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Abstract 

Introduction: The use of ultra-short RF pulses could achieve greater lesion depth 

immediately after the application of the pulse due to thermal latency. 

Methods and results: A computer model of irrigated-catheter RF ablation was built to study 

the impact of thermal latency on the lesion depth. The results showed that the shorter the 

RF pulse duration (keeping energy constant), the greater the lesion depth during the cooling 

phase. For instance, after a 10-s pulse, lesion depth grew from 2.05 mm at the end of the 

pulse to 2.39 mm (17%), while after an ultra-short RF pulse of only 1 s the extra growth 

was 37% (from 2.22 mm to 3.05 mm). Importantly, short applications resulted in deeper 

lesions than long applications (3.05 mm vs. 2.39 mm, for 1- and 10-s pulse, respectively). 

While shortening the pulse duration produced deeper lesions, the associated increase in 

applied voltage caused overheating in the tissue: temperatures around 100ºC were reached 

at a depth of 1 mm in the case of 1- and 5-s pulses. However, since the lesion depth 

increased during the cooling period, lower values of applied voltage could be applied in 

short durations in order to obtain lesion depths similar to those in longer durations while 

avoiding overheating. 

Conclusion: The thermal latency phenomenon seems to be the cause of significantly greater 

lesion depth after short-duration high-power RF pulses. Balancing the applied total energy 

when the voltage and duration are changed is not the optimal strategy since short pulses can 

also cause overheating. 

 

Key Words: cardiac ablation, computer model, RF ablation, thermal latency 
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Introduction 

There is a current tendency towards shortening the duration of the radiofrequency (RF) 

application during the ablation of atrial fibrillation,1 which obviously has to be 

accompanied by higher applied power to achieve a suitable lesion depth. Since atrial wall 

thickness is ∼2 mm, a depth around this value could be enough to produce transmural 

lesions. The potential advantages of the shorter duration would be: 1) to reduce total 

procedural time, 2) reduce the saline volume infused through catheter irrigation, and 3) 

reduce possible complications, such as steam pops.1 From a biophysical point of view, 

using very short RF pulses would mean that the size of the thermal lesion depends almost 

exclusively on the electrical energy deposited (Specific Absorption Rate, W/m3), instead of 

on the thermal conduction phenomenon. In theory, the thermal lesion size would thus 

depend on the electrical conductivity of the tissue and not on its thermal conductivity; and 

the lesion would be created instantly, for as long as the pulse lasts. However, this might not 

be so simple if the thermal latency phenomenon after short RF-pulses (5−10 s) remains 

relevant.2 Thermal latency implies that tissue temperature continues to rise after termination 

of the RF application. Our goal was thus to determine the behavior of the thermal latency 

phenomenon after short RF applications in a computer model.3−5 Even though previous 

computer results have not shown thermal latency to have a significant role in determining 

lesion size after long RF applications,5 we hypothesized that it could play a different role 

after very short RF pulses. 

 

Methods 

As this study used a computational model, consequently no ethical approval was 
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required. Fig. 1(a) shows the computational domain of the model developed, which 

included a fragment of atrial wall (1.5 mm thickness) and a 7-Fr 3.5-mm long irrigated 

electrode placed perpendicularly on the endocardium (0.5 mm insertion depth) and 

surrounded by blood. The domain is completed with a sufficiently large fragment of 

connective tissue. Fig. 1(b) shows the boundary conditions required to solve the problem. 

The dispersive electrode (voltage at zero volts, U=0 V) is assumed to be on the boundaries 

of the connective tissue and at a sufficient distance from the active electrode. These 

boundaries represent a surface of ∼150 cm2, which approximately coincides with the area of 

a standard dispersive electrode. The temperature distribution within the tissue was obtained 

by solving the bioheat equation.6 Table 1 shows the physical characteristics of the tissues 

and materials employed in this model.3,7−8 The irrigated electrode was modeled by fixing a 

value of 40ºC in the cylindrical zone of the electrode tip while RF is activated (see gray 

zone in Fig. 1(b)), and leaving it free once RF stops. The temperature at the semispherical 

tip was not fixed (free at all times).3 The thermal effect of the circulating blood in the 

cardiac chamber (assuming high flow) was modeled using thermal transfer coefficients 

between blood and the tissue (hT= 610 W/m2K) and between blood and the electrode (hE= 

3346 W/m2K).6 Intramyocardial perfusion was assumed to be 1026 ml/min/kg,7 and to 

cease irreversibly once tissue was completely damaged. In contrast, the blood perfusion in 

the connective tissue was discarded, due to its being negligible compared to the cardiac 

tissue (37 vs. 1026 ml/min/kg).7 Both the initial temperature and the temperature of the 

surfaces away from the active electrode were initially assumed to be 37ºC. The latent heat 

associated with tissue vaporization at a temperature of 100ºC was included in the model by 

applying the enthalpy method.5 
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The COMSOL Multiphysics program (COMSOL, Burlington MA, USA) was used to 

create the Finite Element Model and the computer simulations. Convergence tests were 

conducted to obtain the optimal outer dimensions of the model and meshing size. We 

simulated an RF pulse of duration tON followed by a period tOFF of 200 s, during which it 

was expected that tissue temperature would continue to rise due to thermal latency. The 

preliminary simulations confirmed that that after 200 s without applying RF power, the 

maximum temperature in the tissue fell below 37.1ºC (37ºC being the basal temperature). 

High-power short-duration ablations were modeled by means of applying a voltage 

between the irrigated and the dispersive electrode during an interval tON. Once the 

temperature distributions had been computed using the bioheat equation, a mathematical 

function was used to estimate the thermal damage. Although it is broadly recognized that 

the 50−56ºC isotherm can be used to delimit the lesion formation volume, this is only true 

for hyperthermic exposure times of several minutes, it would also be valid for 60 s.9 For 

shorter exposure times the ‘lethal’ isotherm will possibly be higher. In any case, as we were 

interested in computing the thermal lesion size due to the accumulated thermal effect not 

only during tON (when the tissue is really heated) but also during tOFF, it was necessary to 

use a mathematical function which took into account not only the temperature reached but 

also the exposure time. We thus chose the Arrhenius function, which can compute the 

thermal damage parameter Ω over time. This parameter corresponds with the logarithm of 

the ratio of the original concentration of native tissue to the remaining native state tissue. A 

value of Ω = 1 means a 63% probability of cell death and can provide a reasonable 

definition of the size of the thermal lesion. Accordingly, we assumed that once the tissue 

reached a value Ω = 1 the blood perfusion ceased at that point. Further information on the 
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mathematical formulation and the parameter values used to compute thermal damage are 

provided in the supplementary file. The impact of thermal latency was assessed by 

comparing the temperature distributions and the lesion depths just at the end of the RF 

pulse (tON-RF) with those computed after a longer duration (tON-RF + tPOST-RF).  

We also modified the model shown in Fig. 1 to mimic the experimental conditions in the 

study by Wittkampf et al.,2 who used a dry electrode (7 Fr, 4 mm) to apply short-duration 

(5 s) voltage pulses on a preparation of skeletal muscle and measured the temperature 

evolution at the electrode tip at depths of approximately 2, 4, and 7 mm. The characteristics 

of the skeletal muscle used in the simulations were: electrical conductivity σ of 0.28 S/m,10 

thermal electrical k 0.56 of W/m·K,7 specific heat c of 2624 J/kg⋅K,7 and density ρ of 1090 

kg/m3.7 We simulated a 40 V pulse, which implied an applied power of ∼14 W (over an 

electrical impedance of 115 Ω). This power value is lower than that used by Wittkampf et 

al.2 since our computational domain only considered a part of the real physical domain. As 

in Wittkampf et al.,2 we analyzed the progress of the temperatures measured at depths of 2- 

and 4-mm, and calculated three characteristics associated with the thermal latency: 1) 

timing of maximum temperature, 2) time between termination of the pulse and point at 

which temperature returned to end-of-pulse value, and 3) additional rise in temperature 

after the pulse. In order to check the likely thermal effect of the temperature probes used by 

Wittkampf et al.,2 the optical fibers (200 μm hard clad silica fiber with Tefzel® jacket) 

were realistically modeled as a tiny sphere (100 μm radius) representing the silica glass (σ 

= 10−13 S/m, k = 1.0 W/m·K, c = 850 J/kg⋅K, ρ = 2625 kg/m3) surrounded by a concentric 

layer of Teflon (150 μm thick) representing the plastic jacket (σ = 10−6 S/m, k = 0.24 
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W/m·K, c = 300 J/kg⋅K, ρ = 1700 kg/m3), hence creating a total outer diameter of 5 mm. 

 

Results 

The outer dimensions of the model (X and Y) were checked using a sensitivity analysis in 

which we assessed how location of Ω = 1 isoline was modified when X and Y were equally 

enlarged. An optimal value of X=Y=40 mm was determined, since an additional increase of 

1 mm meant that the Ω = 1 isoline shifted less than 0.1 mm. The same procedure was 

conducted to obtain the optimal meshing size, which ranged from 200 µm (at the electrode-

tissue interface) to 1 mm (on the outer dimensions of the model). The models had around 

4,000 elements and a time-step of 0.1 s. 

Once the model had been appropriately modified to mimic the experimental conditions 

of a previous study,2 we computed the evolution of temperature at the electrode tip and 

depths of 2 mm and 4 mm. The modified model was able to reproduce satisfactorily both 

tmax and tdur at a depth of 2 mm (see Table 2), but unfortunately could not do the same with 

ΔT or the thermal behavior at 4 mm. Despite this, the model was on the whole able to 

reproduce the phenomenon of thermal latency observed in the experiments (as shown in 

Fig. 2). Finally, the results obtained when the optical fibers were included in the model 

were almost identical to those obtained without them. 

Figure 3 shows the temperature distributions at different times after application of a 5-s 

RF pulse. Although thermal latency has been known to raise tissue temperatures after the 

RF pulse has ceased (see e.g. Fig. 2), the maximum temperatures (see Fig. 3) were 

computed exactly at the termination of RF delivery (Fig. 3a). However, as can be seen in 

Fig. 3b, the tissue temperature is still high (∼70ºC) 5 s after termination (Fig. 3b). 



 
8 

 

Furthermore, the hottest point is now inside the tissue as the cooling phase progresses, 

which appears to indicate that the thermal lesion is getting deeper. This is evident from the 

evolution of the thermal damage contours (dashed lines in Fig. 3). Interestingly, the 

increased width of the lesion is almost negligible compared to the depth. Figure 3 also 

suggests that with a 5-s RF pulse, the thermal lesion depth almost reached its maximum 

value 10 s after RF pulse cessation (Fig. 3c). 

In this respect, Fig. 4a shows the progress of the thermal depth for different RF pulse 

durations keeping the delivered energy constant. It can be seen that the shorter the RF pulse 

duration, the deeper the lesion depth during the cooling phase. For instance, for a 10-s 

pulse, lesion depth is 2.05 mm right at the end of the pulse, and then grows by 17% to 2.39 

mm. For an ultra-short RF pulse of only 1 s, the lesion depth grows by 37% from 2.22 mm 

to 3.05 mm. More importantly, the results also revealed that short applications result in 

deeper lesions than long applications (even though the different combinations of voltage-

time considered were purposely chosen to match the applied total energy): 2.39, 2.81 and 

3.05 mm, for 10-, 5- and 1-s pulse, respectively, which implied an increase of 28% between 

1- and 10-s pulses. Note that lesion depths were almost identical at the end of each pulse: 

2.22, 2.16 and 2.05 mm, for 1-, 5- and 10-s pulse, respectively. The differences found (less 

than 10%) were due to the change in electrical conductivity during heating, which involved 

minor differences in the applied total energy (146, 143 and 140 J, for 1-, 5- and 10-s pulse, 

respectively). 

While shortening the pulse duration allowed enlarging the lesion depth, the associated 

increase in applied voltage caused overheating in the tissue. Fig. 4b shows the progress of 

the tissue temperature for different RF pulse durations assessed at a depth of 1 mm (which 
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was the maximum value reached in the tissue). The high values of applied voltage 

employed in the case of 1- and 5-s pulses caused temperatures around 100ºC, which would 

coincide with the appearance of steam pops. Since this phenomenon has to be avoided for 

the sake of safety, we used computer simulations to determine how applied voltage could 

be appropriately reduced to reduce the number of steam pops and at the same time ensure 

that lesion depth remained at values similar to those obtained with longer pulses. The idea 

behind this is that lesion depth can increase during cooling and can compensate for using a 

lower applied voltage. In this respect, Fig. 5a shows the progress of the thermal depth for 

different RF pulse durations when the applied voltage is chosen to obtain the same lesion 

depth (∼2.4 mm). Fig. 5b shows the progress of tissue temperature for different RF pulse 

durations assessed at a depth of 1 mm. In this case the value of the applied voltage 

employed for a 1-s pulse did not cause temperatures of 100ºC, which suggests that it is 

possible to shorten the RF pulse, to increase the applied voltage, and simultaneously avoid 

steam pops. Therefore, the results also suggest that balancing the applied total energy is not 

the optimal strategy, since steam pops can still occur. 

 

Discussion 

The phenomenon of thermal latency was initially introduced in an attempt to explain the 

unintentionally induced atrioventricular delay occasionally observed subsequent to RF 

application near the atrioventricular node.2 This finding also showed that this phenomenon 

was only relevant for short pulses of less than 10 s and the study did not have a great 

impact since RF ablations have employed longer durations (1−2 minutes) for many years. 

However, as it has recently been proposed to shorten RF pulse duration for atrial ablations, 
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we considered that thermal latency merited a review in terms of exploring how this 

phenomenon increased lesion depth just after RF application. This fact is clearly relevant, 

since very shallow lesions are required under certain conditions due to the extreme thinness 

of the atrial wall. 

Firstly, the present results confirmed that computer modeling can effectively reproduce 

the additional rise in tissue temperature after termination of RF delivery, i.e. the thermal 

latency phenomenon as described by Wittkampf et al.2 The differences between the 

experimental and computer results (Table 2) could be due to the inaccuracy in the position 

of the temperature probes in the tissue during the experiments. 

Since thermal damage is a process involving both temperature and time, it is by no 

means straightforward to determine experimentally how lesion depth increases just after the 

application of a short-duration RF pulse. For instance, although a well-designed setup based 

on agar gel including a thermochromic sheet can be employed, as in Bhaskaran et al.,1 this 

only provides temperature maps but not thermal damage contours. On the other hand, ex 

vivo and in vivo models can provide thermal damage contours, but are unable to 

differentiate between the contours created just at the end of the RF pulse and those 

produced at the end of the cooling phase. Computer modeling seems to provide a good 

alternative, since it can compute the degree of thermal damage at any time and is thus able 

to quantify the extra-growth produced just after RF application. 

Our computer results revealed two important issues. Firstly, the shorter the RF pulse, the 

more the lesion depth increases during the cooling phase, i.e. the phenomenon of the 

thermal latency seems to be more relevant. For instance, for short pulses of 10 s, lesion 

depth will increase by 17% during the cooling phase and the increase can be as much as 
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37% with ultra-short 1 s pulses. This finding has two important clinical implications: 1) 

since accidental thermal injury could occur in the esophagus up to several seconds after 

applying an ultra-short RF pulse, any system aimed at preventing this injury based on 

luminal esophageal temperature monitoring and the subsequent cessation of RF power once 

a limit temperature is reached  would not be effective; and 2) any image-based technology 

used to monitor real-time lesion growth during an RF ablation11 should take into account 

the increased lesion depth after applying ultra-short RF pulses. 

Secondly, we observed that shorter pulses created larger lesions, even though the applied 

total energy was more or less similar in all cases. The reason seems to be the higher 

temperatures associated with the use of high voltage in the case of short durations. 

Unfortunately, these high voltage values also involved a risk of overheating and the 

formation of steam pops. The computer results suggest that overheating could be avoided 

by reducing the applied voltage and at the same time lesions could be created comparable 

to those formed with long durations. Future experimental studies aimed to assessing the 

impact of high-power short-duration RF pulses on lesion volume and steam pops should 

take our computer results into account. 

As limitations of this study, it should be mentioned that the irrigation electrode was 

modeled by an approximate method, which simplified the computation by ignoring the 

fluid dynamics problem, and blood circulation was not included in the model. Although this 

method is able to reproduce lesion depth and tissue maximum temperature fairly well, it 

fails to predict the blood temperature and the width of the surface lesion.3 This means that 

no conclusion can be reached regarding thrombus formation on electrode and tissue 

surfaces. However, it is reasonable to assume that both the electrode surface and the tissue 
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surface will cool quickly thanks to the circulating blood in the cardiac chamber. Thermal 

latency does not therefore seem to favor the formation of thrombi. Future modeling studies 

including the fluid dynamics problem should be conducted to confirm this hypothesis. 

Experimental studies will also be required to assess the impact of the thermal latency 

associated with the use of short RF pulses on formation of thrombi, steam pops, and the 

created lesion volume. 

 

Conclusions 

When short-duration high-power RF pulses are used, the thermal latency phenomenon 

seems to add to lesion depth after RF application by as much as 37% for ultra-short 1 s 

pulses. As the increased lesion depth was probably due to overheating, balancing the 

applied total energy when the voltage and duration parameters are changed is not the 

optimal strategy. In fact, lower voltage can be set in the case of short durations in order to 

obtain the same lesion depth as that created with longer durations while avoiding 

overheating thanks to the increased lesion depth during cooling (especially important with 

short pulses). 
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Table 1. Physical characteristics of tissues and materials employed in computer model [3,7,8]. 

Tissue σ (S/m) k (W/m⋅K) ρ (kg/m3) c (J/kg⋅K) ωb (1/s) 

Atrial wall (heart muscle) [7] 0.28 0.56 1081 3686 0.018 

Connective tissue [7] 0.2 * 0.39 1027 2372  

Cardiac chamber/Blood [8] 0.667 0.54 1000 4148  

Electrode/Pt-Ir [3] 4.6×106 71 21.5×103 132 

Catheter/Polyurethane [3] 10-5 0.026 70 1045 

σ: electric conductivity; k: thermal conductivity; ρ: density; c: specific heat; ωb: blood perfusion. 

* This value was adjusted in order to achieve a total impedance of 130 Ω. 

 
 

Table 2.  Comparison between experimental and computational results. 

  tmax (s) tdur (s) ΔT (°C) 

2 mm 4 mm 2 mm 4 mm 2 mm 4 mm 

Experiments (from [2]) 1.3 2.5 3.5 8.0 4.8 4.2 

In silico model 1.6 6.9 3.6 19.9 0.7 1.2 

tmax: timing of maximum temperature; tdur: time between termination of the pulse and point at which 

temperature returned to end-of-pulse value; ΔT: additional rise in temperature after the pulse. 
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Figure 1 (a) Elements of the model (out of scale). (b) Electrical and thermal boundary 

conditions imposed in order to obtain a unique mathematical solution. 
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Figure 2 Temperature evolution computed at the electrode tip, and at depths of 2 and 4 mm by 

using an in silico model modified to mimic the experimental conditions of a previous 

study.2 Note the thermal latency characterized by a delayed rise in tissue temperature 

once the 5-s RF pulse has ceased. 
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Figure 3 Temperature distributions after a 5-s RF pulse: (a) just at the end of RF pulse, (b) 5 s 

after RF was stopped, and (c) 10 s after RF was stopped. Scale in ºC. Dashed line is the 

thermal damage contour (Ω=1) assessed at each time, while the solid line is the thermal 

damage contour assessed at the end of the simulation (tON+ tOFF=205 s). 
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Figure 4 (a) Evolution of the thermal lesion depths for pulse durations of 1, 5 and 10 seconds. 

The applied voltage in each case was 134, 60, and 42 V, respectively. These values 

were chosen in order to keep the delivered energy constant at ∼140 J. (b) Evolution of 

tissue temperature (1 mm depth) for different pulse durations. Note that steam pops 

(temperature around 100ºC) occur with the 1-s pulse.  
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Figure 5 (a) Evolution of the thermal lesion depths for pulse durations of 1, 5 and 10 seconds. 

The applied voltage in each case was 112, 56, and 42 V, respectively. These values 

were chosen in order to obtain a lesion depth of ∼2.4 mm. (b) Evolution of the tissue 

temperature (1 mm depth) for different pulse durations. Note that the temperature does 

not reach 100ºC in any case. 
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Supplementary file  

Details of the mathematical formulation used to compute thermal damage. 

 

In order to compute the thermal damage, we chose the Arrhenius function, which allows the 

thermal damage parameter Ω to be computed over time (t) as follows: 

ττ dAet
t

RT
E

∫
∆−

=Ω
0

)()(                                                             (1) 

where R is the universal gas constant (8.314 J/mole.K), T is the absolute temperature (K), t 

is time (s), A (s−1) is the frequency factor, and ΔE (J/mole) is the activation energy. We 

considered the both parameters (A and ΔE) were constant over the entire temperature range. 

Since the parameters A and ΔE are specific for tissue type and damage process to be 

modeled, and their values in the literature vary enormously, we conducted a sensitivity 

analysis to determine the optimum values in the context of our objective. We checked the 

following tentative values: A = 3×1023 s-1 and ΔE = 1.62×105 J/mol,1 A = 5.6×1063 s-1 and 

ΔE = 4.3×105 J/mol,2 and finally A = 7.39×1039 s-1 and ΔE = 2.577×105 J/mol.3 This last pair 

of values has been widely used in computer modeling of RF ablation processes, even 

though it does not specifically refer to cardiac tissue. In order to find the optimum values, 

we assumed that the candidate values should be able to provide a Ω = 1 isoline more or less 

coincident with the 72ºC isotherm for 5 s heating 4 and more or less coincident with the 

55ºC isotherm after 60 seconds of heating.5−6 

Figure S1 (a-c) shows the temperature distributions after 5 s of RF ablation for three 

groups of parameters related with the thermal damage parameter Ω, while Figure S1 (d-f) 

shows the temperature distributions after 60 s of RF ablation. The results in Fig. 1S (a-c) 
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suggest that the optimal parameters are those of the third set of parameters (from Irastorza et 

al.3) since the 72ºC isotherm is more or less coincident with the isoline Ω = 1 (differences 

smaller than 0.3 mm). This is also confirmed in Fig. 1S (d-f), since the 55ºC isotherm 

obtained with the liver parameters is the nearest to the isoline Ω = 1. Consequently, the 

following parameters were chosen to compute the Eq. (1): A = 7.39×1039 s−1 and ΔE = 

2.577×105 J/mol. 
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Figure S1 Temperature distributions after 5 s of RF ablation (a-c) and after 60 s of RF ablation 

(d-f). In the first set (a-c), the applied voltage was 60 V, which corresponded with an 

applied power of ∼26 W; while in the second set (d-f) was 40 V. The scale is shown in 

ºC. The thick black solid line is the thermal damage contour (Ω=1) computed from the 

Arrhenius function using different values for the parameters A and ΔE: A = 7.39×1039 

s−1 and ΔE = 2.577×105 J/mol in (a) and (d); A = 5.6×1063 s-1 and ΔE = 4.3×105 J/mol in 

(b) and (e); and A = 3×1023 s-1 and ΔE = 1.62×105 J/mol in (c) and (f). 

 


