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DETERMINATION OF INFLUENGE PARAMETERS
OF HIGH FREQUENCY CURRENT ON LIVING TISSUES

Introduction. High-frequency electric welding of biological tissues is an effective method of
treatment in surgery. This is an electrosurgical method that minimizes the possibility of the
destructive effect of electric current on soft living tissues. The welding method is widely used in
general surgery for joining soft tissues where a weld is created when a high frequency electric
current is passed through the tissue. With this method, it is possible to carry out serious opera-
tions, such as welding of liver tissue, retina, resection of tumor tissue and many other opera-
tions. For operations in surgery, it is important to know the optimal parameters of HF-welding,
such as welding temperature, mechanical stress on tissues, welding time and voltage.

The purpose of the paper is to determinatethe optimal conditions for high-frequency
welding of living tissues, such as welding temperature, mechanical stress on tissues, welding
time and voltage. To determine these parameters, the liver tissue fusion was simulated in the
Sinda and Comsol software.

Results. As a result of modeling and research, model dependencies were obtained that deter-
mine the optimal parameters of high-frequency welding for performing surgical operations for resec-
tion and welding of liver tissue. In the place of direct contact of the electrodes with the tissue, the
temperature does not exceed +70 ° C, and at a distance of 2 mm in the adjacent tissues does not
exceed +50 ° C, which provides a tissue-preserving electrosurgical effect.
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Conclusions. The studies have shown that mathematical modeling of heating biological
tissue by a split electrode, through which a high-frequency current passes, practically coin-
cides with a real experiment. The optimal conditions for high-frequency welding of living
tissues obtained as a result of modeling, such as welding temperature and welding time make
it possible to reduce the recovery period after applying the HF-welding method by choosing
the optimal coagulation modes.

Keywords: welding of biological tissues, mathematical modeling, temperature, liver, surgery,
modeling in Sinda, modeling in Comsol.

INTRODUCTION

The use of welding of living tissue for hemostasis in surgical operations reduces
blood loss, cost and time of surgery [1-3]. The use of live tissue fusion for hemo-
stasis in surgical procedures reduces blood loss, cost and time of surgery. For
hemostasis, bipolar forceps and clamps are used. Monopolar electrodes are used
for welding and hemostasis in ophthalmology. Instruments with split electrodes
are used for bloodless tissue cutting, hemostasis of the surface of wounds, and in
thoracic surgery. With the help of special clamps with narrow electrodes and
welding modes, bloodless tissue cutting is possible with simultaneous hemostasis
and an increase in the ablasticity of the surgical operation.

The voltage and duration of welding are automatically changed depending
on the condition and thickness of the fabric, the degree of contamination of the
electrodes and the force of their compression. The relative impedance value is
used as information about the state of the tissue Z. At the start of welding, the
impedance drops to the Z,,;, value due to heating of the fluid in the tissue, and
then begins to rise due to protein coagulation and tissue drying. The high-
frequency welding control system by regulating the voltage stabilizes the imped-
ance at the level (1,3-1,5)*Z;, (Fig. 1) [4].
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Fig. 1. The dependence of voltage and impedance Z,,;, with
automatic control of welding: #,, %, #; — high-frequency
heating stages relative to impedance value.
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The operating modes of electro-welding exposure in the physiological range,
worked out in the course of many years of clinical practice, made it possible to register
structural events at the molecular and nanostructural levels. In particular, it was shown
that during high-frequency welding, more labile globular proteins undergo thermal
denaturation: an increase in temperature causes a structural transition of the "globule-
coil" type, resulting in the formation of glue-like substances. The advantage of the
method of high-frequency (HF) welding of living tissues is that it is possible to avoid
the presence of foreign material and problems of immune incompatibility [5].

PROBLEM STATEMENT

On the basis of the obtained experimental and clinical data [1-5], the ability of tissue
exposed to high-frequency welding to maintain its viability, restore physiological prop-
erties and functions through regeneration processes has been demonstrated.

In the study [5], it was shown that when an electric current passes through
the tissue between the electrodes, the temperature of the tissue in the center of the
welded joint rapidly rises to a temperature 60—70°C coagulation of proteins and
denaturation of cells, and then, after turning off the current, the temperature
gradually decreases exponentially to the initial values 15-20°C (Fig. 2).

To find the optimal conditions for HF-welding of living tissue, it is impor-
tant to know the optimum welding parameters such as welding temperature, me-
chanical stress on tissue, welding time and voltage. To determine these parame-
ters, the welding of biological tissues was simulated in special software. The
simulation was carried out by the finite element method in the Sinda and Comsol
software environments. [6, 7].

To simulate the welding of biological tissues, the real values of biological
tissues (Young's modulus, Poisson's ratio) and electrode characteristics (material,
electrical and thermal conductivity) were used. After the selection of materials,
research was carried out. In the model, the current was transmitted through bio-
logical tissue when the electrode interacted with the tissue. A certain pressing
force was applied to the electrode. To find the optimal welding parameters during
the experiment, a constant value of the force applied to the electrode, the welding
time and the electric voltage were set. The safe welding temperature is 60—90°C.

80,00

Temperature for d =4 mm
70,00
Temperature ford =2 mm

I )
L L gL
o 9 o
S & o

30,00

Temperature, °C

HHHHHHHHHHHHH

Fig. 2. Temperature change in muscle tissue with a thickness
of 2 mm and 4 mm during HF-welding and cooling relative
to the initial temperature 15°C.
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To find the optimal temperature, a sample of the study parameters was car-
ried out. As a result, model dependencies were obtained that can determine the
optimal parameters of HF-welding.

THE PURPOSE STUDY

A model of welding in liver tissues was built in the environment of Sinda and
Comsol. For welding it is necessary to find safe conditions of welding process
and to define optimum parameters. Thanks to the Sinda and Comsol software, it
is possible to perform experiments without the use of clinical experiments.

The study of the optimal parameters of HF-welding of living tissues will al-
low surgery in the future to non-invasively control the temperature of nearby
tissues and determine the quality of the weld.

The purpose of the paper is to determinatethe optimal conditions for high-
frequency welding of living tissues, such as welding temperature, mechanical
stress on tissues, welding time and voltage. To determine these parameters, the
liver tissue fusion was simulated in the Sinda and Comsol software.

METHODS AND MEASURES OF THE RESEARCH

Liver tissue temperatures during high frequency welding are measured using a
thermograph FLIR ThermaCAM E300, which has temperature sensitivity 0,1°C
and measurement error +1% of the measurement range. The technical capabilities
of the thermograph allow to determine the minimum temperature difference be-
tween the nearby tissues from 0,5°C to 10°C.

Finite element modeling was performed in the Sinda and Comsol programs.
The maximum welding temperature is 90 °C. To simulate the process of high-
frequency welding, a constant value of the application of force to the electrode,
the welding time and the electrical voltage between the electrodes are set.

To determine the optimal temperature of high-frequency welding of liver muscle
tissue, the study parameters (current in the electrode, voltage, tissue temperature) were
selected, which allows to determine the optimal welding parameters.

RESEARCH OF TEMPERATURE GRADIENTS ON THE LIVER SURFACE

For high-frequency welding of tissues in research and execution model used a bipolar
electrosurgical instrument with a split electrode (Fig. 3), which allows to destroy the
muscle tissue of the liver with an electric current while stopping bleeding.

Fig. 3. A bipolar electrosurgical instrument with a split electrode
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Fig. 4. Research block diagram

The block diagram of the studies performed is shown in Fig. 4. And it con-
sists of 1 — power supply EKVZ-300 "Patonmed", 2 — bipolar electrosurgical
instrument with a split electrode, 3 — research object (biological tissue), 4 —
infrared radiation, 5 — thermographic system based on the thermal imager
ThermaCAM E300, 6 — personal computer with specialized software.

During the research, the coagulation mode was used at 75% of the power of
the EKVZ-300 apparatus. The object of research is the temperature change in
tissues isolated porcine liver (Fig.5).

Non-invasive temperature control in liver tissues was performed with a
thermograph ThermaCAM E300 in the mode of ablation by high-frequency cur-
rent using the EKVZ-300 "Patonmed" apparatus. The temperature of the tissues
between the electrodes was measured using a thermography system. The spectral
range of the infrared thermograph was from 7.5um to 13 um. The distance be-
tween the object and the lens of the thermograph was from 0.1 m to 1 m. The
temperature measurement error was no more than +2% in the temperature meas-
uring range from 0°C to 80°C, temperature sensitivity of the thermograph 0,1°C.

The change in the temperature of liver tissue with a thickness of up to 4 mm in
the center of application of the split electrode and in the area of nearby tissues (with a
radius of up to 2 mm) during high-frequency welding is shown in Figure 7.

The input data for modeling the process of heating and cooling the tissues of
the isolated liver in the process of high-frequency heating are the temperature
data measured with a thermal imager with a time interval of 1 s (Fig. 6).

Obviously, the cooling process of the tissues of the isolated liver after high-
frequency welding has an exponential relationship, and thus the estimated time
for re-ablation of a tissue site can be determined from the expression:

At=3,14-T, (1

where T < 1 is a time of high-frequency welding of a tissue section, sec.

74 ISSN 2663-2586 (Online), ISSN 2663-2578 (Print). Cyb. and Comp. Eng. 2021. Ne 3 (205)



Determination of Influence Parameters of High Frequency Current on Living Tissues

Fig. 5. Object of research: a) pork liver with an installed split
electrode, b) pork liver in the infrared spectrum.

f)

Fig. 6. Pork liver in the infrared spectrum during HF-welding:
temperature data with a time interval of 1 s.
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Fig. 7. Change in liver tissue temperature: a) in the center of application of the
split electrode, b) in the area of nearby tissues with a radius of up to 2 mm.
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Fig. 8. Model of high-frequency welding in the Comsol environment for different
types of electrodes: a) model with a closed electrode, b) model with a split electrode.

In the implemented model of the high-frequency welding process, a constant
value of the application of force to the electrode, the welding time and the elec-
tric voltage between the electrodes were set. The model in the Comsol environ-
ment is built for two types of electrodes: a model with a closed electrode and a
model with a split electrode (Fig. 8).

The distribution of high-frequency current in the electrodes of electrosurgical in-
struments has been shown in previous studies [8, 9]. Mathematical modeling of the
stationary distribution of temperature fields in a two-phase medium (electrode —
biological tissue) at a frequency of 440 kHz is considered in detail [10]. The pre-
sented model makes it possible to study the non-stationary distribution of the tem-
perature field using an infrared thermograph, with a tissue-preserving technology of
welding biological tissues.
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The temperature distribution in the material is described by the thermal con-
ductivity equation, which has the form:

CQZJNWTFQ, )
ot

where p is a density; C is a specific heat; k is a coefficient of thermal conductivity;
p is a nabla operator; Q is a heating source distribution function; 7' is a temperature;
¢ is a time.

To solve this problem of heat transfer, first of all, it is necessary to solve the elec-
tromagnetic problem and, as a result, find Q — distribution function of heating sources.

From Maxwell's equations [11] follows an equation that describes electro-
magnetic processes in conducting media.

_v[iVEjJr(_ja)a- a)ze)E =0, 3)
Y7,
where E is a electric field strength; u is a magnetic permeability of a conductive
medium,; j is a imaginary unit; o is a angular frequency; o is a specific conductiv-
ity; € is a dielectric constant of the conducting medium.

Equation (2) makes it possible to determine the electric field strength £ and
the distribution of heating sources Q when a high-frequency current flows in
conducting media:

0=cF. 4)

In clinical practice, in order for the restoration of the physiological functions
of an organ to proceed quickly enough and not to entail complications, the ther-
mal input should be minimal, but sufficient for the formation of a high-quality
compound [12].

RESULTS OF MODELING FOR HIGH-FREQUENCY HEATING OF TISSUES

To solve the differential equation of heat conduction in the MSC Sinda system,
the thermal network method is used (TNM — Thermal Network Method) [13],
wherein the thermal conductivity of the system of equations is represented as a
cell — centered nodes and resistances between the nodes using the method of
finite differences (Fig. 9).

Application of the TNM method to the heat equation gives the following
discrete form of the equation [14]:

e ic (T‘T)JFiR (T'-T" |, i=L..N (s
at (m o c)i = i,j J i ~ i,] j i Py geeesy ( )

where (m - ¢);is a node capacity in the / is a node, NV is the total number of diffusion
nodes of the network, R ; ; is athermal radiation from the resistance between the nodes i
andj,C; ; is the capacity of the linear conductor between the nodes i and;.
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The MSC Sinda system allows to perform thermal analysis of the model and
all types of heat transfer: thermal conductivity, free or forced convection, advec-
tion, radiation, as well as to take into account such effects as ablation and thermal
contact between nearby tissue layers (Fig. 10).

In high-frequency welding of liver tissues, more labile globular proteins un-
dergo thermal denaturation — an increase in temperature causes a structural tran-
sition, as a result of which adhesive-like substances are formed.

The course of thermal denaturation processes depends on the temperature
distribution in the depth of the fabric, which can be determined from the results
of modeling high-frequency welding in Comsol (Fig. 11).

In the model, the heat transfer coefficient for free convection in the surface
layer of the fabric corresponds to the natural model of laminar flow convection
(ID =701 for Convection Correlation Lib MSC Sinda) through the surface of the
object of study with a characteristic length.

As a result, the nature of the process of heating the surface layer of liver
tissue during high-frequency welding has the form shown in Figure 12.

Node 1| Node2 | Node3 Noded | Node§
A ——— A
R R, R, | R
C1 —] C2 C; (‘4 Cs

il

Fig. 9. Thermal RC-network based on the equivalent electrical circuit:
Node — network nodes,
R — resistances equivalent to thermal radiation,
C — capacity equivalent to thermal conductivity between network nodes.
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Fig. 10. Model of high-frequency welding process in MSC Sinda system
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Fig. 11. Model of temperature distribution in tissue in Comsol: a) after 1.0 s. at
a temperature of +70° C on the surface, b) after 6.0 s. at a temperature of +70 °C
at a depth of 4 mm.
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Fig. 12. The nature of the process of heating the surface layer of the
fabric during high-frequency welding: a) on the surface, b) at a depth

of 4 mm.
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Fig. 13. Temperature change in liver tissue based on Comsol models for
temperature distribution in the field of application of the welding electrode:
a) monopolar electrode, b) split electrode.

The dynamics of the change in the temperature of the liver tissue, obtained on the
basis of the model of temperature distribution in the software Comsol in the field of
application of the monopolar and split electrode for the high-frequency welding process
is presented in Figure 13.In the place of direct contact of the electrodes with the tissue,
the temperature does not exceed +70°C, and at a distance of 2 mm in the adjacent tis-
sues does not exceed +50°C, which provides a tissue-preserving electrosurgical effect.

At high-frequency welding of living tissues both by a monopolar electrode,
and the split electrode full sealing of connection of fabric (weld) and asepsis of
an operating field due to bloodless cutting and welding by high-frequency cur-
rent, preservation of a hemostasis of a wound surface is provided.

The parameters of the welding mode are set and maintained based on the re-
sults of identification of the type of fabric, its condition etc. As a result of the use
of coagulation modes, in this study mode 1-100% power and mode 3-50%
power, the optimal effect of HF-current on the operated tissue is achieved, which
ultimately leads to a high quality connection.
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CONCLUSIONS

Thus, the study of non-stationary temperature field distribution using an infrared ther-
mograph is an effective example of the use of tissue-preserving HF-technology —
welding of biological tissues in surgery.

The results of modeling the temperature distribution during electrosurgical
exposure for the gentle mode of high-frequency heating of the liver tissue coin-
cide with the experimental results and show that the maximum temperature at the
place of direct contact of the electrodes with the tissue does not exceed +70°C,
and at a distance of 2 mm in the adjacent tissues does not exceed +50°C. The
temperatures reached in the process of high-frequency heating exclude overco-
agulation (overheating) of tissues, which provides a tissue-preserving electrosur-
gical effect on soft biological tissues.

Studies have shown that the mathematical modeling of the heating of bio-
logical tissue by a split electrode, through which a high-frequency current passes,
practically coincides with a real experiment. This approach will further allow the
development of new electrosurgical instruments for specific surgical operations
on different types of tissues.

The proposed method of non-invasive temperature control of soft biological
tissues allows increasing the efficiency of treatment of surgical patients by de-
termining the optimal parameters of high-frequency welding based on modeling
of heat transfer processes during welding of living tissues.

The optimal conditions for high-frequency welding of living tissues, such as weld-
ing temperature, welding time and stress, obtained as a result of thermographic studies
and modeling, allow reducing the recovery period after the application of the high-
frequency welding method by choosing the optimal coagulation regimes.
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BU3HAYEHHA ITAPAMETPIB BIUIMBY
BHUCOKOYACTOHOI'O CTPYMYVY HA XKMBI TKAHWHHA

Beryn. Bucoko4acToTHe €1eKTpO3BapiOBaHHs OiOJNOTTYHUX TKAHUH € e(hEeKTHBHIM METOIOM
JiKyBaHHS B Xipyprii. Lle MeToa enekTpoXipypridHoro BIUIMBY, SKAH MiHIMI3y€ MOIIHUBICTD
PYHHIBHOI i1 €JIEKTPUYHOTO CTPYMY Ha M’SIKi MBI TKaHWHH. MeTO/ 3BaplOBaHHS IIHPOKO
BUKOPHUCTOBYETHCS B 3arajibHiil Xipyprii s 3’€IHaHHS M SKAX TKaHWH, KOJIM 3BapCHUH II0B
BUHUKA€E IIPU MPOXOHKEHHI EJIEKTPHYHOTO CTPYMY BHCOKOI YacTOTH uyepe3 TKaHHHY. 3a J0-
MOMOTOI0 I[LOT'O METOJYy MOKHa TMPOBOJUTH CEPHO3HI Omepallii, Taki sIK 3BaplOBaHHS TKAaHUH
HEYiHKHU, CITKIBKH, Pe3eKLis MIyXJMHHOI TKaHUHM i OaraTo iHImMX omepauiil. [ng onepariii B
Xipypril BaKJIUBUM € 3HAHHS ONTUMAaJbHUX MapaMeTpiB BU-3BapioBaHHs, TAKHUX SIK TeMIIepa-
Typa 3BapIOBaHHs, MCXaHIYHE HABaHTa)KCHHS HA TKAHWHH, Yac 3BapIOBaHH i Hampyra.

MeTo10 CTATTi € BH3HAUCHHS ONTUMAJIBHUX YMOB JUISI BHCOKOYACTOTHOTO 3BapIOBaHHS
JKMBUX TKAaHWH, TaKHX K TEMIIepaTypa 3BaplOBaHHs, MEXaHIYHE HABAHTAXKCHHsS Ha TKAHWHH,
Yac 3BapIoBaHH 1 Harpyra. {Jsi BU3HaYSHHs X IapaMeTpiB OyJio IPOBENSHO MOETIOBAHHS
3BapIOBaHHs TKaHWH IEYiHKH B TIporpaMHoMy 3a0e3nedenHi Sinda i Comsol.

PesyabTaTu. B pe3ynbTari MOJIENIOBaHHS 1 JOCHIHKEHb OyJIM OTPUMAaHI MOJIENIBHI 3a-
JIEXKHOCTI, SIKI BU3HAYAIOTh ONTHUMAJbHI IMapaMeTpH BHCOKOYACTOTHOTO 3BapIOBAHHS M
BUKOHAHHS XIpYPriYHHX OMepalliil 1Mo pe3eKkiii Ta 3BaplOBaHHS TKAHWH MEYiHKU. Y Micli
6e3nocepeHbOr0 KOHTAKTy €IEeKTPOJIiB 3 TKAHUHOIO TeMIlepaTypa He nepesuinye +70°C, i Ha
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BiJICTaHI 2 MM B JTOBKOJIMIIIHIX TKaHWHAX He nepeBuirye +50°C, mo 3abe3nedye HeTpaBMaTH-
YHHI eNIEKTPOXIpypriuHUiA BIUIMB.

BucHoBku. J[ocnipKeHHS TIOKa3alH, 1[0 MaTeMaTHYHE MOJICIIIOBAHHS HArpiBy 0i0Jori-
YHOI TKAHMHH PO3ILICIUICHUM EIEKTPOJOM, Yepe3 sIKHil MPOXOAUTh CTPYM BHCOKOI 4acTOTH,
MPaKTUYHO 30iraeThCsi 3 peaibHUM eKcriepuMeHToM. OTpUMaHi B pe3ysbTaTi MOJACTIOBAHHS
ONITHMAJTBbHI YMOBH JJIsl BUCOKOYACTOTHOTO 3BAPIOBAHHS KMBUX TKAHUH, TaKi K TEMIEPaTypa
3BapIOBaHHS 1 9ac 3BapIOBaHHS, MO3BOJSIOTH 3MEHIIMTH BiHOBHHUH TEpioJ MiCis 3aCTOCY-
BaHHs MeToly BU-3BaproBaHHS 32 paxyHOK BHOOPY ONTHMAIIBHOTO PEXUMY KOAryJIsiii.

Kniouosi cnosa: 36aprogans 0iono2iuHuX MKAHUH, MAMEMAMUYHE MOOCIIOGAHHS, meMnepa-
mypa, neuinka, Xipypeis, mooentoants ¢ Sinda, mooenosanns 6 Comsol.
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