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 Radiofrequency catheter ablation is routinely used for the therapy of cardiac arrhythmias. 
Compared with the traditional unipolar ablation, bipolar ablation may improve the 
controllability of treatment, and prevent side effects and complications caused by catheter 
ablation. In addition, the variations of myocardial fat’s thickness and myocardial 
impedance may have significant influence on the performance of bipolar ablation. In this 
study, computer simulation was performed to study the effects of myocardium fat’s thickness 
and myocardial impedance on unipolar and bipolar ablation. The simulation demonstrates 
similar results with experimental ones using a swine heart. We observed that when the 
myocardial fat’s thickness increases, bipolar ablation’s heating effect and controllability 
may decrease. However, the final heating effect of bipolar ablation is invariably better than 
that of unipolar ablation. The ablation effects of unipolar and bipolar ablation are both 
reduced when myocardial impedance increases, while the heating effects of bipolar 
ablation are more sensitive to the variation of myocardial impedance and fat layers’ 
thickness compared with unipolar ablation. The unipolar ablation is more stable in terms 
of fat, impedance and ablation time. 
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1. Introduction  

Ventricular tachycardia (VT) is generally related to severe 
structural heart diseases (SHD) and accounts for an elevated risk 
of sudden cardiac death in patients with the heart failure [1]. It is 
also reported that for patients hospitalized with AMI, 5% to 10% 
of them have ventricular fibrillation (VF) or sustained VT prior to 
hospital presentation, and another 5% have VF or sustained VT 
after hospital arrival, most within 48 hours of admission [2]. A 
report about the incidence and case-fatality of ventricular events 
in hospital mentioned that the hospital case-fatality rates (CFRs) 
of VT declined from 27.7% to 6.9% and the incidence rates (IRs) 
declined from 14.3% to 10.5% from 1986 to 2009. This report 
concluded that the CFRs and IRs of VT are decreased, but it’s still 
necessary to timely identify and treat patients with these serious 
ventricular arrhythmias [3]. Implantable cardioverter 
defibrillators (ICDs) remain the main method for the primary and 
secondary prevention of sudden cardiac death associated with 
these arrhythmias [4]. However, ICDs can only be used for 
treatment, not for the prediction or prevention of ventricular 

arrhythmia [4]. ICDs are effective but their shocks are painful and 
can lead to post-traumatic stress disorders [5]. As a first line drug 
for arrhythmias, amiodarone can reduce arrhythmias for some 
patients but have limited efficacy for long-term management [6]. 

Radiofrequency (RF) catheter ablation has been proved as an 
effective treatment method for ventricular arrhythmias [7]. 
Particularly, the use of RF to treat atrial fibrillation (AF) has a 
history of more than 20 years [8]. Catheter ablation causes partial 
necrosis of lesion and therefore restore normal heart rhythms. 
Unipolar ablation (UA) is the standard configuration of catheter 
ablation, i.e., a singular electrode and a sheet ground on body 
surfaces [9]. UA is routinely used in clinical practice, but the 
effect and the treatment process of UA are expected to be 
improved [10][11]. Bipolar ablation (BA) can deliver 
concentrated energy between two electrodes. BA’s focused 
energy delivery shortens ablation durations and minimizes lesion 
width; therefore, this reduces the potential of adjacent tissue 
injury. Although BA is still under study, it has been shown to be 
more effective than UA [12]. 
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Computer simulation is an additional method for the study on 
the mechanisms of cardiac arrhythmias and the procedure of 
catheter ablation [13]. In [14], the author reported a systematic 
study on the effectiveness of different ablation line patterns based 
on a biophysical model. Analysis with a two-dimensional finite 
element method can also predict temperature distributions in 
ablation or hyperthermia [15], [16]. 

Due to the difference in density and other properties, the 
thermal and electrical conductivities of myocardial fat are 
significantly different in myocardium, blood  and pericardial fluid 
[10]. In view of the low electrical conductivity of fat, the 
therapeutic effects of UA and BA may vary in different 
myocardial fat’s thickness and  myocardial impedance. 
Theoretically, when the thickness of cardiac fat increases, the 
voltage of myocardium would decrease because the impedance of 
fat is larger, and the electric current decreases as the impedance 
increases when the ablation power keeps the same value, and vice 
versa. As a result, the performance of ablation is reduced 
correspondingly. At present, the main research on radiofrequency 
ablation is the occurrence of complications and improvement of 
catheter ablation. However, there are few studies about the effect 
of myocardial fat’s thickness and myocardial impedance on 
catheter ablation. 

In this study, we conducted computer simulation to 
investigate the heating effects of UA and BA at different values 
of myocardial impedance and fat layer’s thickness. To validate the 
results of computer simulation, we performed an in vitro 
experiment by using a swine’s heart for comparison. 

2. Methods and Materials 

2.1. Configurations of Myocardial Fat Thickness and Impedance 

We created a two-dimensional (2D) myocardial model based 
on the cross-section of the heart with a fat layer between the 
pericardial fluid and the myocardium as illustrated in Figure 1. To 
reflect most clinical conditions, fat thickness of 0-2mm was set 
[17]. Considering the pressure of the electrode on myocardium, 
the fat layer under the electrode invades has a distortion as the 
semidiameter of the electrode [18]. In this model, we set up a thin 
layer of pericardial fluid and blood with a thickness of 3 mm, and 
for myocardium, the thickness is 10 mm [10], [19]. The ablation 

electrodes have a radius of 1.155 mm (7 Fr). The influence from 
blood and water flow was not considered to simplify this study.  

In general, as the heating temperature of radiofrequency 
ablation does not exceed 100°C, the conductivity of body tissue in 
the model increases with temperature up to 100° C as follows, 

       𝑧𝑧 = 𝑧𝑧0[1 + 𝑚𝑚𝑚𝑚𝑚𝑚 × (𝑇𝑇 − 37)/(100 − 37)],              (1) 

where 𝑧𝑧  is impedance, max the increasing percentage of 𝑧𝑧 at 
100°C, 𝑙𝑙  the length and 𝑠𝑠  the area. As the conductivity is 
proportional to impedance [18], we adopted the function of 
electricity in radiofrequency ablation, and impedance was 
considered increasing by 5%, 10%, 15% and 20% during the 
heating period, i.e., 𝑚𝑚𝑚𝑚𝑚𝑚  = 5%, 10%, 15%, and 20%. By 

                                      𝑝𝑝 = 𝑈𝑈2/𝑅𝑅𝑅𝑅(𝑧𝑧)                                      (2) 

                              𝑈𝑈2

𝑅𝑅𝑅𝑅(𝑧𝑧)
= 𝑈𝑈2 1

𝑅𝑅𝑅𝑅(𝑧𝑧0)
(1 − ∆𝑅𝑅𝑅𝑅(𝑧𝑧)

𝑅𝑅𝑅𝑅(𝑧𝑧0)
)                           (3) 

                    ∆𝑅𝑅𝑅𝑅(𝑧𝑧)
𝑅𝑅𝑅𝑅(𝑧𝑧0)

=  𝑚𝑚𝑚𝑚𝑚𝑚 × (𝑇𝑇 − 37)/(100 − 37)               (4) 

where 𝑝𝑝 is power, and 𝑈𝑈 voltage [20]. We calculated 𝑝𝑝 from 𝑧𝑧0 
and 𝑈𝑈 , and we also hypothesized that the rate of increase of 
impedance approximately equals to the decreasing rate of power at 
a constant voltage. In this study, 𝑅𝑅𝑅𝑅(𝑧𝑧0) = 100Ω  was set to 
calculate power. Figure 2 showed the variation of power with 
impedance. 

2.2. Numerical Analysis 

In this study, we used the Finite Element Toolbox in 
MATLABTM R2020b (Mathworks Inc., USA) to construct 
computer models and perform computer simulation. The 
simulation is converted to a procedure resolving partial differential 
equations, i.e., parabolic and elliptic functions in partial 
differential equation (PDE). Boundary conditions have been set to 
create electric and thermal fields [21]. The electrical frequency in 
radio frequency ablation is about 500 kHz. The biological medium 
can be considered almost totally resistive [10][15] because the 
human’s body scales is about 0.5 m, which is much less than the 
wavelength of radio frequency wave. This means we can use a 
quasi-static approach to solve the electrical problem. Laplacian 
equation serves as the governing equation for calculating the 
electric potential within a 2D heterogeneous model [10]. 

                                   𝛻𝛻(−𝜀𝜀𝛻𝛻𝜀𝜀) = 0,                                  (5) 

where 𝜀𝜀 is the potential, and 𝜀𝜀 the permittivity varying spatially 
due to the heterogeneity of tissues. From the solution of (5),  the 

 
Figure 1: 2D model. ① Pericardial fluid, ②Myocardium, ③Blood, ④ 

Positive electrode, ⑤ Negative electrode, ⑥ Fat. 

 
Figure 2: The power changed by increased myocardial impedance. 
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electric field E is got, and the specific absorption rate (SAR) 𝑄𝑄 can 
be expressed as follows, 

                                       𝐸𝐸 = −∇𝜀𝜀                                        (6) 

                                     𝑄𝑄 = 1
2
𝜎𝜎|𝐸𝐸|2,                                     (7) 

where 𝜎𝜎  is the electric conductivity. Based on SAR, i.e., 𝑄𝑄 
obtained above, and Penne’s bioheat transfer equation as 
follows[15][22], we can obtain temperature distributions. 

                            𝜌𝜌𝑐𝑐𝑝𝑝
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
− 𝛻𝛻(𝜅𝜅𝛻𝛻𝑇𝑇) = 𝑄𝑄 − 𝜔𝜔                         (8) 

𝜔𝜔 = (Ϝ𝜌𝜌)𝜕𝜕�𝜌𝜌𝑐𝑐𝑝𝑝�𝑏𝑏(𝑇𝑇 − 𝑇𝑇𝑏𝑏)                            (9) 

In equation (8), 𝜌𝜌  is the density, 𝑐𝑐𝑝𝑝  the constant pressure 
specific heat capacity, 𝜅𝜅 thermal conductivity, 𝑇𝑇 temperature, and 
𝑄𝑄 SAR  calculated by equation (7). In equation (9), 𝜔𝜔 is the heat 
taken away by the blood flow rate Ϝ, and 𝑇𝑇𝑏𝑏  blood temperature, 
with an initial temperature of myocardium (37°C). 2-D FEM can 
be used to solve equations (5)-(9) numerically. Spatially and 
temporally variable physical parameters like current, potential and 
heat are mapped to first-order triangular elements [23]. Then, 

equations (5)-(8) are discretized, converted into a matrix notation 
and solved with  finite element method (FEM). Equation (8) is 
discretized spatially and temporally; therefore, a transient state is 
hypothesized to resolve this problem. Finally we got the 
temperature distribution [15]. 

We employed two boundary conditions including Dirichlet and 
Neumann boundary conditions. For the configurations of electric 
field, Dirichlet boundary condition is used to constrain the 
potential of electrode, and Neumann boundary condition is used to 
calculate electric currents, mainly setting the outer boundaries to 
be of air insulation. Figure 3 shows the boundary conditions in 
computer simulation, including the initial temperature and 
electrodes boundary conditions.  

The initial temperature in BA and UA is 37°C. It is hypothesized 
that the temperature in the perpendicular direction of the model is 
the same, so that the temperature conduction is only affected by 
the electrode and the initial temperature in the 2D model. For the 
bipolar model in Figure 3(b), the left and right electrodes are 
positive and grounded (U=0V), respectively; for the unipolar 
model shown in Figure 3(a), the positive electrode is the same as 
that of the bipolar model, but the negative electrode is insulated 
(I=0A). Table 1 listed the parameters used in the computer 
simulation [10], [18]. 

2.3. Experiment 

We conducted an in vitro experiment to perform catheter 
ablation  using a swine’s heart, thus we can validate the results of 
computer simulation. A glass tank filled with water at normal 
temperature(22℃) was employed to simulate the environment of 
human tissue, and a swine’s myocardium was used to perform UA 
and BA. The  power of  30W lasts for 30s and 50W for 10s. Figure 
4 shows the experiment results of swine’s myocardium after 
ablation. 

Table 2 lists the experiment results for the models with 2 mm’s  
fat layer and without fat, including the lesion depth and width in 
swine’s myocardium under different parameters of ablation 
durations and powers. The power and duration of heating 
commonly used in clinical practice were used in the experiment. 
Based on the experimental results, even though the cooling effect 
of water may reduce the efficiency of ablation, the transmural 
damage was obtained in the myocardium with a thickness of 8 mm. 
The heating effects of BA are better than those of UA in any 
ablation configurations. The existence of myocardial fat has a 
significantly stronger effect on the results of BA, and we usually 

 
a 

 
b 

Figure 3: The boundary conditions of electric and thermal fields for UA (a) 
and BA (b). 

Table 1: Parameters used in the computer simulation  

Parameters 𝝈𝝈 
(S/m) 

𝜺𝜺  𝜿𝜿 
(W/m/K) 

𝝆𝝆 
(kg/m3) 

𝒄𝒄 
(J/kg/K) 

Pericardial 
effusion 1.35 118.00 0.63 1.02 × 103 4.18 × 103 

Myocardial 0.61 113.00 0.60 1.02 × 103 8.30 × 10−6 

Fat 0.05 20.00 0.22 0.90 × 103 5.00 × 10−7 

Blood 1.10 118.00 0.54 1.06 × 103 4.18 × 103 

 𝝈𝝈, Conductivity; 𝜺𝜺, electric constant; 𝜿𝜿, Thermal Conductivity; 𝝆𝝆,Density; 
𝒄𝒄, Specific heat capacity 
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don’t use 50W power in BA heating for 30s because the power is 
too strong, and may put patients at risk if the heating time is too 
long. 

Table 2: Experiment Result Compared with Simulation Result 

Experiment Result (environmental temp.: 22℃) 

Power/
time 

Lesion thickness (without fat) 
Uni. 

Diameter(mm) 
Uni. 

Depth(mm) 
Bi. 

Diameter(mm) 
Bi. 

Depth(mm) 
30W/ 
30s 

6.0 3.0 6.0 8.0 

50W/ 
10s 7.0 5.0 — — 

Power/
time 

Lesion thickness (with 2mm fat) 
Uni. 

diameter(mm) 
Uni. 

depth(mm) 
Bi. 

diameter(mm) 
Bi. 

depth(mm) 
30W/ 
30s 

6.5 3.0 5.5 5.0 

50W/ 
10s 7.5 4.5 — — 

Simulation Result (environmental temp.: 22℃) 

Power/
time 

Lesion thickness (without fat) 

Uni. 
diameter(mm) 

Uni. 
depth(mm) 

Bi. 
diameter(mm) 

Bi. 
depth(mm) 

30W/ 
30s 6.5 3.5 6.5 10.0 

50W/ 
10s 7.0 5.5 — — 

Power/
time 

Lesion thickness (with 2mm fat) 
Uni. 

diameter(mm) 
Uni. 

depth(mm) 
Bi. 

diameter(mm) 
Bi. 

depth(mm) 
30W/ 
30s 6.5 3.5 6.0 5.5 

50W/ 
10s 7.5 5.0 — — 

 

 
Figure 4: The results of a 30s 30w unipolar ablation experiment performed by a 
physician using an in vitro swine’s myocardium. The lesion has a diameter of 

6.00mm, and a depth of 3.00mm. 

3. Results 

Table 2 lists the simulation results obtained under the same 
configurations. Through comparison, the lesion thicknesses in the 
simulation are nearly the same but better than those in experiments. 
This may attribute to that the ablation parameters were more ideal 
in simulation. As the lesion thickness is the main therapeutic effect 

index in catheter ablation, we may believe the results are basically 
the same. 

 
Figure 5: Simulation under 16W ablation for 120 s. 

Simultaneously, in order to further ensure the accuracy of the 
simulation results, we also set the same ablation parameters based 
on a research report published in 2014 to validate the simulation 
[10]. We set an ablation configuration with a power of 16W 
ablation for 120 s. The results of the study are shown in Figure 5. 
Our simulation results are similar to those in [10], so we can ensure 
that our simulation results are basically consistent with the 
experiment and related research.  

In this study, we selected central regions from the experimental 
results for calculating transmural lesion ratios (TLR), a 10 mm×

5 mm red rectangle shown in Figure 6. Thus we have: 

𝑇𝑇𝑇𝑇𝑅𝑅 =  𝑎𝑎𝑎𝑎𝑅𝑅𝑎𝑎 𝑜𝑜𝑜𝑜 𝜕𝜕𝑅𝑅𝑡𝑡𝑝𝑝𝑅𝑅𝑎𝑎𝑎𝑎𝜕𝜕𝑡𝑡𝑎𝑎𝑅𝑅 𝑜𝑜𝑜𝑜𝑅𝑅𝑎𝑎 60℃ 𝑖𝑖𝑖𝑖 10 𝑡𝑡𝑡𝑡×5 𝑡𝑡𝑡𝑡
𝜕𝜕ℎ𝑅𝑅 𝑎𝑎𝑎𝑎𝑅𝑅𝑎𝑎 𝑜𝑜𝑜𝑜 10 𝑡𝑡𝑡𝑡×5 𝑡𝑡𝑡𝑡 

.      (10) 

We also visualized the temperature distribution in order to better 
observe heating areas as shown in Figure 6. The colormap was 
changed from colorful to gray levels from 0 to 255, and we found 
the appropriate threshold value to differentiate the temperature 
after testing, regions at 37℃ to 59℃ corresponded to the gray 
levels from 0 to 93 are marked in black, 60 ℃ to 
100℃ corresponded to the gray levels from 94 to 254 marked in 
gray, and more than 100℃ corresponded to the gray level 255  
marked in white.  

 
Figure 6: The visualization of temperature distribution. 

At regions above 100℃, the blood vaporizes and clots to form a 
thrombus. This is a situation that needs to be avoided during 
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therapy. In the study, the simulation temperature may be too high 
due to the absence of cooling liquid, and we treat this as a tissue 
necrosis. 

 
Figure 7: The area of transmural lesion of UA and BA under different fat 

thickness. 

Figure 7 shows simulated heating results under the heating 
power of 30 W in UA and BA with ablation time of 60s. We 
observed that when the fat thickness is less than 1 mm, BA has 
obvious advantages over UA. BA can effectively control the high 
temperature range and maintain a wall penetration effect. When 
the fat thickness is greater than 1 mm, the controllability of BA 
gradually decreases. This heating results of UA are almost 
unaffected by fat thickness, but the local temperature is too high 
and transmural effect is not ideal in the UA. 

Figure 8 shows the TLR of simulation under UA and BA with 
the variation of myocardial fat’s  thickness. Both UA and BA’s 
heating effects show an overall reduced trend. The TLR of BA are 
better than that of UA, but with the increasing of the fat’s 

thickness, the TLR of BA decline slightly faster. When the fat’s 
thickness is 0.2 mm, as heat begins to transfer to the fat, the 
temperature around the fat rises, leading to a sudden improvement 
in transmural heating effects. The TLR of UA also tends to be 
stable when the fat’s thickness is over 0.2 mm. 

 
Figure 8: TLR of UA and BA under different fat thickness. 

In this study, we considered the myocardial impedance 
increased 5%, 10%, 15% and 20% from the original impedance 
when the ablation power is 30W and sustains for 60 s. Figure 8 
shows the TLR of simulated UA and BA under different heating 
time with increased impedance.  

Figure 9 shows that the transmural lesions of both UA and BA 
generally decrease as the impedance increases. For BA, heating 
effect is poor at the beginning because the heat is still in the 
accumulation stage. When the heating duration is 30s to 40s, the 
transmural lesion increases rapidly and stabilizes after more than 
40s. The final transmural effect of BA is stronger than that of UA. 
For UA, transmural lesion increases slowly and steadily. This 
indicates UA did not change drastically when impedance changed. 
As a result, the ablation effect of BA is more sensitive to 
myocardial impedance.  

4. Discussion 

This study compared the impact of myocardial fat’s thickness 
and impedance changes on the heating effect of catheter ablation. 
From the simulation, we roughly identified a range of fat thickness, 
i.e., a fat thickness less than 1 mm, that BA has obvious 
advantages, including controllable temperature and a well 
transmural effect over UA. Because the UA has a radial range of 
action, fat does not change the direction of current conduction and 
UA is basically stable from the variation of fat’s thickness and 
myocardial impedance. Therefore, UA is nearly unaffected by 
external conditions in case of excessive myocardial fat or 
impedance uncertainty. 

In terms of ablation effect, we found BA demonstrated better 
results. The heat diffuses from the middle to ensure higher 
transmural ability, and the dispersed heat also reduces the burning 
temperature and ensures safety. Thus, for patients with lower BMI, 
BA might be a better choice. Less myocardial fat can reduce heat 
accumulation and lead to lower myocardial impedance. On the 
other hand, since the conductivity of fat is lower than that of 
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myocardium,  pericardial effusion and blood, fat thickness may be 
positively correlated with myocardial impedance, but their 
relationship remains to be determined by further studies. 

In addition to the influence from myocardial fat’s thickness and 
myocardial impedance, we also studied the ablation time to further 
understand the heating duration and characteristics of UA and BA. 
We found that BA is more sensitive to time variations. As far as 
the simulation conclusion is concerned, UA has a better ablation 
than effect 30s ago, and the BA effect is significantly improved, 
which is better than UA after 30 s. Time may be an important 
variable that affects BA. High-power and short-term ablation is the 
goal pursued by catheter ablation, but cooling water is necessary 
under UA in case of increasing power. Otherwise, blood steam 
evaporation may occur. Thus BA may avoid blood steam 
evaporation. 

Using a 2D model for biological research has some advantages 
over 3D model because the calculation time of 2D model is greatly 
shortened. In contrast, the calculation time of a 3D model is longer, 
but the simulation results are closer to actual situations. 
Furthermore, flow of blood and cooling water can be easily 
introduced in a 3D model [24], [25]. These are hard to be set in a 
2D model [26]; therefore, they are not considered in this study. 

5. Conclusions 

We perform a study about the effect of myocardial fat’s 
thickness and myocardial impedance on catheter ablation using 
computer simulation. The results indicate that the thickness of fat 
layer and myocardial impedance change may have influence on the 
heating performance of BA to a certain degree. Therefore, for 
patients with lower BMI, BA might be a better choice. The effect 
of UA is more stable for patients with higher BMI. We also proved 

that the BA has better ablation effects compared with those of UA 
when there are small variations of myocardial fat’s thickness and 
myocardial impedance. 

6. Future Work 

In the future, we will extend the 2D cardiac model to a 3D 
cardiac model and consider the influence of blood flow and 
electrode types on the performance of UA and BA. 
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