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Abstract: Previous studies proposed using
bipolar radiofrequency ablation across two
catheters placed on opposing surfaces of the
ventricular wall to create transmural lesibhs
2D and 3D models were built and solved
numerically using the Finite Element Method
(FEM) with COMSOL Multiphysics software.
With these models, it was possible to study the
temperature distribution and lesion geometry, to
compare the potential of two ways of applying
electrical currents (bipolar mode, BM, vs.
sequential unipolar, SUM) and to investigate the
effect of other factors such as the ventricular
wall thicknesses and catheter misalignment have
never been studied in detail. Our results suggest
that BM is in general more effective than SUM
in achieving transmurality through the
ventricular wall. These results could improve the
safety and performance of these procedures.
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1. Introduction

Successful radiofrequency ablation (RFA) of
ventricular tachycardia (VT) originating from
sites in the left ventricle such as the inter-
ventricular septum (IVS) is often limited by the
presence of deep intramural circuits. The
creation of deep or even transmural ablation
lesions is therefore warranted, but this cannot
always be achieved with ‘unipolar RF’. Recent
experimental studies have shown that using two
catheters placed on opposing surfaces of the
IVS'? to deliver RF in the bipolar mode (as
opposed to sequential unipolar ablation) allows
deeper lesions to be credtédand therefore
indicate that BM could be more effective at
eliminating VTs indeep intramural sites within
the left ventricular free wall or the inter-
ventricular septum. However, the effectd
different wall thicknesses, catheter alignment
and impedance variation (as in the case of

endocardium-epicardium bipolar RF) on the
efficacy of the transmurality and lesion geometry
achieved with bipolar ablation have never been
studied in detail. Furthermore, BM and SUM
have previously been compared in ablations of
the ventricular free wall (VFW), but not for an
endocardium—epicardium approachlthough a
recent study did consider this approach, the
effects of the above mentioned-factors were not
included.

Our aim in this study was to assess the
thermal lesions created in the ventricular wall, in
particular the degree of transmurality in a
comparison of bipolar and sequential unipolar
RF. Two and three-dimensional RFA numerical
models were therefore developed and computer
simulations were conducted to investigate
temperature distribution and lesion geometry
during RFA of IVS (endocardium—endocardium
approach) and VFW (endocardium—epicardium
approach). The effect of BM and SUM were
evaluated in both scenarios.

2. Methods

2.1 Governing equations

Numerical models were based on a coupled
electric-thermal problem, which was solved
numerically using the Finite Element Method
(FEM) with COMSOL Multiphysics software
(COMSOL, Burlington MA, USA). The
governing equation for the thermal problem was
the Bioheat Equation (1):

prerfl =0KIT) +q+Q, +Q, (1)

where T is temperaturet is time, k is thermal
conductivity, p is density and is specific heat.
The term Q, corresponds with the heat loss
caused by blood perfusion; af, models the
metabolic heat generation. This last term is
always ignored in RF ablation modeling since it
has been shown to be insignificant. It has also
been shown that th@, term can be ignored in
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the case of cardiac ablation. Finally, the teyia
the heat source from RF power (Joule loss)

which is given byq :aqEz,where|E| is the

magnitude of the vector electric field (V/m) and
o is the electrical conductivity (S/m). The value
of this vector is calculated frord = -, where

@ is the voltage (V). The voltage is obtained by
solving Laplace’s equation, which is the
governing equation of the electrical problem:
Oloc 0P =0 (2)

At the RF frequencies<b00 kHz) used in RF
heating and for the geometric area of interest, the
biological medium can be considered almost
totally resistive. A quasi-static approach is
therefore possible to solve the electrical
problent.

Tissue vaporization was modeled by using the
enthalpy methdd This was performed by
modifying Equation (1) and incorporating the
phase change as follows:

—"(a‘:h) = O0CT) +q+Q, +Q, ©)

whereh was the enthalpy. For biological tissues,
the enthalpy is related to the tissue temperature:
T 0<T<99°C (4)
(T -99)
(100 - 99)
ph 00) + p,c, (T —100)
where g andc; were tissue density and specific
heat of liquid tissuei€l) and the post-phase-
change tissueifg), respectively;hy, was the
latent heat and C the tissue water content. We
considered a value of latent heat of 2.162-10
JInt, which corresponds to the product of the
water vaporization latent heat and the water
density at 100°C, and a tissue water content of
0.75 inside the cardiac tissue.

ph=1{ph(99) +h,C 99 < T <100°C

T >100°C

2.2 Numerical models

The models considered two internally cooled
catheter tip electrodes (7Fr diameter, 4 mm
catheter tip), similar to those used in cardiac
RFA? Figure 1 shows the proposed general
geometry of the models for the case of IVS
ablation, i.e. endocavitary blood surrounding
both electrodes placed perpendicular to the septal
surfaces (endocardium—endocardium approach).
The VFW ablation model was implemented with
the assumption that the epicardial catheter was
surrounded by pericardial fluid (endocardium—
epicardium approach). Since the region under

study has axial symmetry, a two-dimensional
model could be used. The ventricle dimensions
X and Z were estimated by means of a
convergence test in order to avoid boundary
effects. Another convergence test was performed
to obtain adequate spatial (i.e. minimum meshing
size) and temporal resolutibriwe also built
three-dimensional models which were used to
represent a scenario in which the two electrodes
were not aligned exactly opposite each other.
These 3D models also allowed for simulation of
parallel placement of the epicardial catheter tip
(as opposed to perpendicular) to the epicardium
during VFW ablation.
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Figure 1. Numerical model considered for IVS. S:
septum thickness, electrode radiug=Rz= 1.155 mm
(7Fr), electrode lengths; I= Lg = 3.5 mm (0.25 mm
thickness wall), and insertion depth;=DDg= 0.5 mm.

The thermal and electrical characteristics of
plastic, metal, cardiac tissue and blood were
obtained from previous modeling stud?fésThe
electrical and thermal conductivity were
temperature-dependent functions and we used
piecewise functions. Analytically, the piecewise
functions were defined using the Heaviside
function, which in COMSOL was substituted by
the smoothed functidhflc2hs. For the electrical
conductivity @) we considered an exponential
growtt of 1.5%/°C up to 100°@nd then it
decreased 4 orders for five degrees. The thermal
conductivity k) grew linearly 0.001195 Kup to
100°C, after which temperaturk was kept
constant.

To model BM, an electrical isolation
boundary condition was set at the model limits.
A voltage drop of 40 V was applied between the
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electrodes throughout the total ablation time of
120 s, so that the electrical currents were always
forced to flow between both electrodes. In
contrast, a constant zero voltage was set at the
model limits (mimicking the electrical
performance of the dispersive electrode) when
modeling SUM. In addition, one of the active
electrodes was set at 40 V and the other was
electrically isolated for the first 60 s, following
which the electrical conditions were reversed for
the last 60 s (sequential mode with electrical
currents forced to flow between the ablation and
dispersive  electrodes). Both the initial
temperature and the temperature of the surface
away from the active electrode were assumed to
be 37°C. The endocardivt@picardium approach
was modeled by replacing the circulating blood
with pericardial fluid on the epicardial side. Due
to the lack of information on the electrical and
thermal characteristics of this fluid we assumed
the characteristics of saline as an approximation.
We also conducted computer simulations in
which the pericardial fluid was replaced with air.
Although as a rule the epicardial space does not
contain any air, during epicardial puncture and
instrumentation, small amounts of air may
accumulate around the ablation catheter. These
simulations represent a worst case scenario, with
air around the ablating electrode only.

Different thermal convection coefficients
were considered in the endocardium-blood
(3,636 W/nK), electrode—blood (708 W/i)®°
and epicardium-—air/pericardial fluid (20 W)
interfaces. The internal cooling of the electrode
was modeled with a coolant temperature of 21°C
(room temperature) and a thermal convection
coefficient of 10,629 W/AK, estimated by using
the theoretical calculation forced convection
inside a tubé.Ventricular wall thickness (IVS or
VFW) was varied between 5 to 15 mm. The
thermal lesions were assessed using the
Arrhenius damage model with parameters from
Jacques and Gaeéhij.e. damage to tissue due
to heating was calculated as a function of both
temperature rise and exposure time.

3. Results

We obtained a value of X = Z = 40 mm, a
grid size of 0.2 mm in the electrode-tissue
interface and a step time of 0.05 s from the
convergence tests. Tissue temperature did not
reach more than 111°C in any of the simulations

and the temperature in the electrode was always
lower than 50°C.

2.3 Interventricular septum ablation (1VS)

a) Bipolar mode (BM): The temperature
distributions in the tissue after RFA using
bipolar mode across the IVS are shown in Fig. 2.
The solid black line indicates the thermal
damage borderline and therefore outlines the
lesion. Although the lesions were always
transmural and symmetrical when the septal wall
was between 5 and 15 mm thick, the lesion
geometry differed slightly with thickness. When
this was< 10 mm, the maximum lesion width
occurred in the middle of the septum (Fig. 2a).
However, at> 12.5 mm the lesion had an
hourglass shape, with the minimum width at the
middle of the septum (Fig. 2b).
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Figure 1. Temperature distribution in the tissue after
120 s of bipolar RFA across the IVS for septal
thickness: (a) 10 mm and (b) 15 mm. Scale in °C.

b) Sequential unipolar mode (SUM): The
results of SUM differed significantly from those
obtained from the BM. Figure 3 displays the
temperature distributions in the tissue after RFA
for different septal thicknesses.

@ (b © (d), =
RV
N
Figure 3. Temperature distributions in tissue after 120
s of sequential unipolar RFA (catheter on top was

activated firstly) across the IVS; septum thickness
(@ 5 mm (b) 7.5 mm (c) 10 mm and (d) 15 mm.

The most significant finding from the SUM was
that it was not possible to create transmural
lesions in septa overl2.5 mm (Fig. 3d), nor
was it possible to achieve symmetrical lesions.
Even when the septal thickness was 15 mm,
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when one would expect two identical lesions to
be created independently due to the large
distance between electrodes (Fig. 3d), the lesions
remained asymmetrical. In fact, lesion depth
around the first activated electrode during
sequential ablation was 3.7 mm, as compared to
5.0 mm on the other side in which the electrode
was activated second. The lesions were found to
be in general wider around the second activated
electrode (Fig. 3a-c).

When the superiority of BM over SUM in
creating transmural lesions in the IVS had been
suggested by the results, we then assessed the
effect of progressive misalignment between the
electrodes on lesion dimension and contiguity,
for which we used a three-dimensional model
due to the lack of axial symmetry in this
situation. Figure 4 shows the tissue temperature
using BM across the IVS (10 mm septum
thickness) by varying the misalignment between
the electrodes from 0 (no misalignment) to 10
mm (maximum misalignment). The lesions were
seen to become longer as the misalignment
increased and the lesion shape became more
hourglass-like (see Fig. 4e). Even under these
conditions, the lesions were transmural, i.e. there
was thermal damage in the center of the tissue.
i:igure 4. Temperature distributions in the tissue after
120 s of bipolar RFA across the IVS (10 mm septum

thickness) with purposeful misalignment by (a) 0 mm
(b) 2.5 mm (c) 5 mm (d) 7.5 mm and (e) 10 mm.

2.4 Ventricular freewall ablation (VFW)

a) Bipolar mode (BM): Figure 5 shows
temperature distributions in the tissue after RFA
across VFW. Two different situations were
analyzed: a) epicardial catheter tip surrounded by
air and b) by pericardial fluid. The most
important finding was the lack of thermal lesions
on the endocardial side when air was considered
to surround the epicardial catheter tip (Fig. 5a).
In this scenario, the lesion on the epicardium was
never transmural and had a depth and width of

approximately 3 mm and 6 mm. On the contrary,
when pericardial fluid was considered to
surround the epicardial catheter tip, the lesions
were transmural and symmetrical for thicknesses
up to 15 mm (Fig. 5b).

@
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Figure 5. Temperature distributions in the tissue after
120 s of bipolar RFA across the VFW (10 mm
thickness) with the epicardial catheter surrounted
(a) air and (b) pericardial fluid.

Figure 6 shows the temperature distribution and
lesion shape for the scenario in which the
catheter tip is completely covered by pericardial
fluid. It also displays the effects of the

perpendicular and parallel orientation of the
epicardial catheter tip. The temperature
distributions in both situations were almost
identical, which indicates that the orientation of
the catheter does not have a significant effect on
lesion geometry.
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21
Figure 6. Temperature distributions in tissue after 120
s of bipolar RFA across the VFW (10 mm thickness).
Two positions of epicardial catheter examined: @thc
(a) perpendicular and (b) parallel to the surface.

b) Sequential unipolar mode (SUM): The
results of SUM ablation differed significantly
from those of BM. Figure 7 shows the
temperature distributions in the tissue after RFA
for two wall thicknesses, 7.5 and 10 mm, and
also for two conditions: air and pericardial fluid
around the epicardial electrode.

For 210 mm wall thickness, lesions in general
took the shape shown in Figure 7c-d, i.e. they
were never transmural, either in air or in the
pericardial fluid present in the epicardial space.
The lesions created on each side of the wall had
similar shapes, with depths between 3.7 and 4.1
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mm and widths from 6.4 to 7.5 mm (the higher

values correspond to the lesions on the epicardial
side when the catheter tip is surrounded by air,
see Fig.7c). The lesion created on the side of the
second activated catheter tip was significantly

larger when pericardial fluid was considered to

be present than with air (Fig. 7d).

For <7.5 mm wall thickness, the lesions were

transmural with the shape of an hourglass, as
shown in Figure 7a-b. In this case, the lesion on
the epicardial side was larger when the electrode
was covered by pericardial fluid (Fig. 7b).

® (b) © @ o
Pericardial fluid
21

Figure 7. Temperature distributions in tissue after 120
s of sequential unipolar RFA (catheter on top was
activated firstly) across the VFW for septal thieka:
7.5 mm with (a) air and (b) pericardial fluid; 10rm
with (c) air and (d) pericardial fluid.

Electrode|

4. Discussion

The objective of the study was to compare
sequential unipolar and bipolar RFA across
ventricular wall at two sites: 1) the IVS with
each electrode located on either side of the
septum, and 2) the VFW with one electrode
located on the endocardial side of the ventricle
and the other on its epicardial surface.

4.1 Interventricular septum (IVS)

The computer modeling results demonstrated
that BM created larger lesions than SUM across
the IVS. These findings are in agreement with
those obtained in previous experimental studies
on bipolar ablation of the IVS. Nagashirtzal .*
compared both modes using saline-irrigated
electrodes on excised swine hearts and found that
BM produced a higher number of transmural
lesions. Sivagangabalast al.* also found that
BM required fewer ablations to achieve block
across ablation lines and created larger lesions in
a post infarct ovine model. Interestingly, we also
observed that lesions were not symmetrical
during SUM; the lesion was in general larger on
the side of the second activated catheter. We
believe that this could be due to the result of

higher electrical conductivity on the site of the

second lesion due to residual heating from the
preceding lesion and likely facilitates the

deposition of more RF power. The difference in

thermal dosage may seem negligible, but our
results suggest that this could be significant and
may explain the differences in the SUM lesions
in previous experimental resultsAdditionally,

we also show that the temperature distributions
computed during the bipolar mode when the
electrodes are misaligned (Fig. 4. from 2.5 to 10
mm) indicate that transmurality is maintained,

which is in agreement with prior experiménts

4.2 Ventricular freewall (VFW)

Our results suggest that in the absence of air
around the epicardial catheter tip, i.e. when the
electrode is completely covered by pericardial
fluid, the lesions created across the VFW in BM
are transmural. Moreover, the effect on lesion
development of the orientation of the catheter tip
to the epicardial surface seems to be insignificant
(Fig. 6). In contrast, when air is replaced by
fluid, BM produces a lesion on the epicardial
side only. The simulation of air around the
epicardial electrode is relevant, since air codd b
inadvertently introduced during epicardial
puncture. The results of the simulations show
that in such a situation, the use of a bipolar RF
ablation results in a thermal lesion only on the
epicardial side. This is due to the large diffeeenc
in electrical current density between the catheter
tips; the one on the epicardial surface has limited
contact with the tissue, resulting in a low
effective area and hence a high current density,
while the endocardial electrode on the other side
is completely covered by cardiac tissue and
blood (the electrical conductivity of blood is
even higher than cardiac tissue) resulting in a
lower current density. As the RF power absorbed
by the tissue is directly proportional to the sguar
of current density, lesions will be preferentially
created at the epicardial catheter tip due to its
high current density as opposed to the
endocardial surface.

BM across the VFW when air is present around
the epicardial catheter tip should not be
considered as a pure bipolar mode, and in fact
the temperature distribution shown in Fig. 5a
suggests that the electrode on the epicardium
actually behaves as the active electrode, whereas
the one on the endocardium plays the role of a
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dispersive electrode, thus giving negligible
heating in its vicinity. SUM is therefore likely to
be more effective than BM in achieving
transmural lesions (see Fig. 7), at least for
smaller wall thicknesses.

4.3 Study Limitations

We only modeled an internally-cooled catheter,
since the accurate theoretical modeling of
externally irrigated electrodes is somewhat
complex at the present time. Although these
catheters are used during clinical RF ablation of
cardiac tissué,other electrodes such as non and
open-irrigated catheters are also employed for
cardiac ablation. The conclusions reached in this
study could therefore be different when using
other catheter designs. In addition, although
different lesions could be created when
considering: a) different insertion depths of the
catheter tip into tissue and b) different

voltage/time settings, it is likely that the above
conclusions regarding the impact on the lesion
geometry of bipolar vs. sequential unipolar
ablation, ventricular wall thickness, and

misalignment between electrodes will remain
essentially unchanged.

5. Conclusions

Our findings suggest that bipolar RFA is
superior to sequential unipolar ablation with
respect to achieving lesion transmurality within
the left ventricle. This holds true for both bipola
IVS and VFW ablation, except in the case of
VFW when there is air around the epicardial
catheter. Moreover, the orientation of the
catheter tip in relation to the epicardial surface
during VFW bipolar ablation is irrelevant in
terms of lesion shape and depth, and that minor
misalignment between the catheter tips during
ventricular septal ablation does not interfere with
lesion transmurality.
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