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Purpose: Today radiofrequency heart ablation is gold standard for the radical surgical treatment of different
types of heart rhythm disturbances. The purpose of the research is a comparative analysis of monopolar and
bipolar electrodes for ablation during open heart surgery (Cox-Maze ablation). Methods: The analysis is
made based on clinical data and mathematical modeling. By the use of system of electro-anatomical mapping
of radiofrequency ablation zones a three-dimensional model of left atrium is created. Then a potential
map, which represents the amplitude of myocardium activity, is imposed on this model. The amplitude
of myocardium activity, the width and depth of the electro-thermal destruction zone and the ablation
line continuity are main parameters of clinical data analysis. For mathematical modeling the COMSOL
Multiphysics 5.4 software is used. Two variation of mathematical model for monopolar and bipolar ablation
are created. Main analysis parameters of mathematical modeling are: diagrams of thermal field distribution,
size of myocardial tissue destruction, and duration of the ablation procedure. Results: Both monopolar
and bipolar ablation can be used for Cox-Maze procedure. But potential map and mathematical modeling
show that with monopolar ablation the destruction zone has a hemispherical shape and scar line is not
uniform along the depth of a heated myocardial tissue. It can lead to a recovery of pathological signals
conduction from the pulmonary veins to the atrium. Uneven distribution of thermal fields with a clearly
defined maximum increases the risk of evaporation and microexplosions. At the same time the duration of
monopolar ablation is significantly longer. Conclusion: It is shown that bipolar ablation has advantages
in pulmonary veins isolation. This type of instruments allows creation of effective and safe uniform thermal
transmural destruction with only one application of radiofrequency current energy.
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Introduction

Statistics researches provide tendency of 0.5%
of total population suffering from one of the most
common arrhythmias — atrial fibrillation [4]. In search
of ways for treating this heart rhythm disturbance
Dr. James L. Cox in 1987 proposed the so-called Cox-
Maze procedure [2]. It is used in cases when medi-
camental treatment isn’t effective. In the classic versi-
on, it is “cut and saw” procedure. It is performed to
create series of scars on heart that do not pass electrical
impulses [6]. Thus, it is possible to create the only one
possible way for electrical impulse to pass along heart
wall in correct order. Asshown by the practice of using
the Cox-Maze procedure, its effectiveness is about
90%. However, due to the complexity of execution and
duration it has not been widely used among cardiac
surgeons [12].

The development of electro surgery has greatly
simplified the radical treatment of cardiac arrhythmi-
as. Today there is no need for performing surgical
incisions of the heart wall for Cox-Maze procedure.
Necessary scars can be obtained by thermal destruction
of the corresponding heart areas. In world practi-
ce, radiofrequency ablation (RFA) and cryoablation
have become the most widespread among the possi-
ble sources of energy for heart ablation procedure.
Microwave and ultrasound also can be used to treat
heart rhythm disturbances but they are not so popular
[8]. As for Ukraine, only RFA is widely used in
arrhythmias treatment. Radiofrequency ablation sig-
nificantly reduces the time of Cox-Maze procedure,
reduces the time of patient postoperative recovery and
can be performed minimal invasion by catheters or
laparoscopically. The combination of these advantages
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over a classic Cox-Maze has led to the widespread use
of RFA in clinical practice.

Due to the high popularity of a radiofrequency
ablation, there is a wide range of equipment for this
procedure on the market. In general, it can be divided
into radiofrequency current generators and electrodes
for electro-thermal destruction. In turn, all electrodes
can be divided into monopolar and bipolar. Monopolar
electrodes for RFA are designed to carry out point
destruction of small sizes. Also they can be used for
linear destruction, as a combination of several tens of
point ablations. Bipolar electrodes allow to instantly
create large linear electro-thermal destruction.

1 The main objective of the
article

The main objective of this article is to compare
the possibilities of monopolar and bipolar ablation
for a Cox-Maze procedure. The comparison is carri-
ed out both on the basis of clinical material (the
potential map of myocardium tissue activity is used)
and mathematical modeling of radiofrequency ablation
during open-heart surgery.

2 Materials and Methods

2.1 Comparison of monopolar and bi-

polar Cox-Maze ablation based on
clinical data

Comparison is performed based on analysis of RFA
procedures results for bipolar and monopolar methods.
Clinical data was collected in the Department of
Arrhythmias (Amosov National Institute of cardio-
vascular surgery, Ukraine, Kyiv) with the use of the
electro-anatomical mapping system of radiofrequency
ablation zones (Ensite Velosity, Abbott, USA). This
system allows to build a three-dimensional model of
the cardiac chamber and to impose a potential map on
it. That map gives quantitative values of the myocardi-
um activity amplitude. It clearly shows in color-coding
(Figure 1) areas of post-ablation scars that are formed
in the postoperative period. Purple color in this map
corresponds to the amplitude of heart tissue activity
above 0.5mV. In clinical practice it is a characteristic
of the active tissue. The scale of amplitude from 0.1
to 0.5mV corresponds to the heart scar tissue. The
width of the ablation zone and the line continuity are
evaluated for complete isolation of the pulmonary veins
from the atrium. Recovery of myocardial activity in
the destruction area is the main cause of recurrence of
arrhythmia after RFA [10].

Fig. 1. The color coding of the heart tissue activity

The left atrium potential map of patient A is shown
on Figure 2. He had RF isolation of the pulmonary
veins by bipolar clamps (line 1) and the atrial lines by
a monopolar electrode (line 2).

The potential map of patient B is shown on Fi-
gure 3. In this case RF pulmonary vein isolation was
performed only by a monopolar electrode (line 3).

2.2 Comparison of monopolar and bi-
polar Cox-Maze ablation based on
mathematical model

2.2.1 Main equation of the mathematical

model

To compare monopolar and bipolar ablation dur-
ing open heart surgery a mathematical model of
this procedure is created. To simulate the resistive
heating of biological tissue, COMSOL Multiphysics 5.4
software is used. Model is created based on combinati-
on of Bioheat Transfer and Electric Current modules.
The main equation of the proposed model, as in its
analogues [12, 14], is the heat transfer in biological
tissue equation [1]:

pc ((Z) =V kVT4q+Qm—Qy, (1)

where p is the density (kg/m3?), c is the specific heat
(J/(kg'K)), k is the thermal conductivity (W/(m-K)), ¢
is the amount of heat from the heating source (W/m?),
@y is the cooling by blood perfusion (W/m3), Q. is the
amount of heat released due to metabolism (W /m?).
In the proposed mathematical model the energy
of the RF current is the heating source. A current
frequency for RFA procedure is in the range of 300-
1000 kHz. Taking into account current frequency, the
small volume of the influence zone and fact that
myocardium is a tissue with high water content, only
the resistive component of the total impedance of bio-
logical tissue can be taken into account [3]. Thus, the
heating source can be described by the equation:
g =ol|E[, (2)
where |E| is the magnitude of the electric field vector
(V/m) and o is the electrical conductivity (S/m).
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Fig. 2. The electro-anatomical mapping of the radiofrequency ablation zones in left atrium by bipolar clamps:
1- line of pulmonary vein isolation, 2 — atrial lines (mitral valve isthmus line, LA roof line, LA floor line)

Fig. 3. The electro-anatomical mapping of the radiofrequency ablation zones in left atrium by a monopolar

electrode: a) 3 — line of pulmonary vein isolation; b) the recovery of conduction of pathological signals from the

vein to the atrium; c) the formation of conditions for the generation of arrhythmia substrate in the middle of
the destruction zone, around scar

The radiofrequency ablation procedure during
open-heart surgery is carried out under the condition of
cardiopulmonary bypass. That’s why there is no cool-
ing by the blood flow in heart chambers. However, it is
appropriate to take into account cooling from the blood
flow of small vessels and capillaries of the heart wall. It
is indicated as @, [1]. At the same time the influence of
the environment is present. It can be indicated as Q.
The amount of heat released as a result of metabolic
processes during the duration of application up to 60s
is negligible [5]. Therefore it is not taken into account
in the model. With all refinements the final version of
the equation for heart RFA modeling is:

pc (‘Z) =V kVT+0|E*~Qp—Q..  (3)

2.2.2 Geometry and thermoelectric characteri-
stics of mathematical model components

Two versions of the mathematical model geometry
for simulating monopolar and bipolar ablation are
considered (Fig. 4). In both cases, there is an element of
myocardial tissue surrounded by ambient air flow at a
speed of 0.3m/s. For Cox-Maze RFA the affected area
is in the left atrium near the mouth of pulmonary veins.
In this zone thickness of heart walls is approximately
1-4mm [16]. An average value of 3mm is chosen for
modeling. In the case of bipolar ablation modeling, the
thickness of myocardial tissue element is twice as large,
since the clamp branches are applied on both sides of
pulmonary veins. [9,11].

As a tool for monopolar ablation, a classical
electrode with a diameter of 7F and a length of
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4mm is chosen (Fig. 4a). To simulate a bipolar clamp,
two electrodes with a length of 7cm and a width of
3mm located in acrylic plastic branches are considered
(Fig. 4b). The electrode material is platinum-iridium
alloy. The thermoelectric characteristics of all elements
of the mathematical model are presented in Table 1

Fig. 4. Geometry of mathematical models for

monopolar (a) and bipolar (b) ablation, where 1 — is

the myocardium tissue, 2 — is the ambient air, 3 — is

the monopolar electrode, 4 — is clamps of the bipolar
electrode

2.2.3 Initial and boundary conditions of the
mathematical model

The initial temperature for an element - myocardial
tissue, as well as blood of small capillaries in heart
wall is set at 36.6°C, for electrodes — 20°C. In the
mathematical model, it is believed that the electri-
cal conductivity of myocardial tissue increases linearly
with a temperature coefficient of 2%/°C [1].

Environmental cooling is simulated by a laminar
flow of air with a temperature of 20°C and at a constant
speed of 0.3m/s. Cooling by the blood flow of small
capillaries is realized by a boundary condition Bio-
logical Tissue. The perfusion rate is 0.0012m/s and is
considered uniform over the entire surface of the heart.

To simulate monopolar ablation it is believed that
the lower surface of the myocardial tissue element acts
as a passive electrode. Therefore, a boundary condition
Ground is applied to it. When modeling bipolar ablati-
on, the upper jaw is considered active, the lower one —
passive.

Calculation of the mathematical model is carried
out for a current frequency of 500 kHz, with maximum
application duration of 60s. The potential of the radio-
frequency current is applied to surfaces of the active
electrode and in both cases is set to 20V. The size

of destruction is estimated by the area of heart tissue
that is heated to more than 50°C. It corresponds to the
area of irreversible thermal destruction [7]. The critical
temperature is 100°C, since its achievement will lead
to a sharp evaporation of fluid and ruptures of a heart
wall as a result of micro explosions [17].

3 Results

Comparisons of line 1 and lines 2,3 on Figure 2
and Figure 3 shows that single-phase RFA with bi-
polar clamps (1) provides a uniform in width and
depth destruction line around pulmonary veins. In cli-
nical efficiency it is equivalent to creating a complete
blockade for conduction of pathological signals from
veins to the atrium and vice versa. Lines 2 and 3 are
more chaotic and scattered in space. That is due to they
are a set of ablation points, each with some differences
in the electrical parameters. Thus, they create a non-
uniform zone of destruction. It is confirmed by the
presence of more colors on the scale of the myocardial
tissue activity amplitude.

The thermal field distribution diagrams for mono-
and bipolar ablation are shown on Figure 5. It can
be concluded, that the proper transmural destruction
is achieved in both cases. Also the heating does not
exceed the critical temperature of 100°C.
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Fig. 5. Diagrams of thermal field spreading in time:
monopolar electrode (a), bipolar electrode (b)

The use of a monopolar electrode in one application
causes destruction up to 5mm long (Fig. 5a). It should
be noted, that the destruction zone has a hemispherical
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Tab6s. 1 Thermo-electrical parameters of model materials

Material Density, p (kg/m?) Electrical Thermal Specific heat,

conductivity, conductivity, ¢ (J/(kg'K))
o (3/m) k (W/(mK))

Left atrium 1200 0.225 0.531 3600

Platinum-iridium 21500 4-10° 71 132

Acrylic plastic 1190 1076 0.18 1470

Air 1.225 0 0.028 1006

Blood 1000 0.667 0.543 4180

shape and it is not uniform along the depth of a heated
tissue. A heating maximum is observed at depths of up
to 1mm from the tip of the electrode.

By the use of bipolar clamp, one application with
duration up to 30s is enough to create uniform in
depth and thickness thermal destruction along the
entire length of the pulmonary vein (Fig. 5b). The
heating zone is uniform throughout the thickness of
the heart wall. There are no pronounced maxima, as
with monopolar ablation. Also, there is practically no
temperature gradient. Only at the edges of the sample
can a slightly lower heating temperature be observed.
That is due to the cooling by ambient air flow.

4 Discussion

Based on clinical data (Fig. 2 and Fig. 3) it can be
said that monopolar ablation scar line isn’t uniform in
width and depth. It is a common cause of the recovery
of pathological signals conduction from the vein to the
atrium. Also it can lead to the formation of condi-
tions for the generation of arrhythmia substrate in
the middle of the destruction zone, around some scar.
Therefore, for the formation of linear destruction along
the entire length of pulmonary veins mouth dozens of
ablation points must be applied.

With hemispherical shape of destruction for
monopolar ablation, to ensure proper destruction
transmurality, the surgeon must overlap points of
thermal damage by at least 30% (F'ig. 6). The improper
implementation of monopolar ablation is shown on
Figure 6a. The destruction points practically do not
overlap. The zone between two points of destruction
which is heated to less than 50°C is marked in black.
Here it’s possible that over time electrical conductivity
will be restored and arrhythmia as well. The mini-
mum permissible overlap of destruction points (30%)
is shown on Figure 6b. In this case, the tissue between
two points of destruction that is not heated to more
than 50°C is still preserved, but its size is not signi-
ficant. Therefore, the risk of restoration of electrical
conductivity is considered not significant.

Width of the destruction, obtained by mathemati-
cal modeling of monopolar RFA is about 5mm. The
diameters of pulmonary veins are individually for each
patient and average is 15,64+3,2mm [15]. A total length

of the line of pulmonary veins mouth is 55+10 mm. Wi-
th a minimum overlap of destruction points in 30% it
is necessary to carry out about 20 points of monopolar
ablation. Application duration for each RFA point is
about 30 s with power 30-40 W to ensure effective linear
destruction. This means that it will take at least 10 mi-
nutes to isolate one pulmonary vein. That is why a total
duration of the RFA procedure, taking into account
the time for electrode positioning, will be about 25-30
minutes.
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Fig. 6. Diagrams of destruction points overlapping: no
overlaping (a), with the minimum allowed overlapping
of 30% (b)

Bipolar RFA that simultaneously clamps the enti-
re diameter of the pulmonary vein between branches
lasts 30 seconds for one application. In most cases is
sufficient for complete isolation of pulmonary veins.
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Conclusion

Clinical data and mathematical modeling results
are presented showing, that effective transmural
destruction can be achieved with both monopolar and
bipolar instruments for open-heart ablation. However,
bipolar ablation has some advantages for pulmonary
veins isolation. First of all, this is a quick and effecti-
ve method. It allows creation of continuous linear
destruction along the entire line of pulmonary veins
mouth. At the same time, as shown by mathemati-
cal modeling, when using a bipolar electrode, a uni-
form thermal destruction is observed. The temperature
gradient is minimal, unlike in monopolar ablation. In
this case, it is enough to perform only one appli-
cation of radiofrequency current energy to create a
block of conductivity. That reduces the duration of the
procedure to several minutes. The limitation of bipolar
ablation method is the convenience of its using only for
the isolation of pulmonary veins on the heart surface.
A monopolar electrode for RFA is the method of choice
in case of linear ablation in heart chambers cavity.
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IMopiBugaHHa MoOHOMOJAApHOI Ta GinmoJigp-
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YHUX JAHUX TA MATEMATUIHOTO MO/IEJ0-
BaHHSA

Cmacrox 10. II., Cuvwux M. M., Maxcumenko B. B.,
Kpaswyx B. B.

Merta: Cporogai pamiodacTOTHa abadIis cepmd € 30-
JIOTUM CTAHZAPTOM I PAJUKAJIHHOTO XipyprigHoro Ji-
KyBaHHA DI3HUX THUINB MOPYIIEeHb DPUTMY ceprd. Metoro
MOCTiIzKeHHsT OYB MOPIBHAIBHAM aHAII3 MOHOIOISIPHAX Ta
OIITOJIIPHUX €JIEKTPOMIB it abJisiil 1mij Jac omeparil Ha
Bimkpuromy cepri (Cox-Maze abmaris).

Marepianu i Mmeroau: AHami3 MpPoOBOAUBCA HA OCHOBI
K/IHIYHIX JAHAX TA 33 PEe3y/IbTATAMHU MATEMATHIHOTO MO-
JIeJIIOBAHHS. 3 JTOMOMOTOI0 CHCTEMH €JIeKTPOAHATOMITHOTO
KaprorpadyBaHHS 30H PAAi09acTOTHOI abadril Oymaa cTBO-
peHa TpuBMMIpHA MO/EJb JIBOrO mnepeacepis. Ilorim ma
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1[I0 MO/ Ib OyJI0 HAKJIAJEHO KapTy IMOTEHINAIIB, KA Ipe/-
CTaBJISIE AMIUNTYAY €eJIEKTPUIHOI aKTHBHOCTI MiOKapna.
OcCHOBHEME TIIapaMeTpaMy sl AHAJI3Y KJIHITHUX JaHUX
Oy/sn: aMIUIITYZa €JIEKTPUIHOI aKTHBHOCTI MIiOKap/ia; IIu-
pVHA Ta TIMOMHA 30HU a0JIsIIl; 6e3MepepBHICTD JIiHIT abIs-
mii. [Iy1si MaTeMaTUYHOTO MOIEIIOBAaHHS OyJ/I0 BHUKOPHCTA-
uo uporpamue 3abesnedenns COMSOL Multiphysics 5.4.
CrBopeno aBi Bapiarmii MaTeMaTHIHOT MOJEJ [IIsT MOHOIIO-
sspHOi Ta OimosspHOl absamnii. OCHOBHUME MapaMeTpamu
aHasi3y pe3y/IbTaTiB MATEeMATHIHOTO MOIETIOBAHHS OyIum:
JiarpaMu IOMIUpPEHHS TePMIiYHUX IIOJIIB; PO3MipH 30HU Ie-
CTPYKIIil; TPUBAJIICTH NpOIeaypu absrsigi.

Pesynbraru: [Ina Cox-Maze abuanil MmoxkHa BUKOPH-
CTOBYBATH SIK MOHOTIOJISIDHI, TaK 1 OIMOJISIPHI €JeKTPOIH.
OpHak KapTa IOTEHINAIB Ta MAaTeMaTUIHE MOIETIOBAHHS
MOKA3aJIH, 1[0 IPU MOHOIOJIAPHIH absisamii 30Ha JecTpyKIii
Mae HamiBchepuuany dbopmy, a minis pybus He piBHOMIpHA
o rymbuHi 30HU BImBY. lle Moxe mpu3BecTH 10 BiIHOB-
JIEHHsI IIATOJIONIYHUX CUTHAJIB BiJl JIer€HEeBUX BEH JI0 IIepe-
ncepas. HepiBHOMIpHUIT PO3IOIIT TEPMIYHUX MOJIB 3 YiTKO
BHPaKeHNM MAKCHMYMOM 301/IbIIIy€ PU3UK BUIIAPOBYBAHHS
Ta MIKpOBHOYXiB. Y TOH 2Ke 4aC TPUBAJIICTH MOHOITOISPHOL
a0I41Iil 3HAYHO OLIBIIA.

BucnoBok: B npeacrasneniit po6oTi mokasamo, 1o 6i-
HOJIAPHA a0JIsllid Ma€ HepeBarv HPU 130JI4Ifil JIEreHeBUX
BeH. lleit Tu eysleKTPOIB [T03BOJISIE CTBOPUTH e(EKTUBHY
Ta 6e31evYHy PIBHOMIPHY TepMidHy TPAHCMYPAJIbHY IeCTPY-
KIIIO JIMIIIE 3 OMHUM 3aCTOCYBAHHSIM €Heprii pagio9acToTHO-
To CTpyMy.

Karwosi caosa: ceprie; apuTMist; paIiodacTOTHa abJIsi-
11isT; MOHOIIOJISPHUN €JIEKTPO/T; OIOJIApHU eIeKTPOT; Ma-
TeMaTUIHEe MOJE/IOBAHHS

CpaBHEHHE MOHOIIOJAPHON u OuIoJdAp-
vHoll Cox-Maze abagnum Ha OCHOBE KJIH-
HUYECKUX JAHHBIX W MATE€MaTHYECKOTO
MOJIEJIUPOBAHMUST

Cmaciox 1O. I1., Covux M. M., Maxcumenrxo B. B.,
Kpasuyx B. B.

Hannas paboTa MOCBANEHA CPABHUTEJIHHOMY AHAJIU-
3y MOHOITOJISTPHOTO ¥ OWIIOJISIPHOTO METOIOB PaIN0YuaCTO-
THO¥ M30JISAIIUN JIETOYHBIX BEH TP abJISINU HA OTKPHITOM
cepaue. uis uccsieioBanus UCIOIb30BAIUCH KIMHUIECKUE
JaHHBIE W MaTeMaTmdeckoe Monenauponamme. C MCHOIB30-
BaHMEM CHCTEMBI 3JIEKTPOAHATOMUYECKOIO KapTUPOBAHUS
(Ensite Velosity, Abbott, USA) mocrpoeno tpexmepHyIO
MOJIeJIh MpeCepaus MAIMeHTa W HAJIOXKEHO Ha Hee KapTy
noTeHIaaoB. lIpoaHasM3MpOBaHBl AMILIUTYIA SJIEKTPU-
YeCKON AaKTUBHOCTH TKAHU MHUOKAp/a, a TaKXKe NIMPUHA
¥ HempepwhIBHOCTH JmHMn abasmmm. B cpeme COMSOL
Multiphysics pa3zpaboTaHo MaTeMaTHYECKYI0 MOIENIb IIPO-
neaypbl paguodactorroit abssamuu (PYA) cepana. IIpoana-
JIM3MPOBAHBI OCOOEHHOCTH PACIPOCTPAHEHUS] TEPMUIECKUX
moJiell mpu MOHOIOJIsIpHOM u Gumosspaoit PYA. Tlokasa-
HO, 9TO OunoJIsIpHAas abidlus WMeeT MPEeUMyINecTBa I[IPU
n30/IAIMN JIerOYHBIX BeH. OHA I03BOJISET OCYNIECTBUTH
addexTuBHYIO, 06€30MACHYIO, OJHOPOIHYIO, TPAHCMYPAJIb-
HYIO 3JIEKTPOTEPMUYECKYIO JIECTPYKIMIO CTEHKU CEpALa
TIPU OJIHOM ANTUINKAIMH PAIHOYACTOTHOIO TOKA.

Karouesvie caosa: cepiie; apuTMus; PaguovIacTOTHAS
A0JISAIVST; MOHOIIOJISIPHBIN 3JIEKTPOT; OUIOJISIPHBIN  3Jte-
KTPOJ; MaTeMaTUIECKOe MOIETUPOBAHUE
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