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Abstract  

Background: High power-short duration ablation is an emerging conception for 

cardiac RF treatment. But the biophysical ablation properties of this technique have not 

been fully explored. This study compared the electric field characteristics and thermal 

lesion dimension in High power-short duration (HP-SD) radio frequency (RF) ablation 

and standard RF ablation by using the finite element method. 

Results: The results demonstrated that the lesion size and temperature in HP–SD RF 

ablation increased faster than standard RF ablation. The thermal lesion volume in both 

ablation modes demonstrated a linear increase and the rate of increase of HP–SD RF 

ablation grew faster than that of standard RF ablation. For HP–SD application at 50 W 

for 5 s, the lesion depth was shallower (1.74 to 2.1 mm vs 2.40 to 3.15 mm) and the 

surface lesion diameter was broader (2.76 to 3.32 mm vs 2.42 to 2.66 mm) than that 

for standard RF ablation at 25 W for 30 s.  

Conclusion: Compared with standard RF ablation, HP–SD RF ablation creates a 

broader lesion width and surface lesion diameter but shallower lesion depth, with a 

faster increase in temperature. HP–SD ablation is more able to achieve uniform and 

contiguous lesion shape, which is a suitable for point-to-point RF ablation procedures.  

Higher temperature was formed in deeper space of cardiac tissue in HP–SD ablation. 

The duration of HP–SD ablation should be strictly controlled for preventing the steam 

occur in tissue. 

Keywords: Cardiac RF ablation, High-power short-duration RF ablation, Computer 

model, Thermal lesion 

  



Background 

Radiofrequency (RF) catheter ablation is a minimally invasive therapy being widely 

used for the treatment of various types of atrial fibrillation (AF). Circumferential 

pulmonary vein isolation (PVI) and left atrial (LA) linear ablation have become basic 

RF ablation strategies for AF treatment [1,2]. PVI and LA linear ablation were achieved 

through point-to-point ablation using the standard RF ablation strategy (20–35 W for 

20–30 s) [3]. Standard RF application of lower power and longer duration result in 

greater dissipation of RF energy deep inside of the tissue due to conductive heating. 

However, conductive heating is difficult to control, potentially causing unexpected 

collateral tissue damage, such as atrial-esophageal fistulas or steam pop [4]. Therefore, 

to overcome the weakness of standard RF ablation, high-power short-duration (HP–SD) 

RF ablation was proposed. HP-SD RF ablation is a current trend in AF treatment that 

not only shortens the operation time significantly but also creates a suitable lesion depth 

[5].   

However, the biophysical ablation properties of HP–SD RF ablation are not fully clear 

[6], specifically, (1) the characteristics of lesion size and shape created by HP–SD 

ablation; (2) optimal HP–SD approach parameters have yet not been determined; (3) 

the potential for char or steam pop (tissue boiling) resulting from increased ablation 

duration or power; (4) the relationship between the maximum temperature of the 

myocardium and the formation of thermal lesions; and (5) the area of resistive heating 

and the distribution of electric field intensity, current density, and power density in HP–

SD RF ablation. Therefore, the aim of this study was to determine the thermal field 

characteristics (lesion size and shape) and electric field characteristics generated by 

HP–SD RF ablation through computer modeling and simulation. A comparison of the 

ablation features between HP-SD and standard RF ablation was also performed.  



Results 

During RF ablation, the heat absorbed by the myocardium is proportional to power 

density. Figure 1 shows the power-time curve (25 W for 30 s) in the simulation study. 

The constant power protocol was achieved by manually controlling the applied voltage 

by trial and error. Figure 2 shows the electric field distribution for standard RF ablation 

(25 W for 30 s) and HP–SD RF ablation (50 W for 5 s) at an initial impedance of 108Ω. 

To better observe the electric field characteristics, a contour line of 15 V/mm was used 

to describe the electric field intensity, a contour line of 2 mA/mm² was used to describe 

the current density, and a contour line of 30 mW/mm³ was used to describe the power 

density. Because we considered an isotropic and homogeneous cardiac tissue in the 

model, the direction of the electric field intensity was consistent with the direction of 

the current density. Due to the uniform conductivity of the metal electrode and the 

equipotential of the entire electrode, the electric field intensity inside the metal 

electrode was zero, which means that the metal electrode itself did not generate heat 

during ablation. The temperature rise of the metal electrode was caused by only the 

conductive heat from the tissue to the electrode. The maximum electric field intensity 

and current density appeared at the electrode–tissue interface, which is the reason that 

carbonization was likely to occur at the electrode–myocardial contact interface. Power 

density was equal to the product of the electric field intensity and the current density 

( q J E=  ), and it was proportional to the resistive heating area. The results indicated 

that HP–SD RF ablation was able to create a larger resistance heating area (surrounded 

by 30 mW/mm³) than standard RF ablation, and the resistive heating area of 50 W 

ablation was approximately twice that of standard 25 W ablation (3.94 mm² and 1.74 

mm² for 50 W for 5 s and 25 W for 30 s, respectively). Because the conductivity of the 

blood (0.99 s/m) was 6.18 times that of the myocardium (0.16 s/m), the current density 



in the blood was significantly greater than that in the myocardium. Table 1 illustrates 

the power delivered in the blood and tissue during HP–SD RF ablation and standard RF 

ablation. We found that at a fixed electrode insertion depth (0.25 mm), the energy 

dissipated in the blood was 1.57 times that in the myocardium, whether for standard or 

HP–SD ablation.  

Figure 1. The power-time curve of 25 W-30 s in the simulation study 

Figure 2. Electric field intensity, current density and power density distribution (the conductivity 
of the external tissue = 0.1 S/m; initial impedance =108 Ω) 



Table 1. Cross-sectional area of resistive heating (30 mW/mm³) and power dissipated in the blood and 
myocardium at an initial impedance of 108 Ω 

Three sets of impedance values were tested in the simulation models. Figure 3 shows 

the temperature distributions of standard RF ablation and HP–SD RF ablation. In atrial 

tissue, heating the atrial wall in full thickness at a physiologically lethal temperature 

(≥50 °C) is usually sufficient, therefore, a 50 °C isotherm was used to describe lesion 

shape (the solid black line in Figure 3) in the current study. The geometry of thermal 

lesions produced with HP–SD RF ablation differed from those produced with standard 

RF ablation at 25 W for 30 s. The shape of the lesion for HP–SD ablation was 

symmetrical and elliptical, whereas the lesion for standard ablation was more circular 

in shape.  

Figure 4 shows the relationship of lesion depth, lesion width, surface lesion diameter 

and the maximum temperature with initial impedance at three sets of ablation modes. 

Table 2 illustrates the lesion dimension and the maximum temperature in standard RF 

ablation (25 W-30 s) and HP–SD RF ablation (50 W-12 s) at three sets of impedance 

values (108 Ω, 117 Ω and 135 Ω). During the HP–SD RF ablation (50 W-12 s), the 

lesion width was significantly greater than that of standard ablation (25 W-30 s). The 

surface lesion diameter and the maximum temperature generated at high-power ablation 

(50 W-12 s) were significantly greater than that of standard ablation (25 W-30 s). By 

comparing the results from the ablation condition of 25 W-30 s with that of 50 W-12 s, 

the percentage increases of the lesion depth, lesion width and surface lesion diameter 

were 7.3%, 17.7% and 80.4%, respectively when the initial impedance was 108 Ω.  

Ablation 
mode 

The resistive heating 
area (30 mW/mm³) 

Power Dissipated 
in Blood 

Power Dissipated 
in Tissues 

50W-5s 3.94 mm² 30.6W 19.4W 

25W-30s 1.74mm² 15.3W 9.7W 



  

Figure 4. (A) Lesion depth versus initial impedance; (B) lesion width versus initial impedance; (C) 
surface lesion diameter versus initial impedance; (D) the maximum temperature versus initial impedance 

Figure 3. Temperature distributions for standard cardiac RF ablation and HP–SD 
RF ablation at three sets of initial impedance 



Table 2. Lesion depth, lesion width, surface lesion diameter, and the maximum temperature for standard 
RF ablation and HP–SD RF ablation at three sets of impedance. 

Compared with the ablation condition of 25 W-30 s, the 50 W-12 s one increased the 

lesion depth, lesion width and surface lesion diameter by 9.3%, 20.2% and 74.2%, 

respectively when the initial impedance was 117 Ω. For the initial impedance of 135 Ω, 

the percentage increases were 21.2%, 31.8% and 62.8% in lesion depth, width and 

surface lesion diameter respectively under the same ablation conditions.  

Figure 5 presents the curves of lesion depth vs. ablation time, lesion width vs. ablation 

time, lesion cross-sectional area vs. ablation time and lesion volume vs. ablation time, 

respectively, at the condition of 108 Ω. The lesion cross-sectional area was the area of 

temperature distribution above 50 °C as shown in Figure 3. We observed that the lesion 

depth and width increased faster during the early stage of thermal lesion formation. The 

rates of increase began to gradually decrease after 3 to 5 s. The thermal lesion volume 

demonstrated a linear increase and the rate of increase of HP–SD RF ablation grew 

faster than that of standard RF ablation. Higher power caused bigger lesion width and 

Ablation mode：25 W-30 s 

Initial 
impedance 

Lesion depth Lesion width 
Surface Lesion 

diameter 

Maximum 
temperature 

108 Ω 3.15 mm 5.76 mm  2.66 mm 66.1°C 

117 Ω 2.90 mm 5.34 mm 2.56 mm 63.6°C 

135 Ω 2.40mm 4.52 mm 2.42 mm 59.1°C 

Ablation mode：50 W-12 s 

Initial 
impedance 

Lesion depth Lesion width 
Surface Lesion 

diameter 

Maximum 
temperature 

108 Ω 3.38 mm 6.78mm  4.80 mm 88.8°C 

117 Ω 3.17 mm 6.42mm 4.46mm 83.8°C 

135 Ω 2.91 mm 5.96mm 3.94mm 75.9°C 



surface lesion diameter, with the fastest increase in lesion size. The lesion volume was 

greater for RF application with 50 W-12 s than that of 25 W-30 s (57.3 mm3 vs. 38.9 

mm3), which implied an increase of 47.3%. The results also indicated that HP–SD RF 

ablation was more likely to create a larger lesion cross-sectional area than standard RF 

ablation (9.9 mm² and 8 mm² for 50 W-12 s and 25 W-30 s, respectively, which implied 

an increase of 23.7%). 

Discussion 

The main objective of this study was to simulate lesion size and electric characteristics 

in HP–SD RF ablation and standard RF ablation.  

Our observations demonstrated that within the first 5 s of RF application, shallower and 

broader lesions were created with HP–SD RF ablation, and the lesion size increased 

faster than standard RF ablation. In clinical point-to-point ablation, the maximum 

Figure 5. (A) Lesion depth versus ablation time, (B) lesion width versus ablation time, (C) 
lesion cross-section area versus ablation time, (D) lesion volume versus ablation time 



distance between the adjacent two lesion points is commonly limited to within 5 mm to 

avoid the occurrence of an ablation gap that may increase the recurrence rate of AF [7]. 

In HP–SD RF ablation, a lesion width greater than 5 mm was created, which was better 

for achieving continuous lesions between adjacent points [8]; a deeper but narrower 

lesion was created using standard RF ablation (25 W-30 s) compared with HP-SD 

ablation (50 W-5 s). This lesion characteristic of HP–SD application is particularly 

useful in AF ablation procedures such as PVI. The larger diameter of HP–SD lesions 

might contribute to greater contiguity between adjacent lesion points, thereby forming 

a complete PVI. The reduced lesion depth could also create a transmural lesion in the 

thin atrial tissue by 50 W-5 s ablation (e.g., 2.1 mm, 1.98 mm and 1.74 mm for 

impedance=108 Ω, 117 Ω and 135 Ω, respectively). Histological studies report that the 

average LA wall thickness is 1.5 to 2 mm, and the range is 0.5 to 4 mm [9]. In this study, 

50 W ablation for 12 s created a lesion depth ranging from 2.91 to 3.38 mm, which 

indicated that high-power ablation may create transmural lesions in PVI or LA ablation. 

However, the reduced depth of the lesion caused by HP–SD RF ablation may not be 

sufficient to create a transmural lesion in areas with increased LA wall thickness. In 

general, compared with standard RF ablation, a more suitable lesion shape and size was 

created with HP–SD RF ablation in a few seconds, not only improving efficiency but 

also reducing the difficulty of catheter operation. 

RF ablation lesions were created through resistive heating and conductive heating [10]. 

Resistive heating in tissue is proportional to the square of the RF current density (the 

power density) and is the main cause of lesion formation in HP–SD RF ablation. 

Conductive heating is the direct transfer of thermal energy to deep tissues and is the 

primary mechanism in standard RF ablation. During resistive heating, the current 

passed through the tissue and blood surrounding the catheter tip and immediately heated 



the local tissue within the first few millimeters of depth (approximately 1 to 2 mm). 

During the conductive heating phase, a hot source produced by resistance heating 

passively heats the deeper tissue layer. Conductive heating is time dependent, and the 

result is determined by the current density and hot source produced in the resistive 

heating phase. Conductive heating is difficult to control and predict, and a long ablation 

duration may cause lesion depth of more than 3 mm, resulting in atrial-esophageal 

fistula or pulmonary vein stenosis. A potential RF ablation strategy for achieving 

predictable transmural lesion depth is the maximization of resistance heating and the 

reduction of conductive heating. RF power was increased to 50 W to deliver immediate 

resistive heating to the atrial tissue, whereas the ablation duration was reduced to 5 s to 

limit collateral tissue damage caused by conductive heating (Figure 3D-F).  

One study showed that the use of high-power RF ablation without a reduction of 

duration improves ablation outcomes but also increases the risk of complications [11]. 

Our study also found that the temperature exceeded 75°C in the cardiac tissue as the 

duration increased to 12 s with 50 W (Table 2). The duration of high-power ablation is 

a key parameter for creating durable ablation lesions or complications. Although cold 

saline perfusion can prevent the charring of myocardial surfaces, the RF power 

dissipated in tissue can also lead to build-up of heat in deeper tissues. Therefore, the 

ablation duration should be strictly controlled to avoid coagulation, char formation, or 

overheating in HP–SD ablation. Furthermore, a computer model of ultrashort RF pulse 

ablation was created by Irastorza et al. to study the effects of thermal latency on lesion 

depth [12]. They found that the thermal latency phenomenon significantly increased 

lesion depth after HP–SD RF pulses. According to the thermal latency phenomenon, 

we can reasonably assert that the ablation duration should be more strictly limited for 

HP–SD ablation on the posterior wall of the atrium. In addition, due to the rapid 



temperature rise, the power and duration should be strictly controlled in HP–SD RF 

ablation. Excessive increase in power and duration may result in char or boiling.  

Lesion size is a key determinant of ablation outcome. However, in clinical ablation 

procedure, the lesion size is difficult to be measured. In this study, we modeled a 

constant power of 25 W and 50 W, which is the usual ablation mode in standard and 

HP-SD RF ablation. In the computational model, the impedance between tip electrode 

and dispersive electrode was tuned to match with the clinical transthoracic impedance 

range for simulating the real clinical ablation. From the simulation results, the 

maximum temperature achieved in the myocardium of 50 W-12 s ablation did not 

exceed 100°C and no steam pop occurred in the tissue which was consistent with the 

observations of clinical results. For example, in one HP-SD RF ablation (50 W) study, 

a total of 3961 RF ablations were performed in 51 AF patients [13]. The average 

ablation duration of all lesions was 11.2 ± 3.7 s and no steam pops were heard. In 

another study, Winkle et al. examined the complication rates of HP-SD RF ablation 

(45–50 W for 2–15 s) [14]. At 11,436 ablations, they observed only 2 steam pops in 

atrial tissue. Although the material properties of the heart model used in our model 

referred to human instead of animal tissue, our findings still confirm previous studies 

[15,16], showing that HPSD ablation creates wider but shallower lesions ex vivo and 

in vivo. The simulation results indicated that under the same ablation condition, the 

lesion size changed with the initial contact impedance, as shown in Figure 5. Therefore, 

in real ablation procedure, operator should set the appropriate ablation parameters based 

on the initial contact impedance. Apart from that, prolonging the duration in HP–SD 

applications could definitely increase the lesion size (depth, width, and area). A 50 W 

ablation for 12 s produced a lesion depth ranging from 2.91 to 3.38 mm, which is 

suitable for the ablation of thick cardiac tissue such as mitral isthmus. The maximum 



temperature of 50 W ablation for 12 s was significantly higher than that of 25 W ablation 

for 30 s (88°C vs 66.1°C, for 108 Ω). The temperature difference (21.9°C) was due to 

the increased energy dissipation and reduced cooling duration in HP–SD heating. 

This study has certain limitations. First, fluid dynamics was neglected in order to exhibit 

apparent characteristics of different ablation conditions. The saline irrigation was 

modeled by applying a fixed temperature on electrode surface, which ignores the period 

for temperature rise from the ambient temperature. Such simplification could 

overestimate the blood temperature around the electrode surface [17]. High temperature 

in blood is a potential cause for thrombus formation [18], it is especially vital for HP-

SD ablation to avoid any possible overheating. Second, heart beating is an unstable 

factor in real situation, the insertion of the electrode varies with pacing thus influencing 

the ablation temperature. Additionally, the selection of ablation parameters for HP-SD 

ablation as power and duration has not yet achieved a consensus [19]. A comprehensive 

study including different insertion depth of electrode, cooling effect and ablation 

parameters might be concerned in future research. Third, the effective ablation lesion 

was evaluated by the 50°C isothermal contour in the current case, however, thermal 

damage is also related to ablation duration [20], which is one of the key points in HP-

SD ablation. The Arrhenius model can be an alternative as long as a proper extent for 

lesion description can be concluded [21].  

  



Conclusions 

Compared with standard RF ablation, HP–SD RF ablation creates a broader lesion 

width and surface lesion diameter but shallower lesion depth, with a faster increase in 

lesion size and temperature. HP–SD ablation is more able to achieve uniform and 

contiguous lesion shape, which is suitable for point-to-point RF ablation procedures. 

Higher temperature was formed in deeper space of cardiac tissue in HP–SD ablation; 

The duration of high-power ablation should be strictly controlled. 

  



Methods 

We constructed an electro–thermal coupling model of cardiac RF ablation by finite 

element method to analyze the temperature distribution and electric field characteristics. 

In the numerical model, the bio–heat governing equation, electrical and thermal 

boundary conditions, and material characteristics followed the methods of S Yan et al. 

2020, but the RF ablation strategy was different from his method [22].  

Bio–heat governing equation 

The physical phenomenon for the electro–thermal coupling problem is governed by 

bio–heat transfer equation (1) modified by the enthalpy method [23]. T ,  , k , q , 

and h  are the temperature (K), density (kg/m3), thermal conductivity (W/m K), power 

density (W/m3), and enthalpy, respectively, and bQ  and mQ  represent the heat loss 

due to blood perfusion (W/m3) and metabolic heat (W/m3), respectively. The term of 

the metabolic heat production was ignored in our study because it is far smaller than 

the values of the other variables [24]. The heat loss caused by blood perfusion was also 

negligible because no large blood vessels exist in the myocardial tissue [25]. The power 

loss produced by blood flow was modeled with forced thermal convection coefficients 

in the electrode–blood interface and endocardium–blood interface.   

 
( )

( )
b m

h
k T q Q Q

t


=  + − +


   (1) 

The enthalpy of cardiac tissue is related to tissue temperature as expressed in equation 

(2) [26]. i  and ic are the density and specific heat (J/kg K) of cardiac tissue (i = l 

before a phase change; i = g for post-phase-change), 9 3=2.162 10 /fgh J m   and 

=75%C  are the latent heat and water content, respectively. In our study, the 50°C 



isotherm was used to assess the thermal lesion. 
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At an RF frequency of 500 kHz, myocardium is injured by Joule heating through the 

induction of RF current, and this electrical problem can be expressed in a quasi-static 

form [27]: 

 ( ( ) ) 0T V  =   (3) 

where ( )T  is the electrical conductivity of the myocardium and V  is the electric 

potential. In this study, we used the quasi–static electrical equation to resolve the 

electro–thermal coupling problem. Accordingly, the direct current voltage 

corresponding to the root mean squared value of the RF voltage is applied to the 

electrode, and a zero voltage is applied to the model boundary. We considered constant– 

power RF ablation, which is commonly used in cardiac RF ablation. In the computer 

model, the applied voltage was modulated to keep the delivering power constant.  

Geometry of the computer model and electrical and thermal boundary conditions 

We developed an electro–thermal coupling model for cardiac RF ablation based on two-

dimensional axisymmetric geometry. Figure 6A depicts the geometry of the computer 

model (not to scale), which consists of a fragment of cardiac tissue, connective tissue, 

blood, and a catheter. Myocardial thickness (H) was 10 mm, catheter diameter (D) was 

2.31 mm, and electrode length (L) was 3 mm. The electrode was positioned 

perpendicular to and against the endocardium at an insertion depth of 0.25 mm. The 

catheter was surrounded by the blood domain and the connective tissue was located 

below the myocardium.  



Figure 6B illustrates the electrical and thermal boundary conditions for cardiac RF 

ablation. A zero voltage was applied to the boundaries of the model to mimic the 

electrical performance of the dispersive electrode, and a constant power of 25 W or 50 

W was applied to the active electrode throughout the ablation duration.  

In this study, the applied voltage was manually controlled by trial and error to ensure a 

constant power output [28]. The initial voltage was adjusted to keep the output power 

close to the predefined value. The global impedance of the model was then calculated 

at an initial voltage of 50 V. After obtaining the impedance, we then manually calculate 

the time dependent ablation voltage by Ohm’s law as V =  √P × R, and the value of 

which was examined to control the error within ±5 % for the constant output power.  

Figure 6. (A) Geometry of computational model (not to scale); (B) electrical and thermal 
boundary conditions 



The initial temperatures of all elements and the border of the model were set to 37 °C. 

The cooling effect produced by blood flow was modeled with two sets of forced thermal 

convection coefficients, which were applied to the endocardium–blood interface (hb = 

708 W/m²K) and the blood–electrode interface (he = 3636 W/m²K) [29]. A fixed 

temperature of 40 °C was applied to the cylindrical zone of the electrode–blood 

interface to model the effect of saline irrigation, as was noted in previous computational 

studies [17,30]. This temperature value was chosen because it is similar to that obtained 

by using irrigation electrode in clinical practice [31]. Model dimensions (X and Y), 

time step, and grid size were determined using convergence analysis to avoid boundary 

effects. A maximal temperature difference less than 0.5% in cardiac tissue in 

consecutive simulations was acting as the control parameter in the convergence tests 

[26]. The mentioned parameters were determined as: X = Y = 220 mm, time step = 0.02 

s, and grid size = 0.2 mm in the finest zone (electrode–tissue interface). In the study, 

COMSOL Multiphysics 5.3a was used to create a finite element model and calculate 

the simulation results. 

Material characteristics  

Table 3 lists the material properties in the electro-thermal coupling model. The electrical 

and thermal conductivity of myocardium was represented as a piecewise function that 

varied with temperature [32]. As the temperature increased from 37°C to 100°C, the 

electrical conductivity of myocardium increased exponentially (1.5%/°C) and then 

decreased with a fourth order mode between 100°C and 105°C. The thermal 

conductivity of the myocardium increased linearly with temperature (1.2%/°C) up to 

100°C, following which it remained constant.  

The conductivity of human myocardium ranges from 0.16–0.33 S/m, and the 



transthoracic impedance measured by RF generator changes from 90 to 140 Ω in 

clinical practice [33]. In this simulation study, in order to approach clinical ablation, 

the initial conductivity of the myocardium was set to 0.16 S/m, and the conductivity of 

the external tissue (underneath the myocardium) 0  was tuned to match the clinical 

transthoracic impedance [34]. In our model, the conductivity of external tissue was set 

as 0.1 S/m, 0.075 S/m and 0.05 S/m, respectively. Therefore, the initial impedance 

between tip electrode and dispersive electrode was tuned to 108 Ω, 117 Ω and 135 Ω, 

respectively. 

Table 3. Thermal and electrical characteristics of the elements of the numerical models; Measurement 

temperature at 37°C. 

Element/material 
  

(s/m) 
k  

(W/m·K) 

  

(kg/m3) 

c  

(J/kg·T) 

Electrode 4.6×106 71 21500 132 

Plastic Probe 10-5 0.026 70 1045 

Cardiac Tissue 0.16 0.53 1060 3111 

Blood 0.99 0.54 1000 4180 

Connective 

Tissue 
0  0.39 1027 2372 

0  was tuned to match the clinical transthoracic impedance range (90 to 140 Ω) 
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