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METHOD FOR TAKING INTO ACCOUNT THE PHASE TRANSITION
IN BIOLOGICAL TISSUE DURING COMPUTER-AIDED SIMULATION
OF CRYODESTRUCTION PROCESS

The paper presents a method for taking into account the phase transition in biological tissue
during computer-aided simulation of cryodestruction process. The physical, mathematical and
computer models of biological tissue are constructed with regard to thermophysical processes,
blood circulation, heat transfer, metabolic processes and the phase transition. As an example, we
consider the case when there is a cooling element on the surface of biological tissue at a
temperature of -50 ° C. The temperature and heat flux distributions in biological tissue are
determined in cooling mode. The results obtained make it possible to predict the depth of freezing
of biological tissue at a given temperature exposure. Bibl. 28, Fig. 7, Table. 1.

Key words: biological tissue, temperature exposure, cryodestruction, phase transition, computer
simulation.

Introduction

It is well known in medical practice that temperature exposure is an important factor in the
treatment of many diseases of the human body [1-3]. One of the promising areas is cryodestruction, i.e.
a set of surgical treatment methods based on local freezing of the human body biological tissue. To
perform cryodestruction, it is necessary to cool a certain part of the human body to a temperature of -50 °©
C. Today, such cooling is realized with the help of special cryotools using liquid nitrogen [4 §].
However, the use of liquid nitrogen has a number of disadvantages, namely nitrogen does not provide
cooling with the required accuracy of maintaining the temperature, and there are risks of overcooling
with negative consequences. Moreover, liquid nitrogen is a very dangerous substance and requires
proper care when used, and delivery of liquid nitrogen is not always available, which limits the
possibility of using this method. This opens up prospects for the use of thermoelectric cooling for
cryodestruction, which can be used for cooling to a temperature of (0 + -80) ° C. Thermoelectric medical
devices make it possible to precisely set the required temperature of the working tool, the time of
temperature exposure on the corresponding part of the human body and provide a cyclic change of
cooling and heating modes [1 —2,9 — 12].

Computer models of biological tissue created so far, on the surface of which there is a cooling
element, make it possible to simulate thermophysical processes with regard to blood circulation, heat
transfer and metabolic processes [13 19]. However, the existing computer models do not take into
account the phase transition in biological tissue when it is cooled to a temperature below 0 © C, which
leads to errors in computer simulation of temperatures and heat fluxes.
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Therefore, the purpose of this paper is to develop a method for taking into account the phase
transition in biological tissue during computer simulation of the cryodestruction process.

Physical model

We constructed a physical 2D model with axial symmetry (Fig. 1) of the human body biological
tissue 1 on the surface of which there is a cooling element 2. This model is a structure of two
homogeneous rectangular bars and is characterized by the following thermophysical properties:
thermal conductivity x, specific heat C, density p, blood perfusion rate w;, blood density p;, blood
temperature T, specific heat of blood C, specific heat release Q,,., due to metabolic processes and
latent phase transition heat L (table 1). The corresponding section of biological tissue 1 is considered
as a volumetric heat source ¢, where:

q:Qmet-i_pb.Cb.(Db.(T;)_T)‘ (1)

The geometric dimensions of biological tissue 1 are a, b, and, accordingly, of cooling element
2 - ¢, d. The temperatures at the boundaries of biological tissue 1 and cooling element 2 are T}, T>, T3,
T,. The temperature inside biological tissue is 7; = +37 ° C. The temperature of cooling element is
T, = -50 ° C. The ambient temperature is 75 = +22 ° C. The upper surface of biological tissue with
temperature 75 is in a state of heat exchange with the environment (coefficient of heat exchange o and
emissivity €) at temperature 7. The lateral surface of biological tissue is adiabatically isolated.
N
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Fig.1. Physical 2D model with axial symmetry:
1 — biological tissue, 2 — cooling element.
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Table 1.
Thermophysical properties of the human body biological tissue in normal [20-25] and frozenw
[26, 27]
Thermophysical properties of biological tissue Value Meaiifsment
Heat capacity of normal biological tissue (C;) 3600 Jm®-°C
Heat capacity of frozen biological tissue (C>) 1800 J/m®-°C
Blood heat capacity (Cy) 3600 J/m®-°C
Blood density (py) 1000 kg/m’
Thermal conductivity of normal biological tissue (x;) 0.5 W/m-°C
Thermal conductivity of frozen biological tissue (x;) 2 W/m-°C
Latent heat of phase transition (L) 250-10° J/m’
Blood temperature (7}) 37 °C
Upper temperature of phase transition (77;) -1 °C
Lower temperature of phase transition (7>) -8 °C
Blood perfusion in biological tissue (@) 0.0005 ml/s'ml
Metabolism in biological tissue (Q,e) 4200 W/m’
Mathematical model
In general, the heat transfer equation in biological tissue is given by [20-27]:
C-Z—sz-(K-VT)+pb-Cb-cob-(Tb—T)+QM, )

where C, Kk are specific heat and thermal conductivity of biological tissue, p, is blood density, C, is
specific heat of blood, ®, is blood perfusion, 7, is blood temperature, 7 is temperature of biological

tissue; Q

o 15 heat which is released due to metabolic processes.

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 side of this equation represent,
respectively, the rate of change of thermal energy due to thermal conductivity, blood perfusion, and
heat metabolism.

The equation of heat transfer in biological tissue (2) is solved with the corresponding boundary
conditions. The temperature on the surface of cooling element is 7, = -50°C. The temperature inside
biological tissue is 7; = + 37 ° C. The lateral surfaces of biological tissue are adiabatically isolated (q
= 0), and the upper surface is in a state of heat exchange (heat transfer coefficient a and emissivity €)

with the environment at a temperature of 7.
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geey.0)|  =a(T-T)+eo-(I; -T"). (3)

b

where a is coefficient of convective heat exchange of the surface of biological tissue with the
environment, € is emissivity, ¢ is the Boltzmann constant, 73 is temperature of biological tissue
surface, T is ambient temperature (75=+22°C).

At the initial time t = 0 s, it is believed that the temperature in the entire volume of biological
tissue is 7= 437 © C, that is, the initial conditions for solving equation (2) are as follows:

T(x,y,0) = T). 4)

As a result of solving the initial boundary value problem (2) - (4), the temperature distributions
T (x, y, t) and heat fluxes in biological tissue are determined at an arbitrary time. As an example, in
this paper we consider a case in which the temperature of cooling element is 7, = -50 °© C. However, it
should be noted that the proposed method allows considering cases where the temperature of cooling
element 7(¢) changes in any temperature range or according to a predetermined function.

During the freezing, the cells will undergo a phase change at the freezing point, with the loss of
latent heat of the phase transition (L) occurring and the temperature in these cells will not change. The
phase transition in biological cells occurs in the temperature range (-1 + -8) © C. The properties of
biological tissue in normal and frozen states are shown in Table 1. In the temperature range
(-1 = -8) ° C, when cells are frozen, the latent heat of the phase transition is absorbed, which can be
simulated by adding an appropriate value to the heat capacity [26, 27].

When biological tissue is frozen, the vessels in the capillaries are narrowed to freeze all blood in
the capillaries, and the value tends to zero. In addition, the cells will not be able to generate metabolic

heat when frozen and Q

met

will be zero at a temperature below zero.

In the frozen state the properties of biological tissue will have the following values (5)-(8):

T>-1°C
C= + —8°C<T<-1°C (5)
T<-8°C

! T>-1°C
k=412 -8°C<T<-1°C (6)
T <£-8°C

4200 T>-1°C
0,=410 -8°C<T<-1°C @)
0 T<-8°C
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0,0005 T>-1°C
@, =10 —8°C<T<-1°C (8)
0 T<-8°C

Computer model

A computer model of biological tissue was created with a cooling element on its surface.
Comsol Multiphysics software package [28] was used to build the computer model, which enables
simulating thermophysical processes in biological tissue taking into account blood circulation, heat
exchange, metabolism processes and phase transition.

The distribution of temperatures and heat fluxes 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 searched 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 [28].

As an example, Figs.2 - 3 show the distributions of temperature and isothermal surfaces in the
bulk of the human body biological tissue on the surface of which there is cooling element at a
temperature of 7'=-50°C.

A37T, °C

30

20

40 -30

Fig.2. Temperature distribution in the bulk of biological tissue on the
surface of which there is a cooling element at a
temperature of T = -50°C.
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Fig.3. Isothermal surfaces in the bulk of biological tissue on the surface of
which there is a cooling element at a temperature T = -50°C.

Computer simulation results

Fig.4 shows temperature distribution in the section of biological tissue on the surface of which
there is a cooling element at temperature T =-50°C at time moment t =500 s. In this case, /; is
temperature level T = -8°C and /, is temperature level T = -1°C.
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Fig.4. Temperature distribution in the section of biological tissue on the surface of which there is a cooling
element at a temperature T = -50°C at time moment t = 500 s:
l; — temperature level T = -8°C and [, is temperature level T = -1°C.
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Fig. 5 shows the dependence of the motion of phase transition zone (crystallization zone of
biological tissue) on the time of temperature exposure. From Fig.5 it is seen that maximum freezing
depth of biological tissue is about /~ 10 mm at a temperature of cooling element T =-50°C.
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Fig.5. Dependence of the motion of phase transition zone (crystallization zone of biological tissue)
on the time of temperature exposure at a cooling element temperature T = -50°C:
l; — temperature level T = -8°C and [, — temperature level T = -1°C.

Computer simulation was used to determine the dependence of the freezing depth of biological
tissue on temperature at different time intervals (Fig. 6) and on the time of temperature exposure at a
cooling element temperature T = -50 ° C (Fig. 7).

Figs. 6 and 7 show that at t = 60 s the biological tissue is cooled to a temperature of T =10 ° C
at a depth of 1 =4 mm, and at t = 180 s - at a depth of ] = 5 mm and at t =480 s - at a depth of [ = 7
mm.

It is established that with increasing temperature exposure, a deeper cooling of biological tissue
is attained. That is, with prolonged temperature exposure (T = -50 ° C), destruction of the

corresponding section of biological tissue can be achieved.
T,°C
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Fig.6. Temperature distribution in biological tissue
at different time moments of temperature exposure: 1 —t=60s; 2—t=120s; 3—t=180s;,

4—-1t=2405;,5-t=300s, 6-t=360s;7—t=4205; 8§—t=480s.
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Fig.7. Time dependence of temperature at different depth h of biological tissue at cooling element temperature
T=-50°C:1-h=0;2—h=1mm; 3—h=3mm;
4—h=5mm; 5—h=7mm; 6-—h=9mm; 7—h=10mm.

Thus, a technique was developed for taking into account the phase transition in biological tissue
during computer —aided simulation of cryodestruction process, which makes it possible to predict the
results of local temperature effect on biological tissue and to determine the temperature and heat flux
distributions at any given time with a predetermined arbitrary time function of change in the
temperature of cooling element 7(7).

It should be noted that the obtained results make it possible to predict the depth of freezing of
biological tissue at a given temperature exposure, taking into account the phase transition to achieve
the maximum effect during cryodestruction.

Conclusion

1. A technique was developed for taking into account the phase transition in biological tissue
during computer-aided simulation of the cryodestruction process, which makes it possible to
predict the results of local temperature effect on biological tissue and to determine the
temperature and heat flux distributions at any given time with a predetermined arbitrary time
function of change in the temperature of cooling element 7(¥).

2. Physical, mathematical and computer models of biological tissue on the surface of which there
is a cooling element at a temperature of 7'=-50°C have been created with regard to
thermophysical processes, blood circulation, heat transfer, metabolic processes and phase
transition.

3. Using computer simulation, the distribution of temperature and heat fluxes inside the biological
tissue was determined in cooling mode at a cooling element temperature 7= 50 °C. The
dependence of the freezing depth of biological tissue on the temperature of cooling element and
the time of temperature exposure was established. The maximum freezing depth of biological
tissue was determined, which is 1 = 7-10 mm at a cooling element temperature 7= 50 °C.
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B BIOJIOT' TYHINA TKAHUHI ITPU KOMIT'FOTEPHOMY
MO/JIEJTIOBAHHI ITPOIIECY KPIOJECTPYKIIII

Y pobomi nasedeno memoouxy epaxyeanHs Gaz06020 nepexody 6 OION0SIUHIll MKAHUHI Npu
KOMN TOMepHOMY MOOemosarnHi npoyecy kpiodecmpykyii. [1obyoosano ¢hizuuny, mamemamuyny ma
KOMN 1omepHy Mooeli OIoN02IYHOT MKAHUHU 3 6PAXY8AHHAM MENI0QI3UYHUX NPoYecis, Kposoobizy,
MenooOMIHy, npoyecie memabonizmy ma azoeo2o nepexody. Ak npuxiaod, po3SisiHymo 6Undaoox,
KOIU HA NOBEPXHI OIONOIUHOT MKAHUHU 3HAXOOUMbCSE OXOA00NACYIOUULL eNeMENm NPU MeMnepamypi -
50°C. Busnauerno po3nodinu memnepamypu i meniogux NOMoKi6 y OloN0SIMHIL MKAHUHL 8 PedCUMi
oxonoodicentst. Ompumani pes3yibmamu 0aromsb MOJNCIUGICIb NPOSHO3YEAMU 2IUOUHY NPOMEP3AHHS
6I0N10214HOT MKAHUHU NPU 300aHOMy memnepamypromy enauei. bion. 28, puc. 7, maobn. 1.

KnrouoBi ciioBa: GiojoriyHa TKaHWHA, TEMIIEPATYpHUI BIUIMB, KpiojecTpyKis, (a3oBuil mepexi,
KOMII"FOTEpPHE MOJICITIOBaHHSL.
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B pabome npusedena memoouxa yuumoieanus ¢azoeoeo nepexoda 6 6GUOIO2UHECKOU MKAHU NpU
KOMNBIOMEPHOM — MOOeIUupoganuy  npoyecca kpuooecmpykyuu. Ilocmpoenvl  ghuzuyeckas,
Mamemamuyeckas U KOMIbIOMePHas MOOeny OUONIOZULECKOU MKAHU C YYemoM Meniopu3UIecKux
npoyeccos, Kposoobpaujenus, meniooOMend, npoyeccog memabonusma u azoeo2o nepexood.
Kax npumep, paccmompen cnyuaii, k020a Ha NOGEPXHOCHU OUOIOSUYECKOU MKAHU HAXOOUMCS
oxaasxcoarowuil snemenm npu memnepamype - 50 C. Onpedenenno pacnpedenenus memnepamypbol
U Meniosvlx NOMOKO8 6 OUONIOSUYeCKOl mMKaHU 6 pedicume oxaadxcoenus. Ilomyyennvie
pesyibmamsl  0Aiom  803MONCHOCHb NPOSHO3ZUPOBAMb  2IYOUHY NPOMEP3aHUs  OUOL02UYEeCKOl
MKaHu npu 3a0aHHOM memnepamypHom enusinuu. bubn. 28, puc. 7, maon. 1.

KarwueBbie cj10Ba: OHOIOrHYECKass TKaHb, TEMIIEPATYPHOE BIIUSHUE, KPUOJAECTPYKIUS, (a30BbIi
nepex o1, KOMIBIOTEPHOE MOJICTUPOBaHHUE.
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