
Vol.:(0123456789)

Current Treatment Options in Cardiovascular Medicine (2024) 26:221–231 
https://doi.org/10.1007/s11936-024-01043-5

Biophysics of Radiofrequency Ablation for Cardiac Arrhythmias: 
A Current Review

Carlos D. Matos1 · Jorge E. Romero1 · Nathaniel A. Steiger1

Accepted: 6 June 2024 / Published online: 5 July 2024 
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2024

Abstract
Purpose of review  This review discusses the role of radiofrequency (RF) catheter ablation for the treatment of cardiac 
arrhythmias and how recent advances in the understanding of RF biophysics have increased procedural safety and efficacy.
Recent findings  For the treatment of atrial arrhythmias, strategies that can achieve transmural lesions while avoiding col-
lateral injury to neighboring structures are essential. Advancements such as contact force sensing, high-power short-duration 
RF application, ablation lesion indices, and esophageal protection have improved the safety and efficacy of catheter ablation 
in the atrium. In contrast to atrial arrhythmias, substrate in ventricular myocardium is often deep and may be surrounded by 
fibrosis, fat, and calcified scar, which can impair delivery of RF and prevent adequate lesion formation. Understanding RF 
biophysics allows the operator to optimize energy delivery to create deeper and larger lesions. Strategies such as RF delivery 
with careful power titration, high impedance irrigants, bipolar ablation, and needle intramyocardial ablation with the SERF 
system allow successful treatment of ventricular arrhythmias that are refractory to conventional approaches.
Summary  Advancements in the understanding of RF biophysics continue to be fundamental to the evolution of the treat-
ment of cardiac arrhythmias.

Keywords  Biophysics · Radiofrequency ablation · Ventricular tachycardia · Atrial fibrillation · High-power short-duration 
ablation · Bipolar ablation

Opinion Statement

Radiofrequency (RF) catheter ablation has been the pri-
mary energy source in cardiac electrophysiology for over  
30 years, facilitating a safe, effective, and minimally inva-
sive treatment option for the treatment of cardiac arrhyth-
mias. This method delivers electrical energy to targeted 
myocardium via a catheter, which induces tissue heating 
and myocardial necrosis. Advancements in the understand-
ing of RF biophysics, ablation catheter and RFA generator 
designs have allowed electrophysiologists to improve the 
safety and efficacy of catheter ablation treatment for atrial 
and ventricular arrhythmias.

Ongoing research and clinical trials promise further 
refinements in RF catheter ablation. These advancements 
continue to expand the therapeutic options for managing 

cardiac arrhythmias and provide clinicians with a safer and 
more sophisticated toolkit for addressing a spectrum of car-
diac rhythm disorders.

Introduction

Catheter ablation with RF has been the predominant 
energy modality for the treatment of cardiac arrhythmias 
since the early 1990s [1, 2]. The popularity of RF  can 
be attributed to its effectiveness, controllability, conveni-
ence, minimally invasive approach, and relatively afford-
able cost. A comprehensive grasp of the fundamental 
biophysics governing the delivery of RF energy is cru-
cial for operators to enhance the success of the procedure 
while minimizing risk to patients. The power utilized in 
RF applications generally range from 20 to 50 Watts, with 
the recent introduction of systems that can deliver up to 90 
Watts in a temperature-controlled setting [3]. The primary 
mechanism underlying RF-induced injury to myocardium 
is thermal, with myocardial injury and death occurring 
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when a temperature of approximately 50 °C is reached 
[4]. Consequently, the primary objective of RF catheter 
ablation is to attain this critical temperature elevation in 
the targeted tissues while avoiding adverse thermal effects 
such as coagulum formation, steam pops, and heating of 
adjacent structures. To optimize this process, a thorough 
exploration of the biophysics of RF catheter ablation is 
essential, particularly focusing on the electrical proper-
ties of RF current delivery and the thermodynamics of RF 
heating in tissue.

Radiofrequency Catheter Ablation 
for the Management of Arrhythmias

Biophysics of Radiofrequency Ablation

RF energy used for cardiac ablation is an alternating current 
oscillating at approximately 500 kHz and is delivered to the 
body between a metal electrode located on the tip of an abla-
tion catheter and a distal grounding electrode, usually in the 
form of a skin patch, which serve as the anode and cathode, 
respectively. Current travels through the body between the 
two electrodes and results in tissue heating that is directly 
proportional to current density. This flow of electric current 
induces ohmic heating in the tissue, referred to as resistive 
heating. The magnitude of resistive heating is directly pro-
portional to the square of the current density, with current 
density inversely proportional to the square of the distance 
from the ablation electrode. Consequently, the dissipation 
of power per unit volume diminishes significantly with dis-
tance, and resistive heating decreases with the distance from 
the ablation electrode to the fourth power [5]. Myocardial 
tissue closest to the ablation catheter electrode undergoes 
resistive heating, and adjacent tissue will experience heating 

via conductive heat transfer. Resistive heating is immediate 
and is related to the resistance of the tissue at the electrode 
and tissue interface, with approximately 90% of the energy 
absorbed within the first 2 mm of tissue [6]. Tissue beyond 
this zone experiences passive heating via conductive heat 
transfer. Myocardial tissue undergoes necrosis at 50◦C and 
the size of the RF ablation lesion is dependent on resistive 
heating, conductive heat transfer, and tissue cooling from 
blood flow, catheter irrigation, and myocardial perfusion 
[4, 6, 7] (Fig. 1).

Treatment Options

Optimizing Biophysics of RF for Ablation  
of Atrial Myocardium

Pulmonary vein isolation (PVI) has become a cornerstone 
treatment for atrial fibrillation ever since Haissaguerre et al. 
described their role in initiating atrial fibrillation [8]. Con-
temporary PVI is achieved with a set of lesions that encom-
passes a wide antral circumferential ablation (WACA) area 
[9] and may also include additional lesion sets such as 
posterior wall isolation, a lateral mitral isthmus line, or a 
cavotricuspid isthmus line. Achieving transmural lesions in 
thin atrial tissue while minimizing thermal injury to adja-
cent structures, especially along the left atrial posterior wall 
which is adjacent to the esophagus, remains a challenge.

Contact Force Sensing

The integration of contact force (CF) sensing in RF abla-
tion represents a significant advancement. CF, the amount of 
pressure exerted by the catheter on the tissue, has emerged as 
a crucial determinant influencing the size and effectiveness 

Fig. 1   Thermodynamics of radiofrequency catheter ablation. Radi-
ofrequency energy is delivered by a generator between an electrode 
on the tip of the ablation catheter and a grounding pad. High current 
density at the catheter tip causes a zone of immediate resistive heat-

ing close to the electrode-tissue interface and subsequent conductive 
heating. There is catheter and tissue cooling from catheter irrigation, 
blood flow within the cardiac chambers, and coronary perfusion
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of lesions created [10], with increasing contact force result-
ing in significantly larger lesion size and incidence of steam 
pop. CF sensing provides real-time feedback to operators, 
allowing them to gauge the force applied during ablation and 
achieve the desired therapeutic effect while minimizing the 
risks associated with excessive or insufficient force. There 
is a significant increase in freedom from atrial arrhythmia 
when achieving a target CF and catheter stability [11].

Lesion Formation Indices

Ablation Index (AI), a proprietary formula used with the 
CARTO electroanatomic mapping system (Biosense Web-
ster, INC, Diamond Bar, CA), represents an innovative met-
ric for assessing the quality of ablation lesions in the atrium, 
encompassing power, contact force (CF), and time. This 
formula has demonstrated accuracy in estimating ablation 
lesion depth through preclinical studies, enabling operators 
to predict transmularity of lesions during the procedure [12]. 
A multicenter retrospective investigation involving protocol-
mandated repeat procedures after two months was used to 
define the minimum regional AI target values. These values, 
crucial for preventing acute and late pulmonary vein (PV) 
reconnection, were identified as 550 for anterior and roof 
segments and 400 for posterior and inferior left atrial (LA) 
segments [13].

This ablation endpoint was later implemented in the 
CLOSE protocol, an ablation strategy aiming to further 
improve durable pulmonary vein isolation. Point-by-point 
RF delivery was delivered to create a contiguous circle 
encompassing the pulmonary veins. Ablation index with 
predefined settings for catheter stability (3 mm for 8 s), 
minimum CF (30% of time > 4 g) and ablation index (AI) 
of ≥ 400 at the posterior wall/roof and ≥ 550 at the anterior 
wall. The maximal inter-lesion distance between two neigh-
boring lesions was limited to ≤ 6 mm. By closely monitor-
ing CF, catheter stability, inter-lesion distance, and AI, the 
CLOSE protocol was shown to have superior freedom from 
atrial arrhythmias compared to conventional contact force-
guided ablation [14].

Lesion size index (LSI) (St. Jude Medical, St. Paul, Min-
nesota) is another metric that has been shown to correlate 
with lesion formation [15]. In contrast to AI, which only 
uses operator-controlled variables (power, CF and time), LSI 
also uses impedance, which encompasses myocardial tissue 
changes during lesion formation. An LSI of greater than 5.2 
on the anterior wall and 4.0 on the posterior wall have been 
identified as optimal targets to minimize conduction gaps 
and LSI > 5.0 is associated with higher first pass isolation 
rates [16, 17].

AI and LSI combine multiple parameters into a simple 
metric that allows operators to assess lesion formation. 
These indices have been shown to shorten procedure time, 

reduce total RF delivery, reduce fluoroscopy time, increase 
first pass pulmonary vein isolation rates and likely increase 
freedom from atrial arrhythmias [14, 18].

High Power Short Duration Ablation

High power short duration (HPSD) is an RF ablation strat-
egy that creates lesions by prioritizing myocardial resistive 
heating and limiting conductive heat transfer, thereby caus-
ing myocardial tissue destruction while limiting heating of 
adjacent structures (Fig. 2). HPSD settings are generally 
accepted as RF energy between 40 to 90 watts for less than 
15 s [19]. In in vivo and computational ablation models, 
HPSD compared to standard RF settings results in lesions 
with greater surface area, similar depth, improved lesion uni-
formity and an increase in lesion contiguity [20]. Interest-
ingly, one animal study showed that HPSD ablation with 90 
watts for 4 s resulted in greater thermal latency compared to 
lower power applications, suggesting that a significant por-
tion of the lesion continues to form after the termination of 
RF due to conductive heating [21]. This raises the possibility 
of heat stacking, which is the accumulation of tissue heating 
from contiguous lesions and may increase the risk of adja-
cent tissue injury [22]. However, the peak tissue temperature 
and total time above the 50 °C (myocardial lethal isotherm) 
was lower with 90 watts for 4 s compared to lesions created 
with 50 watts for 10 s or 30 watts for 30 s, suggesting that 
even if conductive heating plays a significant role in lesion 
formation, remote heating remains less with HPSD [17].

Clinical experience using HPSD ablation compared to 
conventional power settings show that there is a higher 
first pass PVI rate, shorter RF time, fluoroscopy time, total 
procedural time, LA dwell time, lower rates of chronic PV 
reconnections and a higher freedom from atrial arrhyth-
mias without a significant difference in rates of esophageal 
injury [23]. A large retrospective analysis of HPSD includ-
ing 13,974 ablations in 10,284 patients found that complica-
tion rates using HPSD were extremely low, with pericardial 
tamponade occurring in 0.24%, stroke within 30 days in 
0.086%, steam pops in 0.014%, atrioesophageal fistula in 1 
patient (0.009%), and two deaths (0.014%; one due to stroke 
and one due to atrioesophageal fistula) [24]. One concern 
of HPSD ablation is the trend in increased asymptomatic 
cerebral emboli compared to conventional power ablation 
[25]. The clinical impact of these findings is not clear as 
there are no apparent acute neurologic sequalae and most 
resolve on follow up imaging [26]. Furthermore, the cause of 
asymptomatic cerebral emboli remains unknown and may be 
due to char, thrombus, or bubbles from saline irrigation and 
may vary with different catheter and generator designs [25].

A majority of HPSD ablation is performed using 50 watts, 
which is the maximum output of most generators currently 
in use. However, a new system (QDOT MICRO, Biosense 
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Webster, Diamond Bar, CA) shows promise in improving 
upon current HPSD ablation by utilizing a novel catheter 
and temperature-controlled generator that can deliver up to 
90 watts over 4 s, known as very high-power short duration 
ablation (vHPSD). Thermocouples in the catheter provide 
real-time tissue-temperature feedback, allowing the system 
to titrate catheter irrigation and power (Fig. 3), which has 
been shown to reduce the incidence of steam pops [27] and 
improve procedural times without compromise to effective-
ness or safety [28]. Furthermore, the contribution of contact 
force to lesion formation may be less in vHPSD, allowing 
operators to target a lower contact force without impacting 
lesion transmurality in areas at risk for collateral injury to 
adjacent organs, such as the esophagus [29].

Esophageal Protection

The anatomical proximity of the left atrium (LA) to the 
esophagus holds relevance in RF ablation procedures. The 
posterior wall of the left atrium overlies the esophagus 
and is only separated by < 5 mm [30]. Tissue heat capaci-
tance may lead to accumulation of conductive heat from 
consecutive lesions, a phenomenon known as heat stack-
ing, which can lead to esophageal injury. In rare instances 
(< 0.1% to 0.25%) this can cause atrioesophageal [31] and 
pericardioesophageal [32] fistulas, which have a mortality 
rate of 100% without treatment and up to 41% with surgi-
cal treatment [33–35]. Strategies that attempt to reduce the 
risk of esophageal injury include esophageal temperature 

monitoring [36], mechanical esophageal deviation [37], 
avoidance of contiguous lesions, increasing time between 
RF applications, and HPSD ablation strategy [22, 38, 39]. 
However, these protective strategies have variable efficacy 
and have separate safety concerns related to their use or may 
impact RF ablation efficacy.

Optimizing Biophysics of RF to Target Deep 
Ventricular Substrate

In contrast to ablation in atrial tissue, arrhythmia substrate 
in ventricular myocardium is often deep and may be sur-
rounded by fibrosis, fat, and calcified scar, which can impair 
delivery of RF and prevent adequate lesion formation. 
Understanding the biophysics of RF allows for the optimiza-
tion of current delivery to maximize lesion depth (Table 1). 
While deep lesion formation is a priority when perform-
ing an ablation, caution should be taken to prevent major 
complications associated with excessive heating. Heating 
at the catheter-tissue interface may lead to coagulum or 
char formation, which increases the risk of thromboembo-
lism [6]. Cooling via catheter irrigation has significantly 
reduced the risk of these events [40]. However, a risk that 
remains is a phenomenon known as steam pops, which is 
the accumulation of steam bubbles within heated tissue that 
can culminate in an explosion of myocardial tissue. A steam 
pop results in an audible explosion with characteristic tactile 
feedback through the ablation catheter [41]. Steam pops can 

Fig. 2   High-Power Short Duration versus Standard Low Power Long 
Duration Radiofrequency Ablation (RF). A Low power, long duration 
RF has a smaller zone of resistive heating and a greater portion of 

tissue heating due to conductive heating compared to (B) high power, 
short duration RF, where there is less conductive heating and there-
fore a lower risk of heating adjacent organs.
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be catastrophic and are associated with cardiac perforation 
and de novo ventricular septal defects [42, 43].

The formation of deep lesions is primarily achieved via 
conductive tissue heating. Lesion size is proportional to total 
RF time and RF power, however, compared to an increase 

in RF duration, the same proportional increase in RF power 
yields a significantly larger lesion size. In an ex vivo model, 
lesions continued to increase in size up to 90 s, at which 
point ablation was stopped [44]. However, there is evidence 
that lesions continue to increase in size with RF of more than 

Fig. 3   QDOT Temperature-Guided Power Titration. The QDOT 
catheter has six temperature probes that simultaneously monitor tem-
perature distribution around the tip of the catheter. When delivering 
90 watts, these probes are used to titrate power in case it exceeds a 
pre-established temperature threshold. This figure illustrates power 

truncation when a threshold temperature was reached during RF 
delivery (at 2 s). Once temperature falls below the threshold, power 
is increased back to 90 watts. Key: QDOT (QDOT MICRO catheter 
(Biosense Webster, INC, Diamond Bar, CA)); radiofrequency (RF)
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90 s. Prolonged duration of RF ablation targeting ventricular 
arrhythmias originating from the LV summit found that RF 
delivery for durations up to 5 min with careful titration of RF 
power achieved acute procedural success in 84% of patients 
compared to in 68% in which standard RF duration (< 120 s)  
was used [45].

Strategies that optimize current delivery into the myo-
cardium rather than the blood pool will further increase 
myocardial current density, tissue heating and lesion for-
mation. The use of a high impedance irrigant, such as half 
normal saline, through the ablation catheter has been shown 
to increase lesion size by up to 60% compared to irrigation 
with normal saline [46]. Irrigation with half-normal saline 
replaces the low impedance blood pool with a high imped-
ance cloud and shunts current into the myocardial tissue, 
which is the path of lower resistance. A multicenter prospec-
tive study in patients with deep myocardial substrate that 

was refractory to standard ablation found that the use of half-
normal saline irrigant was safe and achieved acute success in 
83% of those patients. However, ablation using half-normal 
saline was associated with steam pops in 12.8% of patients. 
No adverse clinical events were observed secondary to the 
steam pops [47].

Bipolar Ablation

Bipolar radiofrequency catheter ablation is an important ther-
apeutic option for ventricular arrhythmias resistant to stand-
ard treatments. Rather than delivering RF energy between 
an ablation catheter and a remote grounding pad, bipolar RF 
is delivered between two catheters across the target tissue, 
which serve as the anode and cathode, creating lesions that 
are deeper, narrower, and more likely transmural compared 
to unipolar ablation [48] (Fig. 4). This strategy is particularly 

Fig. 4   Bipolar ablation setup for targeting a left ventricular sum-
mit PVC. The electroanatomic mapping system (A) and fluoroscopy 
(B) show the active catheter in the left ventricular outflow tract and 
the return catheter in the distal coronary sinus. C Application of RF 

causes successful PVC suppression. Key: PVC (premature ventricular 
contraction); radiofrequency (RF). (Used with permission of Elsevier 
Inc., from Enriquez A, et  al. Heart Rhythm O2 2024;5:24–33, per-
mission conveyed through Copyright Clearance Center, Inc.) [49]
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advantageous in addressing intramural arrhythmias, provid-
ing a promising solution for challenging cases. The benefits 
of bipolar ablation are evident in its ability to achieve high 
success rates, even in patient populations known for high rates 
of ablation failure and arrhythmia recurrence. Notably, the 
effectiveness of bipolar ablation is further enhanced when 
employed in a strategic manner, such as through low-to-high 
energy titration or in combination with prior sequential uni-
polar ablation. Overall, bipolar ablation emerges as a valuable 
and versatile approach, providing clinicians with a power-
ful tool to address therapy-refractory ventricular arrhythmias 
with improved precision and efficacy [49]. Nevertheless, it 
is worth noting that the high tissue current density resulting 
from this strategy also increases the risks for major compli-
cations, such as steam pops, and has been associated with de 
novo ventricular septal defects [50].

Sequential and Simultaneous Unipolar Ablations

As bipolar ablation setups are not commercially available, 
other strategies using commercially available equipment has 
been described aiming to target intramural arrhythmic foci. 
For instance, sequential unipolar ablation has been described 
as a suitable alternative in cases were conventional ablation 
approaches are unable to reach intramural VT origin [51]. It 
is usually performed for ventricular arrhythmias originating 
from the intramural interventricular septum. A first lesion 
is usually delivered at the site of earliest activation and a 
second one is delivered on the opposite side of the septum 
with the goal of achieving transmurality.

On the other hand, simultaneous unipolar RFA involves 
the delivery of RF energy from two catheter tips positioned 
on either side of a targeted area within the heart. This 
approach allows for modification of ablation sites based on 
anatomical landmarks to encompass the tissue of interest, 
potentially resulting in larger lesion size and depth, as shown 
in preclinical studies [52]. Yamada et al. demonstrated the 
safety and efficacy of this technique in targeting intramural 
foci, particularly in the left ventricular outflow tract, and its 
utility in nonischemic cardiomyopathy [53].

In this method, two open-irrigated ablation catheters 
are utilized, with power settings ranging from 30 to 50 W, 
adjusted to achieve a minimum impedance drop of 10%, 
monitored at each RF generator. Research involving patients 
with nonischemic cardiomyopathy and deep septal substrate 
indicated that simultaneous unipolar ablation resulted in VT-
free survival in two-thirds of cases following the failure of 
sequential unipolar ablation [54].

Emerging Therapies

Needle intramyocardial ablation, utilizing a deployable 
needle and the Saline-Enhanced Radiofrequency (SERF) 

system, presents an advanced strategy for managing ven-
tricular arrhythmias. Heated saline is injected directly into 
the myocardium via the deployable needle along with RF 
energy delivery, resulting in large and transmural lesions 
that surpass the capabilities of traditional radiofrequency 
ablation. In contrast to conventional approaches relying on 
resistive heating, SERF introduces a novel mechanism by 
injecting heated saline through a deployable needle, signifi-
cantly enhancing convective heating within the myocardial 
wall. Preclinical studies have demonstrated the predict-
ability of lesion volumes, highlighting the method's ver-
satility [55]. Needle intramyocardial ablation with SERF 
addresses challenges associated with traditional methods, 
especially in cases refractory to antiarrhythmic drugs and 
conventional catheter ablation. The method's success is bol-
stered by careful catheter placement, real-time monitoring, 
and accumulated experience, contributing to a reduction in 
adverse events over time [56]. The innovative biophysical 
mechanisms and targeted approach of needle intramyocar-
dial ablation with SERF hold promise for effectively reduc-
ing VT burden in high-risk patient groups unresponsive to 
conventional treatments.

Another strategy for improving RF lesion size and dura-
bility is with the targeted delivery of a cardiotoxic agent 
via heat sensitive liposomes. In a proof-of-concept study, 
Sauer et al. showed that facilitated ablation with doxorubicin 
containing heat sensitive liposomes (HSL-dox) improved RF 
lesion durability. This effect was more pronounced in lesions 
delivered with higher power and longer durations, presuma-
bly due to increased tissue heating and doxorubicin delivery. 
While the toxicity of doxorubicin prevents the clinical use 
of HSL-dox facilitated ablation, this study does demonstrate 
the feasibility of using HSL for the localized delivery of 
an agent and their potential future use for improving lesion 
formation and durability [57].

Conclusions

In summary, RF ablation creates tissue heating via resis-
tive and conductive heating. Ablation of atrial arrhythmias 
has moved towards using a HPSD ablation strategy, which 
allows for less conductive heating of collateral structures. 
In addition, advancements in contact force sensing, abla-
tion lesion indices, and esophageal protection have further 
improved the efficacy and safety of catheter ablation in 
the atrium. Effective ablation of ventricular arrhythmias 
requires the creation of deep lesions, which are created 
by optimizing tissue current delivery while avoiding the 
dangers of excessive heating at the catheter-tissue interface 
and within the myocardium. Strategies that enhance tissue 
current delivery, such as the use of long duration lesions 
with careful power titration, high-impedance irrigants, 
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bipolar ablation, and needle intramyocardial ablation with 
SERF system are important strategies for the treatment of 
ventricular arrhythmias that are refractory to conventional 
ablation. As the field evolves, optimizing RFA biophys-
ics remains crucial to enhancing the efficacy and safety 
of catheter ablation and expanding therapeutic options in 
managing cardiac arrhythmias.
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