypd KOomopo2o
UBMEHsemcst  YUKAUYECKU NO  3apanee 3A0AHHOU  3A6UCUMOCTU 6 OUANA30HE MEMRepamyp
[-50 ~ +50] °C. Onpeoenenvl pacnpedenenus memnepamypol 6 ORYXOAU U 8 PAZNUYHBIX CILOSX
KOJICU 6 pedicumax oxaadicoenusi u Hazpesa. Ilonyuennvie pesyiomamvl OO 603MOICHOCb
onpedensimy 21yOUHY NPOMEP3AHUsL U Npozpesa OUOIOSUYECKOU MKAHU, 6 YACMHOCMU ONYXOJU,
npu 3a0aHHOM memnepamypHom o3oeucmeuu. bubn. 59, puc. 6, maébn. 2.

KaroueBble ciioBa: TemiepaTypHOe BO3JCHUCTBHE, KOXKAa 4EJIOBEKa, OIMYXOJb, MeEJIaHOMa,
JUHAMUYCCKUN PEXKHUM, KOMITBIOTEPHOE MOJICITUPOBAHUE.
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