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Abstract—Atrial fibrillation (AFIB) is a common clinical
problem affecting approximately 0.5–1% of the United States
population. Radio-frequency (RF) multielectrode catheter (MEC)
ablation has successes in curing AFIB. We utilized finite-element
method analysis to determine the myocardial temperature distri-
bution after 30 s, 80 C temperature-controlled unipolar ablation
using three 7F 12.5-mm electrodes with 2-mm interelectrode
spacing MEC. Numerical results demonstrated that cold spots
occurred at the edges of the middle electrode and hot spots at
the side electrodes. We introduced the bipolar phase-shifted tech-
nique for RF energy delivery of MEC ablation. We determined
the optimal phase-shift ( ) between the two sinusoidal voltage
sources of a simplified two-dimensional finite-element model. At
the optimal , we can achieve a temperature distribution that
minimizes the difference between temperatures at electrode edges.
We also studied the effects of myocardial electric conductivity (),
thermal conductivity ( ), and the electrode spacing on the optimal

. When we varied and from 50% to 150%, optimal ranged
from 29.5 to 23.5 , and in the vicinity of 26.5 , respectively. The
optimal for 3-mm spacing MEC was 30.5. We show the design
of a simplified bipolar phase-shifted MEC ablation system.

Index Terms—Bipolar ablation, cardiac ablation, catheter abla-
tion, finite-element, phase-shift, radiofrequency ablation.

I. INTRODUCTION

A TRIAL fibrillation (AFIB) is the most common sustained
cardiac arrhythmia—it affects approximately 0.5%–1% of

the U.S. population, and over 10% of those over 60 years old
[1], [2]. The number of patients suffering from this arrhythmia
will continue to increase as the general population ages in the
future. Common symptoms for those affected by AFIB include
unpleasant irregular heartbeats, impaired hemodynamics caused
by loss of atrioventricular (AV) synchrony and vulnerability
to thromboembolic complications [3]. One of the conventional
therapies for AFIB is using antiarrhythmic drugs. However, this
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approach is associated with high recurrence and adverse effects
[22]. To achieve heart rate control in AFIB, AV nodal ablation
with pacemaker insertion can help create heart block with reg-
ulation of the cardiac rhythm via ventricular pacing. However,
the risk of thromboembolism remains unchanged because the
atria continue to fibrillate.

The standard 4-mm electrodes utilized for radio-frequency
(RF) ablation are capable of forming discreet spheroid shaped
lesions of limited maximal diameter (10–12 mm). These lesions
are adequate for the elimination of discreet focal arrhythmia
substrates, however, they are inadequate when cardiac tissue of
larger volume or of elongated geometry needs to be ablated. It
has been demonstrated that the creation of long and continuous
linear lesions in the right and left atrium and around the ostium
of the pulmonary veins may cure AFIB [4], [5]. Similarly, in
a more organized form of very rapid atrial arrhythmia called
atrial flutter, which may sometimes be a precursor of AFIB, it
has been demonstrated that a single linear lesion in the right
atrium may cure atrial flutter. However, creation of such linear
lesions with standard 4-mm tip catheters is fraught with diffi-
culty. For example, during to cure typical atrial flutter, a line
of block is created in the inferior vena cava-tricuspid annulus
isthmus by dragging a conventional ablation catheter, stabilized
by an elongated sheath, along the desired line. Atrial flutter may
recur in up to 20% of patients because of recovery of conduc-
tion across the isthmus and incomplete linear lesion formation
presence of “gaps” and inadequate ablation. Moreover, the pro-
cedure is time-consuming, and technically difficult because of
the inadequacy of the tools utilized.

Subsequently, catheters with multiple electrodes with spe-
cific electrode spacing were developed. Throughout the past
few years, the feasibility of the multielectrode catheter (MEC)
approach to create linear lesions has been demonstrated in a
number of animal and human studies [6]–[8]. New mapping
technologies have also been developed to assist electrode place-
ment in the cardiac chambers [9].

Some new power delivery schemes for RF ablation have also
been introduced in recent years. Goldberget al. developed a
computerized algorithm for pulsed, high-current percutaneous
RF hepatic ablation, which maximally increases the extent of
induced coagulation necrosis [10]. Sun studied a multielectrode
finite-element method (FEM) model and compared the lesion
dimensions during phased linear AFIB ablation and found that
ablation with a 90 angle improved lesion depth and continuity
in constant power ablation during the initial 60 s [11]. When ab-
lation time was longer than 120 s, the lesion depth and continuity
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TABLE I
THERMAL AND ELECTRICAL PROPERTIES OF THEMATERIALS IN THE FINITE-ELEMENT MODELS

were slightly different from the values observed when using 0
angle. Panescuet al.presentedin vitro andin vivostudies of cur-
rent densities and thermal profiles generated by MEC [12] for
long multielectrode structures, and the mechanical features of
a steerable catheter and performance of a multielectrode mul-
titemperature-sensor temperature controller. Zhenget al. per-
formed in vivo ablation on pig thigh muscle with a six-elec-
trode linear catheter. They found phased application with 127
angle and 130angle between the voltage of adjacent electrodes
created deeper and more uniform lesions than monopolar (be-
tween electrodes and groundpad) [18], [19] . Hallet al.created
linear lesionsin vivo in canines using phased MEC [20]. Walcott
et al. successfully created linear lesions in ten patients using a
12-electrode phased MEC [21].

RF energy is a form of electromagnetic energy that has been
used for a variety of medical applications. The energy used in
catheter ablation applications generally utilizes frequencies of
300 kHz to 1 MHz. RF current is routinely delivered via the elec-
trode of an ablation catheter and a ground electrode applied to
the subject’s dorsal side. Myocardial injury occurs once a tem-
perature of approximately 50C has been reached [13]. How-
ever, the tissue temperature should be kept below 100C to pre-
vent charring, desiccation, and popping [23]. Popping occurs,
when temperatures above 100C are reached, and water starts
to boil and vaporize.

Current ablation catheters are affected by the edge effect—the
formation of hot spots along the junction of the metal electrode
with the insulating catheter—due to a sudden shift of electrical
properties at the boundary [12], [14].

In this paper, we use FEM analysis to determine the tem-
perature distribution in myocardium created by three-segment
MEC RF ablation. We begin with a three-dimensional (3-D)
FEM model of unipolar MEC ablation. Next, we introduce a
RF energy delivery scheme for bipolar phase-shifted MEC abla-
tion. For this technique, we use two sinusoidal constant voltage
sources. One of the voltage sources is applied to the middle elec-
trode (B), while the other is phase-shifted and applied to the side
electrodes (A and C). Due to computation time limit, we uti-
lize a two-dimensional (2-D) model to determine the optimal
phase-shift where the temperatures at the edges of the three
electrodes are equal. Reported myocardial properties in the lit-
erature vary significantly. This might be both due to measure-
ment error, and due to interpatient and intrapatient variability.
To study the impact of change in myocardial properties on op-
timal phase-shift we also study the effects of the myocardial
electric conductivity, and thermal conductivity , and the inter-
electrode spacing on the optimal phase. Furthermore, we study

the effect of change in interelectrode spacing. We present a sim-
plified block diagram for a bipolar phase-shifted MEC ablation
system in Section IV.

II. M ETHODS

A. FEM Modeling of RF Ablation Using MEC

Mathematical modeling is a powerful tool for predicting
lesion dimensions created by various electrode designs. In
order to determine the change in temperature distributions in
myocardium during ablation, we solved the bio-heat equation,
which was first introduced by Pennes [24]. The FEM represen-
tation facilitates the computation of the temperature distribution
over the entire mesh at each time step by reducing the bio-heat
equation to a system of simultaneous equations that can be
represented as a standard matrix equation. We have utilized the
FEM analysis to study several electrode designs such as needle
electrodes, and uniform current density electrodes [14], [15].

Panescuet al. described the structures and the controlling
mechanism of a typical MEC ablation system that had bidirec-
tional steering and carried up to six 7F 12.5-mm-long metal coil
electrodes [12]. The system was capable of delivering RF power
simultaneously to any user-selected combination of coils. Tem-
peratures measured by thermal sensors at all of the selected coil
electrodes were processed by a microcontroller, which provided
the maximum value to the generator. The generator adjusted
the delivered power to maintain the temperature at the preset
level. We constructed our 2-D and 3-D FEM models based on
the system structures described above by Panescuet al.

We used MSC/PATRAN v.7.0 (The MacNeal-Schwendler
Co., Los Angeles, CA) for mesh generation and ABAQUS v.5.8
(Hibbitt, Karlsson & Sorensen, Inc., Farmington Hills, MI) for
solution and postprocessing on a HP C180 UNIX workstation
with 1,152-MB RAM and 34-GB hard disk. Table I lists the
material properties used in this study [12].

All models were designed to have nonuniform meshes that
provided better numerical accuracy at regions near the electrode
edges where we expected more rapid variations of current den-
sity and temperature. The goals of the FEM analyses in this
study were to determine the following: 1). The temperature dis-
tribution in myocardium produced by unipolar MEC ablation
using a 3-D FEM model. 2) The optimal phase-shift between
the two voltage sources that created uniform temperatures at all
electrode edges in bipolar MEC using a 2-D FEM model. 3)
The effects of changes in myocardial properties (electric con-
ductivity, and thermal conductivity) to the optimal phase using
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Fig. 1. The 3-D model includes three 7F-12.5-mm-long electrodes,
myocardium, blood and the plastic catheter. Electrode B is in the middle, while
electrodes A and C are on the side.

a 2-D FEM model. 4). The optimal phase for the MEC with
3-mm electrode spacing using a 2-D FEM model.

B. Myocardial Temperature Distribution in 3-D Unipolar
MEC System

The purpose of this simulation was to demonstrate that the
edge effect also occurs at the edges of the metal electrodes
in unipolar MEC ablation. In order to determine the tempera-
ture distribution in myocardium during MEC ablation, we con-
structed a 3-D FEM model that included myocardium, catheter
body with a diameter size of 2.3 mm (7F), three 7F 12.5-mm
electrodes with 2-mm interelectrode spacing, and blood. Fig. 1
shows the bottom half of the overall parallelepiped geometry of
our 3-D model. The catheter was halfway embedded (penetra-
tion depth 1.15 mm) into the 8-mm-thick myocardium, and
the blood pool surrounds the myocardium. We also included the
insulation at the edges of the electrodes. This 3-D model had
273 412 tetrahedral elements and 62 102 nodes.

We assigned appropriate boundary and initial conditions to
the FEM model [14], [15]. Ground potential was assigned to
all outer surfaces of the blood volumes. In unipolar tempera-
ture-controlled RF ablation, we adjusted the amplitude of the
voltage source on the surfaces of the cylindrical electrodes (A,
B, and C) until we obtained the preset maximum temperature
value (but always applied the same voltages to the three elec-
trodes). For this study, the ablation duration was 30 s, and the
preset temperature was 80C. The time step size was between
0.1 and 2 s. We adjusted the voltage amplitude after each time
step by trial and error to maintain 80C maximum myocar-
dial temperature for the entire duration. This technique has been
used previously [24].

Fig. 2. The simplified 2-D FEM model also includes three metal electrodes
in the model (A and C on the left and right sides, and B in the middle). The
sinusoidal voltages were applied to the electrodes (V for A and C, andV
for B). T is the temperature at the outer edges of A and C, andT is the
temperature at the edges of electrode B. The phase-shift between the two voltage
sources is�.

C. Determining an Optimal Phase-Shift in a Simplified 2-D
Bipolar Phase-Shifted MEC

For bipolar phase-shift RF ablation, we needed to apply
different ac voltages to the electrodes. The purpose of this
analysis was to demonstrate that the optimal phase-shift ()
between the two sinusoidal voltage sources for given values of
myocardial properties ( 2.22 10 S/mm, and 5.5

10 W/(mm K), as listed in Table I) could be determined.
Because the 3-D model in the previous case contained a large
number of elements, it required very long computing time
and large storage disk space for FEM analysis of bipolar
phase-shifted MEC ablation. Thus, we opted to construct a 2-D
model and utilize it to provide some preliminary understanding
of bipolar phase-shifted MEC ablation.

The 2-D model was similar to the cross section of the 3-D
model in Fig. 1. Fig. 2 shows the 2-D FEM model with three
12.5-mm electrodes (A and C on the opposite sides, and B in
the middle). The width of the electrodes was 2.3 mm, and the
interelectrode distance was also 2 mm. We define the optimal

as the phase difference between the two sinusoidal voltage
sources—one delivered to A and C, the other to B—where the
temperature at the outer edges () and the temperatures adja-
cent to electrode B are the same ( 1). For and

we chose the maximum temperature of the hot spots at elec-
trode edge and between the electrodes, respectively.We selected
a duty cycle time period of 2 s for the sinusoidal voltage sources.
We simulated the sinusoidal voltage source by dividing each
duty cycletime period into seventeen 0.1176-s steps. During
each of the 17 steps, the applied voltage was constant. The total
ablation duration was 30 s (15 cycles in total) thus there were
255 steps in total. However, after submitting a time step to the
FEM solver software, the software divides the step further into
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small increments (i.e., one step does not correlate to the size
of temporal discretizaion of the FEM model). Each 30-s con-
stant voltage amplitude ablation would require approximately
250 min computing time. For the 3-D FEM model in the pre-
vious case, 255 steps would require in excess of 250 h of com-
puting time. We applied one voltage source to electrode B, and
applied the phase-shifted voltage source to the electrodes A and
C. The model contained 22 055 nodes and 11 105 triangular el-
ements. We performed postprocessing of the FEM results with
ABAQUS/POST.

Since the purpose of this analysis was to determine the op-
timal for our 2-D FEM model, we tested several phase-shifts
and observed the temperature distributions and the ratios of

. Initially, we ran the simulations for 0 , 10 , 20 ,
30 , 40 , and 45. Using trial-and-error, we also varied the
amplitudes of the voltage generators between 60 and 90 V to
until we obtained a maximum myocardial temperature of 80
C after 30 s for each . Based on these initial results, we

performed additional simulations until we found the optimal.

D. Effect of Changes in Myocardial Properties

Based on the 2-D model in Section II-C, we performed similar
FEM analyses but altered the myocardial electric and thermal
conductivities. By trial and error, we performed repeated nu-
merical analyses by changing the amplitude of the voltage gen-
erators so that the maximum myocardial temperature was 80C
after 30-s ablation. We varied myocardial electric conductivity
in the following ways.

1) Increase the electric conductivity by 50% (1.5).
2) Decrease the electric conductivity by 50% (0.5).

Similarly, we also altered myocardial thermal conduc-
tivity.

3) Increase the thermal conductivity by 50% (1.5).
4) Decrease the thermal conductivity by 50% (0.5).

E. Change in Optimal Phase-Shift for MEC With Interelectrode
Spacing

We also studied the effect of interelectrode distance by cre-
ating a similar 2-D FEM model similar to the model in Fig. 2
with an interelectrode spacing of 3 mm (versus 2 mm in the pre-
vious cases). We simulatedfor 10 , 20 , 30 , 40 , and 45 and
performed additional simulations in order to determine the op-
timal . The model had 24 755 elements and 11 905 nodes.

F. Temperature-Dependent Myocardial Properties and
Temperature-Controlled Ablation

We included temperature-dependent myocardial properties
in the 2-D model and simulated bipolar phase-shift MEC
ablation in this case. We used a change of 2%/C of myocardial
electric conductivity. We used the temperature-dependent
thermal conductivity and the specific heat of the myocardium
from Bhavaraju and Valvano [16], [17]. Similar to the previous
case, we tried to adjust the amplitudes of the voltage generators
to obtain a maximum myocardial temperature of 80C after
30 s for each .

In addition, we also performed a “true” temperature-con-
trolled ablation for the bipolar phase-shifted MEC technique.

Fig. 3. Temperature distribution of the 3-D FEM model of unipolar MEC
ablation. The temperatures at regions adjacent to the upper left corner of A and
the upper right corner of B are highest (�80 C).

This was again done by adjusting the applied voltage by
trial-and-error, as described in Section II-B. For the first sinu-
soidal voltage cycle (0–2 s), we assigned the optimalobtained
from Section II-C, and performed repeated simulations in order
to yield a maximum myocardial temperature of 80C at the
end of the cycle. For every duty cycle period (2 s) thereafter,
we performed the following: 1) adjust the phase-shift between
the two generators and 2) adjust the amplitude of the voltage
generators to maintain the maximum myocardial temperature
at 80 C throughout the 30-s ablation duration. We did not
perform this temperature-controlled procedure for the other
cases above, since a large amount of human interaction and
trial-and-error simulations are necessary, simulation time
would have exceeded acceptable limits.

III. RESULTS

A. The Edge Effects Occur in Unipolar MEC

Fig. 3 shows the cross-sectional temperature profile of the
3-D FEM model described in Section II-B, after 30 s, 80C
temperature-controlled, unipolar RF ablation ( 0). The max-
imum temperature regions were adjacent to the upper left edge
of electrode A, and, to the upper right of electrode C. The tem-
perature distribution was symmetric between the center of the
MEC. The maximum temperatures at areas of the hot spots ad-
jacent to the edges of electrode B were lower ( 54.1 C,

79.5 C). This result demonstrates that the edge effect
also occurs in MEC (i.e., high temperatures are reached only at
the outer edges of the outer electrodes). The amplitude of the
voltage required to maintain 80C maximum myocardial tem-
perature throughout the whole simulation was in the range of
30 to 50 V. The computing time required to run this temper-
ature-controlled analysis was approximately 100 h, due to re-
quired repeated simulations to maintain a set temperature.

B. Optimal Phase-Shift of a 2-D Bipolar MEC System

We performed FEM analyses for bipolar phase-shifted MEC
ablation at 0 , 10 , 20 , 30 , 40 , and 45 and calcu-
lated for each case. ranged from 1.53 at
0 to 0.69 at 45 . By trial-and-error, we simulated addi-
tional cases at 25 , 26 , 26.5 , and 27, and found that
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Fig. 4. The temperature distribution for 2-D FEM model of bipolar
phase-shifted MEC ablation (� = 26.5 ) after 30 s. The maximum myocardial
temperature was 80C and the electrode spacing was 2 mm.T =T was 1 in
this case.

Fig. 5. The temperature distribution of the bipolar phase-shifted MEC ablation
(� = 45.0 ) after 30 s.T =T = 0.69.

the optimal was 26.5 ( . The temperature dis-
tribution in the 2-D model at 0 was similar to the re-
sult from the 3-D model cross-sectional temperature distribution
(Fig. 3). Fig. 4 shows the myocardial temperature distribution of
our 2-D bipolar phase-shifted MEC ablation FEM model, after
30 s, 26.5 phase-shifted bipolar ablation. We observe that the
temperatures at all electrode edges are more uniform than those
in the previous case, where only the outer electrode edges had
high temperature (Fig. 3). Fig. 5 shows the temperature profile
for the case where 45 . In contrast to unipolar ablation
(Fig. 3), the hot spots are located at the edges of electrode B.

in this case was 80 C, while was 55.2 C.

C. Optimal Phase Shift Versus Myocardial Properties

By repeating a similar computational method with the 2-D
model outlined in Section II-C, We changed the myocardial
properties and obtained their numerical results. Fig. 6 shows a
plot of versus for different myocardial electrical con-
ductivities; control ( ), low (0.5 ), and high (1.5 ). The op-
timal for the control case was 26.5, while the optimal ’s
for the low and high cases were 29.5, and 23.5, respectively.
Fig. 7 shows the relationship between the optimaland
for different myocardial thermal conductivities. The optimal’s
for all the cases were approximately 26.5.

Fig. 6. Phase shifts versus temperature ratios. The optimal phases for control,
low, and high electric conductivities are 26.5, 29.5 , and 23.5, respectively.

Fig. 7. The optimal phases for different cases of myocardial thermal
conductivities. The optimal phases for all cases are similar (�26.5 ).

Fig. 8. The effect of interelectrode distances. The optimal phase for 2-mm
spacing is 26.5, while the optimal phase for 3-mm spacing is 30.5.

D. Optimal Phase-Shift Versus Interelectrode Spacing

Fig. 8 shows the relationship betweenand for 3-mm
and 2-mm spacings. The ratios in 3-mm spacing MEC
were consistently higher than those of 2-mm MEC spacing. The
optimal for 3-mm spacing was 30.5(26.5 when the inter-
electrode distance was 2 mm).

E. Effects of Temperature-Dependent Myocardial Properties
and Temperature-Controlled Ablation

When we included temperature-dependent properties into our
2-D FEM model, we could obtain 1 after 30-s ablation
by setting 23.5 . However, unlike the results of temperature
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independent myocardial properties in Section III-B–D,
varied from 1.27 after 2 s, to 1.0 after 30-s (at 23.5 ). The
ratios of were essentially the same throughout ablation
duration in the previous cases A through D. The amplitude of
both voltage generators used was 59.8 V in order for the max-
imum myocardial temperature to be 80C after 30 s.

For temperature-controlled ablation, we used 26.5 as
obtained in Section III-B for the first duty cycle time period.

after 2-s ablation was 0.83. We set the amplitude of the
voltage generators to 97 V in order for the maximum myocardial
temperature to be 80C after 2 s. By trial-and-error, we adjusted

to 24.0 for the next duty cycle time period (2–4 s) in order
to have 1. For the rest of the ablation duration, we
varied the amplitude of the voltage generators in the range of
70 to 90 V. The phase-shift was adjusted in a small range (23
to 24 ) in order to maintain at 1.0 after every duty cy-
cletime period.

IV. DISCUSSION

The result from our 3-D FEM model demonstrates the un-
desirable edge effect in unipolar MEC RF ablation. This could
lead to overheating or noncontinuous linear lesions when the
unipolar MEC ablation approach is applied to cure AFIB in clin-
ical practice. We could create deeper and more uniform lesions
by maintaining the same temperature at all electrode edges, as
already proven byin vivostudies [18], [19] . For bipolar phase-
shifted MEC ablation, we used two voltage generators and deliv-
ered them to different electrodes on the MEC. By determining
the optimal phase-shift between the two generators, we could
maintain the same temperatures at all of the electrode edges.
This also leads to deeper lesions above the middle section of
the catheter. When the voltage applied to electrodes A and C has
some phase shift compared with the voltage applied to electrode
B, there will be differences in the current distribution. Since now
electrodes A and C are at a different potential than electrode B,
there will be current flow between the electrodes in addition to
current flow from each of the electrodes toward ground. The
current flow between the electrodes will be maximal at 180
phase-shift, and zero at 0phase-shift. This interelectrode cur-
rent will preferentially heat up the tissue in-between the elec-
trodes and allow additional power deposition at these locations,
dependent on the phase shift. Therefore, we take the variable

to determine optimal phase-shift. When 1,
both hot spots have the same maximal temperature, and we
get maximum dissipated power. Ideally, we would try to keep

1 during the whole ablation procedure. For the re-
sults presented in Section II-B–D, however we only optimized

1 at the end of the ablation procedure, to get initial ap-
proximations of optimal . As the results in Section II-E.
show, where we kept 1 all the time, the phase-shift has
to be varied only within a small range, so the results presented
in Section II-B–D provide good approximations.

The optimal phase-shift decreased as we increased the my-
ocardial electric conductivity and increased as we decreased the
electric conductivity. When we included temperature-dependent

myocardial properties and performed bipolar phase-shifted ab-
lation at a fixed , changed over time due to the rise
in tissue temperature. Thus, constant amplitude voltage sources
are incapable of maintaining to 1.0 when the myocar-
dial properties are temperature dependent. Our numerical results
also showed that different interelectrode spacings had different
optimal phase-shift.

In this study, we chose 2 s as the duty cycle time period for the
sinusoidal voltage sources. in order to limit the computing time
required for each analysis. In clinical settings, a much shorter
cycle can be applied (considering for 500 kHz, the time pe-
riod would be 2 s). For our simulation to be accurate, the time
period has to be lower than the time constant associated with
the temperature rise. Otherwise the changes in current flow will
be too slow and result in incorrect temperature distribution. In
order to limit the computing time required for each analysis, we
chose a 2-s time period as a compromise, even though it is within
the range of the time constant.

The simplest way to implement bipolar phase-shifted MEC is
to apply two constant amplitude sinusoidal voltage generators at
a fixed phase-shift (e.g., at 25) for the entire ablation duration.
Another possible implementation of bipolar phase-shifted ab-
lation is the following. We set the phase-shift between the two
voltage generators to 25initially, and utilize an algorithm to ad-
just the phase-shifts for the next cycles. If , we increase
the phase-shift and if , we reduce the phase-shift. This
will help increase the uniformity of the temperature distribu-
tion along the MEC. We can also operate bipolar phase-shifted
ablation under temperature-controlled RF ablation by simulta-
neously adjusting the phase and the amplitude of the sinusoidal
voltage generators to maintain uniform temperature at a desired
preset value. Note that, although the magnitudes of the two gen-
erators at a given instant might have been different, the peak am-
plitudes of the sinusoidal voltage sources in every simulation we
performed were always the same.

Note that the results using the 2-D FEM models presented
in this paper are only qualitative in nature. The transition from
3-D to 2-D introduces some error. Another error is introduced by
choosing a time period of the applied voltage of 2 s. This time
lies within the range of the time constant of thermal heating.
Furthermore, we used no real temperature control in the exper-
iments in Section II-B–D which might introduce some error.
Nevertheless, the simulation demonstrates the general effects of
change in phase angle of applied voltage and how tissue prop-
erties and interelectrode distance affect optimal phase angle.

We demonstrated by simulation using a 3-D FEM model
that temperature at the outer electrode edges exceeds the
temperature at the inner electrode edges. We show, that these
temperatures can be equalized using phase-shifted application
of voltage with 2-D FEM models resulting in higher tem-
peratures in between the electrodes compared with unipolar
application. Studies performed by other researchers already
showed experimentally that phase-shifted mode can create
deeper and more uniform lesions than unipolar mode. We
provide results showing the qualitative relationship between
optimal phase-shift and other parameters such as myocardial
properties and interelectrode spacing. These results give
some insight on how to design control for MEC utilizing
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phase-shifted voltage application and may provide useful
to direct future experimental designs studying phase-shifted
MEC.
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