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Abstract 30 

Background. High-Power Short-Duration (HPSD) recently emerged as a new approach 31 

to radiofrequency (RF) catheter ablation. However, basic and clinical data supporting its 32 

effectiveness and safety is still scarce.  33 

Objective. We aim to characterize HPSD with an advanced virtual model, able to assess 34 

lesion dimensions and complications in multiple conditions and compare it to standard 35 

protocols. 36 

Methods. We evaluate, on both atrium and ventricle, three HPSD protocols (70W/8s, 37 

80W/6s and 90W/4s) through a realistic 3D computational model of power-controlled RF 38 

ablation, varying catheter tip design (spherical/cylindrical), contact force, blood flow and 39 

saline irrigation. Lesions are defined by the 50ºC isotherm contour. Ablations are deemed 40 

safe or complicated by pop (tissue temperature >97ºC) or thrombus (blood 41 

temperature >80ºC). We compared HPSD with standards protocols (30-40W/30s). We 42 

analyzed the effect of a second HPSD application.  43 

Results. We simulated 432 applications. Most (79%) associated a complication, 44 

especially in the atrium. The three HPSD protocols performed similarly in the atrium, 45 

while 90W/4s appeared the safest in the ventricle.  Low irrigation rate led frequently to 46 

charring (72%). HPSD lesions were 40-60% shallower and smaller compared to 47 

standards, although featuring similar width. A second HPSD application increased 48 

lesions to a size comparable to standards.  49 

Conclusion.  HPSD lesions are smaller and shallower than standards but comparable 50 

in width, which can be advantageous in the atrium. A second application can produce 51 

lesions similar to standards in a shorter time. Despite its narrow safety margin, HPSD 52 

seems a valuable new clinical approach. 53 

 54 
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Introduction 58 

 Radiofrequency (RF) catheter ablation has become a cornerstone treatment for 59 

cardiac arrhythmias.1, 2 RF lesions depend mainly on the power delivered to the tissue, 60 

catheter stability and optimal contact force (CF) over time.3, 4 In order to maximize lesion 61 

size while minimizing the risk of complications, the maximum power with 4 mm-tip 62 

catheters has been limited to 30 to 50 W over 30 to 90 seconds.3 Nevertheless, catheter 63 

stability and optimal CF over time are challenging to keep in a beating heart. This may 64 

result in smaller and inconsistent lesions that hamper the creation of effective lines of 65 

electrical block and prolong the duration of the procedures. 66 

 Aimed at overcoming these limitations of conventional protocols, a new RF 67 

catheter ablation paradigm has emerged in the last few years. Known as high-power 68 

short-duration (HPSD) ablation, these protocols are based on increasing maximum 69 

power and markedly shortening the application. An heterogeneity of power/duration 70 

settings, ranging from 35 to 60W and 6 to 15 seconds, have been proposed and tested 71 

for pulmonary vein isolation.5-8 Some groups have investigated even more aggressive 72 

protocols with power ranging from 70 to 90W during 4 to 8 seconds.9, 10  Nonetheless, 73 

lesion science of HPSD is mostly unknown and basic10, 11 and clinical data supporting 74 

their effectiveness and safety is scarce. In addition, experience on other atrial substrates 75 

is limited and lacking on the ventricle.  76 

 The development of advanced virtual models for RF ablation allows to simulate 77 

lesion formation mimicking infinite scenarios. A systematic and realistic evaluation of RF 78 

ablation can be performed by changing parameters such as catheter type and shape, 79 

ablation protocol, blood and irrigation flow, CF or the cardiac chamber. This will grant an 80 

understanding of RF lesion formation and its complications beyond that obtained through 81 

classical in-vitro and in-vivo assessment.  This novel research approach proves of 82 

particular interest in early stages of new ablation strategies like HPSD.  83 

 We aim to systematically characterize different HPSD ablation protocols  by 84 

means of an advanced virtual model developed by our group.12-15  Lesion dimensions 85 
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and complications will be evaluated and compared to those of standard conventional 86 

protocols, providing valuable insight in view of the clinical application of HPSD. 87 

 88 

 89 

Methods 90 

Virtual model 91 

Our computational model of RF catheter ablation simulates a human heart 92 

considering fixed conditions, in order to standardize the comparison of the different 93 

ablation settings. The mathematical model, based on an in-vitro experimental setup,16 is 94 

a three-dimensional computational framework described in previous works of our 95 

group.12-15 It considers the tissue elasticity, the thermoelectric interaction between the 96 

electrode and the ablation area, and the convective cooling by the blood flow and the 97 

irrigated saline.  98 

According to the thermodynamic principles, heat expansion through the tissue 99 

occurs in a radial manner, following a linear temperature-dependent decrease of specific 100 

heat (0.42ºC per 1ºC increase) and thermal conductivity (0.05% per 1ºC increase) as 101 

well as a linear temperature-dependent increase in electrical conductivity (0.15% per 1ºC 102 

increase).17, 18 The governing equation for the thermal problem is the Bioheat Equation.19  103 

The model, detailed in the Supplementary Material, is solved by finite elements 104 

through our self-developed software in FEniCS-HPC (www.fenics-hpc.org). The 105 

computational geometry features about 5,000,000 tetrahedra with a maximum element 106 

size of 1 mm and a minimum of 0.01 mm in the area of the electrode, where higher 107 

computational accuracy is needed. Simulations were carried out on BCAM in-house 108 

cluster Hipatia, which features 18 nodes (1 with Nvidia Tesla K40 GPU) for 624 cores 109 

with 4TB RAM and Inifiniband network connectivity.  110 

 111 

Electrode tip design 112 

http://www.fenics-hpc.org/
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We consider two different, commonly used, open-irrigated electrode designs, one with a 113 

hemispherical tip and one with a cylindrical tip (7 French, 3.5mm length). Both feature 6 114 

irrigation pores (0.5mm diameter).(Figure 1)  115 

 116 

Lesion Assessment 117 

Virtual lesions are identified by the isotherm contour as previously described,14, 20 118 

considering irreversible tissue damage at 50ºC. The assessment of the lesion 119 

dimensions is performed with ParaView.21 We measure lesion volume, maximum 120 

diameter, maximum depth, and depth at the maximum diameter, considering the zero at 121 

the undeformed endocardial surface, as described in Figure 1.  122 

 123 

Complications Assessment 124 

A steam pop is considered to occur when the tissue temperature exceeds 97ºC. We use 125 

a temperature threshold lower than 100ºC to account for the natural fluctuation of water 126 

boiling point depending on tissue composition and other physical conditions.22  A 127 

thrombus is assumed to be initiated at a blood temperature of 80ºC. 128 

The occurrence of one of the two complications ends the application, precluding the 129 

development of the other. Applications that finish without any complication are deemed 130 

safe. 131 

 132 

Ablation settings 133 

Three different HPSD ablation protocols are used, 70W/8s, 80W/6s and 90W/4s, 134 

delivered in power-control mode without temperature limit. Each of them is simulated on 135 

the atrium and the ventricle, varying CF, blood flow velocity and saline irrigation level. All 136 

combinations are summarized in Table 1. 137 
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In order to simulate different representative cardiac regions, three different blood 138 

flow velocities are used: no blood flow (0m/s), as expected in the epicardium or below a 139 

valve leaflet; low blood flow (0.1m/s), as expected in a healthy atrium or pulmonary veins; 140 

and high blood flow (0.5m/s), as expected at the cavo-tricuspid annulus, the ventricle or 141 

outflow tracts.  142 

Additionally, three different saline catheter irrigation rates are simulated for each 143 

HPSD protocol: normal, high and very high rate (17ml/min, 30ml/min and 60ml/min, 144 

respectively). The blood flow and its interaction with the irrigated saline in the blood 145 

compartment are modelled using the incompressible Navier-Stokes equations for fluid 146 

dynamics.19 We assume a room temperature of 22ºC of the irrigation saline.  147 

All virtual applications are performed perpendicularly to the endocardial surface. 148 

The lesions are simulated on both atrial and ventricular tissue. Based on clinical data, 149 

we assume similar biophysical properties for both cardiac regions, with the sole 150 

differentiation of the thickness (6mm in atrium and 12mm in ventricle).23   Four increasing 151 

CF  from 5g to 20g are simulated resulting in progressive deformation of the tissue.  152 

  153 

Design of the study 154 

The study is structured in three steps:  155 

A. We evaluate the safety of the different HPSD ablation settings and protocols. 156 

B. We assess the efficacy of HPSD protocols identified as the safest in the previous 157 

step. For both chambers, we compute HPSD lesion sizes and compare them 158 

with those generated by standard applications (30W/30s for the atrium and 30-159 

40W/30s for the ventricle, CF 10 g, irrigation rate 17 ml/min).  160 

C. We analyze the impact of a second HPSD application on top of the first one, in 161 

terms of safety and increase in lesion size. We test at increasing time intervals 162 

(2s, 4s, …10s) between first and second application. Irrigation rate is kept at 163 
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2ml/min between the two applications, while the protocol irrigation rate is 164 

restored one second prior to the second application.  165 

 166 

 167 

 168 

  169 

Results 170 

A total of 432 RF catheter ablation lesions are simulated by applying the different 171 

predefined ablation parameters (catheter tip design, CF, RF power, duration, saline 172 

irrigation rate) and different physiological scenarios (blood flow, ablation site).  173 

  174 

Safety of HPSD  175 

The main findings are summarized in Figure 2 and Supplementary Table 1. Five 176 

conclusions can be highlighted: 177 

a. The safety margin of HPSD ablation is, in general, poor, considering that most of the 178 

applications associate some complication. This finding is more notable in the atrium. 179 

b.   Low saline flow mostly leads to charring, whereas an increase in the flushing rate 180 

carries a higher risk of pop. Similarly, high blood flow also associates an increased 181 

number of pops. 182 

c.  Almost all applications performed with low CF are free of complications at any HPSD 183 

protocol. 184 

d.   Different catheter tip designs show varied behaviors. Spherical tips appear relatively 185 

safe in both chambers, while cylindrical tips only when used in the ventricle. 186 

Nevertheless, cylindrical tips in the ventricle allow the use of larger CF.  187 

e.   The complication distribution (thrombus vs pop) is similar for both catheters in the 188 

ventricle, whereas in the atrium the spherical tip produces more thrombi and the 189 

cylindrical more pops. (Figure 3 and Supplementary Figures 1 and 2) 190 

  191 
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Efficacy of HPSD  192 

From the previous step, we conclude that the safest setting is represented by CF 5g, 193 

irrigation rate 60ml/min, using a spherical tip in the atrium and a cylindrical tip in the 194 

ventricle. 195 

 The analysis of the different HPSD protocols shows that as power increases and 196 

duration diminishes, lesions tend to be narrower and more superficial, resulting in a 197 

smaller volume. (Figure 4)   198 

 In general, HPSD generates lesions that are smaller than those obtained with standard 199 

protocols, especially in terms of depth. This is always the case in the atrium. In the 200 

ventricle, HPSD lesions are overall wider but shallower when compared to 30W/30s 201 

standard lesions, resulting similar in volume (with the exception of 90W/4s).  However, 202 

HPSD lesions are consistently smaller when compared to the 40W/30s protocol. 203 

We analyze the effect of increasing CF in the ventricle for the 90W/4s protocol with a 204 

cylindrical catheter which was the safest setting observed. At 20g, lesions become 205 

comparable to the ones from standard 30W/30s protocols but remain markedly smaller 206 

than those from 40W/30s protocols. (Figure 5, Supplementary Figure 3) 207 

 208 

Repeated HPSD applications 209 

A second identical HPSD application on top of a first one is simulated after a variable 210 

interval. We consider a spherical tip in the atrium and a cylindrical tip in the ventricle, CF 211 

of 5g, low blood flow and irrigation rate of 60ml/min, in accordance with the results of the 212 

previous step.  In general, all lesions increase in size after a repeated application. (Figure 213 

6, Supplementary Table 2) As the interval between applications gets longer, lesion size 214 

increase is smaller. Furthermore, as the interval decreases, the risk of complications is 215 

higher.  For both cardiac chambers, the 80W/6s protocol shows the worst profile, 216 

requiring the longest intervals to avoid complications. 217 

 In the atrium, increase in width is more pronounced than in depth, being more evident 218 

at 90W/4s. Only 70W/8s applications with a 4-second interval reach a final lesion volume 219 
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that exceeds that of a lesion performed with a standard protocol (Supplementary Figure 220 

4).  221 

 In the ventricle, the lesion increases similarly in depth and width. The best trade-off 222 

between safety and lesion increase is reached with a 90W/4s protocol and 6-second 223 

interval (77% volume increase).  224 

The final lesion is larger than the standard 30W/30s lesion for any HPSD protocol, 225 

especially in terms of width, but generally smaller when compared to those obtained with 226 

40W/30s (Supplementary Figure 4).  227 

 228 

 229 

Discussion 230 

This is the first study where an advanced virtual model is used to systematically evaluate 231 

HPSD ablation. In addition, our innovative model provides a comprehensive insight in 232 

the mechanisms of RF ablation, setting the basis for future research in the field.  233 

The major findings of the study are: 1. The safety margin of HPSD is in general poor; 2. 234 

Catheter tip design and irrigation rate are critical to ensure safe and efficient applications; 235 

3. HPSD lesions are shallower and smaller compared to standard lesions; 4. A second 236 

HPSD application after a suitable time lag increases lesion size.  237 

 238 

Safety margin of HPSD 239 

Standard RF protocols currently used are mostly safe.24, 25 HPSD represents a new 240 

approach to RF ablation aimed at reducing ablation time and overcoming some 241 

limitations of standard protocols. In agreement with the available published data,5 our 242 

results show that HPSD can be effectively used, although its safety margin is tight. 243 

According to our study, the main determinants of complications are the irrigation rate and 244 

the catheter tip design, the latter mostly related to the chamber where the RF is applied. 245 

To the best of our knowledge, this is the first time that an association between catheter 246 

tip shape, anatomical location of the ablation and safety is shown. These findings 247 
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suggest that the clinical use of HPSD should be implemented with caution and that 248 

additional safety measures should be considered.    249 

 250 

Influence of catheter tip design 251 

Catheter tip shape has a crucial impact on the safety profile of HPSD. We show that 252 

while a spherical catheter tip provides the best trade-off between safety and efficacy in 253 

the atrium, the opposite occurs in the ventricle. 254 

 A possible explanation for this observation can be found in the physics of RF ablation. 255 

The power delivered to the tissue increases proportionally to the percentage of the 256 

catheter tip that is in contact with the wall. Due to tissue deformation, the contact surface 257 

is smaller for spherical tips at low CF (<10g) and for cylindrical tips at high CF (>10g). 258 

(Supplementary Figure 5) As a result, at low CF the spherical tip delivers less power than 259 

the cylindrical ones while at high CF the opposite occurs. Heat dissipation in the thinner 260 

atrial wall is lower,17 limiting the power that can be safely delivered to this chamber. In 261 

this case, only the spherical tip at low CF appears to remain within the safety margins. 262 

Contrarily, the thicker ventricular wall allows higher power delivery and the cylindrical tip 263 

appears more effective and safer.  264 

Although few studies have analyzed the role of electrode tip shape on standard ablations, 265 

a similar pattern was already observed with standard protocols in previous in vitro 266 

studies16, 26 comparing two commercially  available  catheters, ThermoCool® (Biosense 267 

Webster, cylindrical design) and  CoolPath® (St Jude Medical, spherical design). 268 

 269 

Catheter tip design and effective cooling 270 

As previously demonstrated,27, 28 the use of catheter cooling systems allows larger power 271 

delivery preventing char and thrombus formation, particularly in areas with poor blood 272 

flow. Based on our results, a considerably high flushing rate (>30ml/min) is necessary to 273 

avoid charring, which can be a limitation for heart failure patients. The spherical tip also 274 
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led more frequently to charring, especially in the atrium, possibly related to a larger 275 

surface of the tip in contact with blood than with tissue. 276 

Charring mostly appears in our model at the interface between the metallic tip and the 277 

rest of the catheter body. We replicate a cooling system based on six distal coplanar 278 

pores, with saline flowing out perpendicularly to the electrode surface. This is probably 279 

not the most suitable configuration since the electrode-body interface is not directly 280 

cooled down. Additionally, an increase in the irrigation rate does not help: the higher flow 281 

velocity just pushes the saline farther away from the tip with no significant impact on the 282 

cooling of the upper part of the electrode. This advocates for a more efficient cooling 283 

system, which could be achieved by either adding more pores distributed along the entire 284 

metallic tip, or by forcing a directionality in the irrigation flow towards the upper part of 285 

the electrode.10, 11 286 

 287 

HPSD lesion size and shape 288 

In the line of the experimental data reported in HPSD in-vitro experiments,10, 11 HPSD 289 

lesions are wider than they are deep and, in general, smaller than those of standard 290 

protocols. Moreover, increases in power, combined with shorter duration of application, 291 

entail a decrease in depth accompanied by minor changes in width. This can be 292 

explained by the distinctive biophysics of heat transfer in HPSD protocols, since lesion 293 

generation is mainly based on resistive heating, while conductive heating has only a 294 

marginal role due to the short duration of the application.17  295 

This feature may prove advantageous in the atrium, allowing to treat the arrhythmogenic 296 

substrate in its thin wall while avoiding complications in its vicinity. However, it may be 297 

insufficient to reach deep targets as in the ventricle or for mitral annular lines.8 298 

 299 

HPSD protocols comparison  300 

As power is increased and duration reduced shallower lesions are generated with 301 

minimal change in width. In terms of safety, we did not find any difference between HPSD 302 
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protocols in the atrium. In contrast, in the ventricle, the 90W/4s protocol represented the 303 

best power/duration balance to ensure safe lesions while the 80W/6s appeared to be the 304 

poorest. The 70W/8s protocol offered a safe margin, but only at moderate CF. 305 

Leshem et al.10 also identified the 90W/4s as the best power/duration combination, 306 

allowing them to safely apply CF as high as 40g. Differently to our approach, these 307 

authors used a highly sensitive and efficient temperature-control catheter with a rapid 308 

power down-regulation at temperature >65ºC and a cylindrical tip design with 64-pores, 309 

which can explain the wider safety margin with respect to CF.  310 

 311 

Effect of a second application 312 

We observed a substantial increase in lesion size after a second identical HPSD 313 

application, in opposition to what is expected to occur with standard protocols.29 314 

According to thermodynamics, heat transfer within the tissue continues until thermal 315 

equilibrium is reached. This process is estimated to last 45 to 60 seconds which is close 316 

to the end of the application in standard protocols. The short duration of HPSD protocols 317 

allows to exploit this thermal latency period by rapidly adding a second application to 318 

increase the lesion size.  319 

We analyzed different intervals between applications. The optimal interval was a trade-320 

off between efficacy and safety:  the shorter the interval the larger the lesion size gain 321 

but, at the same time, the higher the risk of pops. 322 

Two additional findings should be highlighted. In the atrium, the gain in lesion size was 323 

more evident in width than in depth, which would potentially maximize the extension of 324 

atrial lesions, while preserving neighboring structures. In the ventricle, the second 325 

application achieved lesions comparable in size to standard ones, notably reducing the 326 

ablation time.  327 

 328 

Limitations 329 
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Our advanced virtual model includes several variables which influence the biophysics of 330 

RF ablation, making it comparable to in-vitro and in-vivo models. However, we still miss 331 

some factors such as the tissue heterogeneities and anisotropies. Additionally, the model 332 

assumes constancy of other variables such as catheter position and orientation, CF or 333 

blood flow. However, in our opinion, these limitations do not have a significant impact on 334 

the global results of the study.  335 

We chose three HPSD protocols with powers above 70W to focus on lesions basically 336 

derived from resistive heating, whose biophysics is mostly unknown. Lower powers and 337 

longer duration could be considered but they are beyond the scope of the study.  338 

Our model assumes a power-controlled system, fully delivering the programmed power 339 

without an upper temperature limit. Adding a self-down-regulation of the energy at a 340 

given tissue or blood temperature would probably avoid some complications observed 341 

in our simulations, but would prevent a deeper understanding of the behavior of this type 342 

of energy delivery. 343 

The simulated applications were interrupted when the blood temperature or the tissue 344 

temperature reached complication thresholds. Our model uses a very simple 6 pores 345 

irrigation system prone to charring.  The question lingers whether by using a more 346 

effective irrigation system it could have been avoided and if so, whether pops would have 347 

occurred had the applications continued. Although this could change the safety profile 348 

observed, this analysis goes beyond the scope of this paper and warrants further 349 

investigation.  350 

 351 

Conclusions 352 

HPSD ablation generates lesions that are both shallower and smaller in volume than 353 

those of standard protocols. In the atrium, these characteristics can be exploited to reach 354 

the arrhythmogenic substrate while preserving the neighboring structures. In the 355 

ventricle, a second application can create lesions comparable to the ones obtained with 356 

standard protocols, but in a shorter time. The safety margin of HPSD is narrow, and 357 
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therefore it should be implemented with caution and probably using ad hoc designed RF 358 

systems. Our advanced virtual model, providing a deep insight on the physiology of RF 359 

ablation, can play a key role in the future development of new technologies and 360 

protocols.  361 
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Table 1. Summary of the different ablation settings and physiological scenarios 461 

considered in our simulations combining catheter tip, contact force, power, duration, 462 

irrigation rate, blood flow and cardiac chamber. 463 

 464 

Ablation settings 465 

 466 

Catheter tip   Spherical 467 

    Cylindrical 468 

 469 

 Contact force   5g 470 

     10g 471 

     15g 472 

     20g 473 

 474 

 Power/Duration  70W/8s 475 

     80W/6s 476 

     90W/4s 477 

  478 

 Irrigation rate   17mL/min 479 

     30mL/min 480 

     60mL/min 481 

 482 

Physiological scenarios 483 

 484 

Blood flow   0.0m/s 485 

    0.1m/s 486 

    0.5m/s 487 

 488 

Ablation site   Atrium 489 

    Ventricle 490 

 491 

 492 

 493 
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Figure 1. Representation of the virtual lesion created with the two considered catheter 494 

designs. (A) Ablation performed with a spherical catheter tip and (B) with a cylindrical 495 

catheter tip. The area of irreversible tissue lesion is delimited by the blue line, 496 

corresponding to a tissue temperature ≥50ºC. Lesion measurements: maximum depth 497 

(D), depth at the maximum diameter (DW), maximum diameter (W). Measurements are 498 

taken from the undeformed surface identified by the dashed line.  499 
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Figure 2. Safety outcomes of HPSD protocols according to the different parameters 508 

described in Table 1. HBF = High Blood Flow (0.5m/s); LBF = Low Blood Flow (0.1m/s); 509 

NBF = No Blood Flow (0.0m/s). 510 
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Figure 3. Overall safety comparison of the two different catheter tip designs. 516 
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Figure 4. Comparison between HPSD and standard ablation protocols in atrium (A) and 541 

ventricle (B). Radar charts show the percentage comparison against a reference 542 

standard protocol (30W/30s in the atrium and 40W/30s in the ventricle). The associated 543 

tables present the absolute values (standard protocols are highlighted in grey). D = lesion 544 

depth, DW = Depth at maximum width, V = volume, W = lesion width.  545 
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Figure 5. Lesion comparison between 90W/4s and standard protocols in the ventricle at 550 

different CF. The table collects the absolute values. 5A shows the comparison of the 551 

90W/4s against standard 30W/30s protocol at CF 5g and 20g; 5B shows the comparison 552 

of the 90W/4s against standard 40W/30s protocol at CF 5g and 20g. 553 
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Figure 6.  Effect on lesion size from a second HPSD application on top of a first one as 561 

a function of the time interval between the two. For the second ablation, the same 562 

protocol of the first ablation is considered. Ablations are performed with spherical tip in 563 

the atrium and cylindrical tip in the ventricle, at CF 5g, blood flow 0.1m/s and 60ml/min 564 

irrigation rate. During the pause a 2ml/min saline inlet is considered and the high saline 565 

flow is restored 1s before the second ablation. The percentage increase in depth, width 566 

and volume is represented as bar charts for both atrium (A) and ventricle (B). Striped 567 

bars indicate a pop occurrence during the second application. 568 
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