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This review begins with a rationale of the importance of theoretical, mathematical and computational
models for radiofrequency (RF) catheter ablation (RFCA). We then describe the historical context in which
each model was developed, its contribution to the knowledge of the physics of RFCA and its implications
for clinical practice. Next, we review the computer modeling studies intended to improve our knowledge
of the biophysics of RFCA and those intended to explore new technologies. We describe the most im-
portant technical details of the implementation of mathematical models, including governing equations,
tissue properties, boundary conditions, etc. We discuss the utility of lumped element models, which de-
spite their simplicity are widely used by clinical researchers to provide a physical explanation of how
RF power is absorbed in different tissues. Computer model verification and validation are also discussed
in the context of RFCA. The article ends with a section on the current limitations, i.e. aspects not yet
included in state-of-the-art RFCA computer modeling and on future work aimed at covering the current
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1. Introduction

Radiofrequency (RF) catheter ablation (RFCA), also known as RF
cardiac ablation, is a minimally invasive procedure that can cure
cardiac arrhythmias by using RF electrical energy to cause irre-
versible thermal destruction of the arrhythmia focus or create lin-
ear lesions to block the conduction of action potentials associated
with arrhythmia. Fig. 1 shows the overall scenario during RFCA,
when an intravascular catheter is introduced until it reaches the
target site in the heart. Once there, RF power is applied through
a metal electrode at the catheter tip (active electrode). RF cur-
rent circulates between the active electrode and a large disper-
sive electrode on the patient’s skin (usually back or thigh). Al-
though RFCA can be considered a standard procedure in the con-
text of minimally invasive cardiology, it uses highly complex medi-
cal technology, since ablation catheters, apart from mapping, stim-
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ulating and delivering RF energy, have been increasingly equipped
in recent years with technical improvements, such as sensors for
temperature and contact force, external/internal saline irrigation,
and elements to assist in navigation and guidance. In fact, the
ever-increasing demand to achieve thermal lesions closely circum-
scribed to the target and avoiding damage to nearby tissues (e.g.
the esophagus), and simultaneously avoiding overheating in the
tissue (steam pops) and blood (thrombi) forces us to rethink the
complexity of the physics involved around the RF electrode in a
real clinical scenario, which could be described in the following
terms of uncertainty: a small metal electrode (3.5 — 4 mm long,
7 — 8Fr in diameter) at the tip of a vascular catheter contacts
the endocardium surface at a not fully controllable angle (rang-
ing from vertical to horizontal), with an insertion depth not totally
controllable (which is related to the contact force and irregular-
ity of the endocardial surface, e.g. trabeculae), on an area of tis-
sue that can present a variety of different electrical and thermal
characteristics (changing drastically during heating and depend-
ing on the individual patient, the intramyocardial capillary blood
flow, pathological state of the substrate, proximity to previously

0169-2607/© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)
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Fig. 1. Radiofrequency cardiac ablation (RFCA) consists of introducing an intravascular catheter until it reaches the target site. RF power is then applied through a metal
electrode at the catheter tip (active electrode). RF current circulates between the active electrode and a large dispersive electrode on the patient’s skin, causing the irreversible
thermal destruction of the cells causing the arrhythmia or blocking the conduction of action potentials associated with arrhythmia (in case of linear lesions in the atrial

fibrillation ablation).

ablated areas or medium/large vessels, etc.), surrounded by a cir-
culating blood flow that can vary widely depending on the location
within the chamber (and hence altering the heat evacuation con-
ditions from the tissue surface and the electrode itself), and with
the aim of delivering RF current that travels through very different
tissues in the torso (with very different electrical properties, such
as blood vessels, bones, lung, etc.) until completing the electrical
circuit through a dispersive electrode on the patient’s skin (in the
monopolar mode). To sum up, a scenario characterized by many
uncontrolled variables which surely have an important effect on
the lesion characteristics and geometry. And despite the extremely
high complexity of the physical scenario, mathematical and com-
putational modeling (also known as in-silico trial) is still valuable,
possibly due to having the potential to simulate the behavior of
some aspects of RFCA while keeping most of the variables under
control. In other words, while theoretical modeling may lack the
realism of a clinical setting, it can suggest answers to the complex
questions to be solved by experimental or clinical studies. It should
thus be considered as a complementary tool to experimental
studies.

This article reviews the theoretical, mathematical and computa-
tional RFCA models developed to date, emphasizing their historical

Myocardium

(A) Physical situation (B) Electrical problem

context, contribution to the RFCA physics and their possible im-
plications for clinical practice. We point out some aspects not yet
included in the state of the art of RFCA modeling, which will surely
require further studies to cover the existing gaps in our knowl-
edge. As far as we are aware, this is the first review exclusively fo-
cused on RFCA computer modeling, even though previous reviews
have dealt with RF ablation computer modeling for different med-
ical purposes, especially for RF tumor ablation [1,2]. Some excel-
lent articles have been published to date describing the physics in-
volved in RFCA [3-5]. Fig. 2 graphically summarizes the main phys-
ical phenomena involved in this process and hence the problems to
be solved by computer modeling.

Recently, attention has been paid in two additional physical
problems; one is the fluid dynamics problem associated with the
movement of blood within the cardiac chamber and its possible in-
teraction with saline through the holes in tip-irrigated catheters. In
this case, computer modeling has focused on predicting the tem-
perature in the blood around the RF electrode, which is known to
be related to the appearance of thrombi. The other is the mechani-
cal problem underlying the deformation of the myocardium surface
by the force applied by the electrode, especially the contact force
(CF), as a determining factor in lesion size.
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Fig. 2. A: The physical situation is simplified by assuming that the catheter is vertical and induces an indentation on the myocardium surface. B: Solving the electrical
problem involves calculating the electrical power absorbed around the electrode (this power is converted to heat by the ‘Joule effect’). C: The thermal problem takes into
account all the mechanisms associated with heat flow, such as thermal conduction through tissue and electrode, heat losses by intramyocardial perfusion and convective
cooling caused by circulating blood, as well as thermal energy storage in the form of a temperature change. D: The thermal lesion contour can be estimated from the
computed temperature and exposure time using different injury models, such as the Arrhenius’ damage model. The maximum temperature reached in tissue and blood can

also suggest the possible occurrence of steam pops or thrombi.
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2. Review of previous studies
2.1. Historical perspective

Fig. 3 shows a timeline with some of the most representa-
tive theoretical (analytical/computational) models from 1989 to the
present.

The first theoretical model was proposed by Haines and Wat-
son [6], when RFCA was a relatively new procedure and little was
known about how lesion size and geometry were determined. This
study used a simplified three-dimensional model to analyze the
energy equilibrium at each volume differential to balance the ‘Joule
effect’ and thermal conduction as a function of the distance r to
the electrode. Since it presented radial symmetry it was analyt-
ically resolved in a single dimension. The goal was to predict the
temperature profile around a spherical RF electrode completely im-
mersed in a homogeneous and infinite medium that mimicked the
cardiac tissue. The electrical problem was analytically solved re-
sulting in a spatial distribution of power with the maximum on
the electrode surface and a steep drop (proportional to 1/r*) away
from the electrode. This suggested that the conversion of electri-
cal power to heat by the ‘Joule effect’” was limited to a narrow
rim around the electrode, so that this zone could thus be acting
as a heat source creating the lesion mainly by thermal conduc-
tion. From then on they assumed a steady state, which made sense
if the electrode temperature remained constant (note that at that
time electrical power was usually modulated to keep the electrode
temperature constant). Using the law of Fourier’s heat conduction,
they then obtained a mathematical expression to predict the tem-
perature profile around the RF electrode from its radius and the
temperature on its surface (which remained constant during the
ablation, ~120 s, long enough to reach a steady state). The model
was later validated by ex vivo experiments [7] and showed a strong
linear correlation between electrode radius and lesion radius when
RFCA was conducted with a temperature-control mode (60 °C) for
a relatively long time (90 s).

A few years later, in 1994, Labonté proposed the first computa-
tional model that included a more or less realistic scenario con-
sisting of an ablation electrode on a fragment of tissue [8]. Its
most innovative feature with respect to the Haines and Watson
model was the inclusion of blood around the electrode. This signif-
icantly affected both the electrical problem (since most of the RF
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current flowed through the blood and not through the tissue) and
the thermal problem (since the moving blood cooled the tissue and
electrode surface, which was modeled assuming convection coeffi-
cients at the blood-tissue and blood-electrode interfaces). The elec-
trode was assumed to be perpendicular to the tissue, which meant
a two-dimensional model could be solved (thanks to the rotational
symmetry with respect to the catheter axis). Due to the complex
geometry used, an analytical solution was not feasible and a nu-
merical method, such as the Finite Element Method (FEM), was
used to solve the coupled electrical-thermal problem. Labonté’s
model was the first to use the Bioheat Equation as the governing
equation for the thermal problem, thus solving a transitory prob-
lem, as opposed to the Haines and Watson model which solved the
steady state, as well as the Arrhenius damage function to quantify
the lesion size in the cardiac tissue. The model was experimentally
validated on an agar phantom and thermographic imaging, show-
ing the predicted ellipsoidal lesions similar to those previously
found in experimental studies. In terms of biophysics, Labonté’s
model clearly illustrated the phenomenon by which RF exclusively
heats the tissue while the electrode remains cooler and really acts
as a heat sink, keeping the temperature distribution inside the tis-
sue and thus provided larger lesions than those obtained by a hot-
tip catheter of the same size [9]. Precisely thanks to this factor,
the model predicted that lesion size increased not only with the
electrode radius (as predicted by Haines and Watson’s model), but
also with its length because of the larger convective losses of the
blood flow. It also pointed out that these convective losses could
cause a large temperature difference between electrode and tissue,
which could be a problem in temperature-controlled ablations in
which power is modulated to keep the temperature approximately
constant in the electrode. In fact, the position of the temperature
sensor in the catheter is known to be critical in these cases [10].
Also in 1994, Sahidi and Savard proposed a concentric sphere
model that included not only cardiac tissue and blood, but also a
simplified torso and a dispersive electrode on its outer surface [11].
This model was used to suggest that lesion size was not sensitive
to the dispersive electrode’s position. This same model was later
used to study the effect of different factors on lesion size, such as
blood flow, the electrode length and its thermal conductivity [12].
In 1995, Prof. Webster’s group at the University of Wisconsin in
Madison proposed the first three-dimensional model, which con-
sidered two realistic electrode geometries [13] (note that the pre-

RFCA-induced
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Fig. 3. Timeline with some of the most representative theoretical (analytical / computational) models from 1989 to the present. The models progressively incorporated the
contiguous tissues (e.g. torso, esophagus) as well as a greater degree of detail (e.g. blood movement and external irrigation of the electrode —white arrows—, mechanical

deformation of the endocardium, etc.).



A. Gonzdlez-Sudrez, J.J. Pérez, R.M. Irastorza et al.

vious model by Sahidi and Savard assumed axial symmetry, con-
sidering only a 10° slice and hence solving a 2D problem). This
first 3D model could study the effect of the catheter/tissue angle
(perpendicular, 45° and horizontal) on lesion size. In the follow-
ing years, this group conducted several interesting studies with 2D
and 3D models to analyze the electrical and thermal performance
of different electrode geometries [14,15] and the effect of changes
in tissue properties [16]. These models were also used to predict
lesion size according to the target location inside the cardiac cham-
ber [17,18] and to assess technical improvements to achieve long,
continuous transmural lesions in the context of atrial fibrillation
(AF) ablation [19].

Also around the same time (1998-2000), Jain and Wolf of the
Duke University conducted meticulous computer modeling studies
combined with in vivo and ex vivo models [20-22] particularly fo-
cused on the effect of the dispersive electrode on lesion size. Their
3D model published in 2000 was really the first to solve the fluid
dynamics associated with the blood flow and hence obtained a re-
alistic temperature distribution in the blood around the electrode
[22]. Note that up to that time, the thermal convection effect of
circulating blood had been modeled using the heat transfer coef-
ficients set at the electrode-blood and tissue-blood interfaces. The
computational results for the first time offered an asymmetric le-
sion due to the directional blood flow.

In 2001 Demazumder et al. [23] published the first RFCA com-
puter model using an irrigated electrode. Although they did not
solve the fluid dynamics associated with the saline infusion, they
did propose a simplified method based on keeping the electrode
temperature constant to a value similar to that measured on the
same electrode in experimental studies. This simplification was
also used in later modeling studies of irrigated-tip catheters by
setting a value of 45 °C in the cylindrical zone of the electrode
tip and leaving the semispherical tip free [24-26] (this value was
suggested from the mean value measured at the electrode tip dur-
ing ex vivo ablations [27]). Later, in 2005, Berjano and Hornero
used 3D computer models to assess different issues related to the
esophageal injury associated with RFCA on the posterior atrial wall
[28-30].

In the last 15 years several groups have carried out RFCA stud-
ies based on computer modeling which gradually incorporated
new realistic details, such as the interaction between the blood
flow and the saline injected by irrigated-tip catheters [31,32] and
the mechanical deformation of the tissue surface due to the con-
tact force [33-35] (note that although the model by Cao et al.
[36] in 2002 considered a realistic deformation of the tissue sur-
face, it did not consider its relationship to the contact force or its
effect on lesion size).

2.2. Computer modeling to obtain further information on the
biophysics involved

As Wittkampf and Nakagawa pointed out, although the results
of computer modeling must not change the daily practice of RFCA
they can provide an understanding of what happens during abla-
tion [37]. Computer modeling should therefore be considered as a
complementary tool to experimental studies, which are really an
irreplaceable means of validating computational results. Computer
modeling has clear advantages: 1) the variables can be kept under
control and assigned ranges of individual or multiple variations:
and 2) it can analyze thermal and electrical variables in areas very
close to the electrode, where in fact they change so drastically with
distance (i.e. huge gradients) that they are impossible to map ex-
perimentally.

The Labonté study conducted in 1994 is one of the best ex-
amples of computer modeling that facilitated an understanding of
RFCA biophysics [9], since it clearly illustrated the differences be-
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tween the spatial distribution of electrical power (also known as
Specific Absorption Rate, SAR) absorbed around the electrode in
both blood and tissue, and the thermal lesion created exclusively in
the tissue. The lesion shape is typically ellipsoidal with the hottest
point slightly displaced from the electrode surface, which acts as a
heat sink. Fig. 4 shows the typical electric field distribution around
the electrode for two catheter angles (perpendicular and parallel)
and the resulting temperature distribution in blood and tissue. The
value of the electric field is directly related to the electrical power
deposited, and as can be seen, it is limited to a narrow area around
the electrode, most markedly at the edge where the metal meets
the plastic. Interestingly, it is greater around the spherical tip than
around the cylindrical surface. The physical explanation for this is
that the electric field decays approximately at a rate of 1/r around
the cylindrical zone of the electrode and 1/r? around the spherical
zone, i.e. the tip (see axis r in Fig. 4A,B). Note that these ratios
are mathematically true only when a cylinder of infinite length
and a complete sphere are considered, respectively. This means
that more electrical power is deposited around the spherical zone
(since it decays at a rate of approximately 1/r* [6]) than in the
cylindrical zone (where it decays at 1/r?). This different power de-
position profile around the electrode depends on the area (spher-
ical vs. cylindrical) that could favor the creation of deeper lesions
by horizontal electrodes.

Fig. 4C,D shows the temperature distributions in myocardium
and blood. Although the electrical power is deposited both in blood
and myocardium (see Fig. 4A,B) the temperature rise and thus the
lesion is only in the myocardium since the blood flow evacuates
the heat and cools the myocardium surface making an ellipsoidal
lesion, as was found in experiments [27]. In addition, the hottest
point in the myocardium is not far from the electrode tip since
the electrode body acts as a powerful heat sink thanks to a ther-
mal conductivity around 100 times greater than that of the my-
ocardium. The computer results thus show that RF current does
not directly heat the electrode, but only a very thin rim of con-
tiguous tissue, and then the electrode is heated in turn by thermal
conduction from the tissue, evacuating heat towards the circulating
blood. In fact, the thermal effect of blood flow drastically affects le-
sion size by evacuating power from the area of tissue heated by RF
[17]. As a general rule, the thermal lesion is expected to be created
at the points with high values of electrical power and where there
is little heat evacuation. While the computer results confirm that
the SAR is maximum at sharp geometric gradients (e.g. at the point
where the electrode and the plastic part of the catheter meet, or
at the tip of needle-like electrodes [15]), thermal damage will only
occur if there is no heat evacuation. So, circulating blood avoids
heating at the electrode-catheter junction in the case of a vertical
catheter angle (see Fig. 4C), however there are hot points at these
junctions (due to the edge effect) when the catheter is horizon-
tal (see Fig. 4D) [31] or with long electrodes resting completely on
the tissue [38]. The position of these hot spots on the temperature
maps obtained from computer simulations can suggest where the
temperature sensors should be optimally placed on the catheter.

Berjano and Hornero conducted another computer modeling
study to assess the impact of anatomical and procedural factors
on the thermal damage in the esophagus [28]. They proposed a
three-dimensional model including the tissues around the atrial
wall (epicardial fat layer, esophagus, aorta, lungs, etc.). Their com-
puter results suggested that the electrical power directly applied to
the esophagus was insignificant and hence the esophageal injury
was exclusively due to thermal conduction from the atrial wall. It
was also found that the most important factor was the esophagus-
electrode distance, which prompted clinical groups to mechanically
separate the esophagus from the atrium during ablation [39]. A
similar study was recently conducted with irrigated-tip catheters
[32]. These studies are good examples of how computer models
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Fig. 4. Electric field (in V/cm) and temperature distributions (in °C) computed around the electrode during RFCA for perpendicular (A,C) and parallel (B,D) catheter. [Results
obtained on COMSOL Multiphysics (Burlington, MA, USA) a model of irrigated-tip catheter as described in [31]].

can be used to analyze the factors causing the collateral damage
and accidents associated with electrical and thermal phenomena,
since they can compute the total volume of thermally damaged
esophagus (see Fig. 5).

Perez et al. [25] is another example of a study aimed at un-
derstanding the biophysics of RFCA, particularly focused on scar-
related ventricular tachycardia. They assessed the differences in
lesion size created on normal myocardium and scar. Both tissue
types were modeled from the electrical characteristics measured in
previous experimental studies. The study concluded that although
differences in tissue type may affect the density of electrical cur-
rent on a small-scale, overall this does not appear to significantly
impact lesion size. The computer results from this study showed
the current density distribution across a heterogeneous tissue com-
posed of ventricular myocardial, fat and fibrotic tissue, which is
impossible to map in experimental studies. It was clearly seen that
electrical current flows preferentially through tissues with higher
electrical conductivity, i.e. through fibrotic tissue instead of fat, and
viable myocardium instead of fibrous tissue. The Appendix pro-
vides a physical explanation of this phenomenon in terms of the
electrical boundary conditions of an electric field [40].

Even though the first theoretical model proposed by Haines
and Watson [6] suggested that lesion size is unaffected by the in-
tramyocardial blood flow (and in fact most later computer mod-
els ignored the term of the Bioheat Equation representing blood
perfusion), Perez et al. [26] revisited this issue in 2018 by using
perfusion values reported in a data base, in particular an average
value of 1026 ml/min/kg (obtained from the ITIS tissue properties
database [41]) instead of 200 ml/min/kg (used in some previous
computer modeling studies [11,42]). The results showed that in-
tramyocardial blood flow can in fact affect lesion depth (a ~1 mm
reduction) in long ablations (>1 min) such as those conducted on
the ventricular wall. This is another example of how theoretical

modeling can strictly control the value of some parameters and an-
alyze their impact independently.

Thermal latency, which makes the lesion continue to grow
deeper even after RF ablation, is another phenomenon involved
in the physics of RFCA that has become more relevant in recent
times (especially due to the use of RF power short pulses). This
phenomenon was first studied by Wittkampf et al. in an in vivo
model [43]. In 2018, Irastorza et al. [44] studied this phenomenon
by computer modeling and quantified the increase in lesion size
for different RF pulse durations: the shorter the pulse duration
(keeping energy constant) the greater the lesion depth during the
post-RF period. For instance, they reported that lesion depth can
increase by 17% after a 10-s pulse and by up to 37% after an ultra-
short RF pulse of only 1 s.

Most RFCA procedures use the monopolar mode, which means
that RF current flows between the active electrode on the catheter
tip and a large dispersive electrode on the patient’s skin. Although
this current flows through different types of tissue, from endo-
cardium to skin, the current density is only high in the vicinity
of the active electrode, so that only there can it potentially cause
a rise in temperature (see Fig. 4). Although the temperature does
not increase in the other types of tissue, dissipated RF power is in
fact present in them. Fig. 6 shows the spatial distribution of the
electrical variables involved in RFCA across the torso: electric field,
voltage and SAR. Note that the SAR is especially high around the
ablation electrode and the edges of the dispersive electrode, while
it is very low in bony tissues. A recent computer modeling study
included the full torso to estimate the percentage of RF power that
is dissipated in tissues far away from the electrode and found a
value of around 20% [45]. This estimation can be useful in adjust-
ing the applied power in any limited domain model, such as com-
puter models and ex vivo setups which do not include the full torso
but only a fragment of tissue and blood around the electrode.
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Fig. 5. A: 3D computer model including the tissues around the atrial wall (epicardial fat layer, esophagus, aorta, lungs, esophageal temperature probe, etc.) to analyze the
factors causing thermal damage in the esophagus, B: Detail of the meshing, which is extremely fine at the electrode-tissue interface since this is where the greatest gradient
in electrical and thermal terms is expected here. C: Temperature distributions in the tissues (2 = 1 is computed from the Arrhenius damage model and represents the lesion
boundary). D: By selecting the ‘esophagus subdomain’, the total volume of thermally damaged esophagus can be estimated. [Results obtained from ANSYS (Canonsburg, PA,

USA)].
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Fig. 6. A: Electrical field lines (black) and equipotential lines (white) computed across the tissues comprised in the torso. Red line represents the dispersive electrode. B:
Electrical power dissipated in the tissues (also known as Specific Absorption Rate, SAR) (logarithmic scale). [Results obtained from FEniCS (https://fenicsproject.org)].

2.3. Computer modeling to explore new RFCA systems

Computer modeling is now an important aid in the re-
search and development of RFCA technology. As Panescu et al.
[13] pointed out, since it is difficult to obtain good spatial reso-
lution when measuring the actual current densities and tempera-
tures within the tissue near the electrode experimentally, it seems
preferable to model significant cases initially and then confirm the
computer results with experimental data. In fact, the preliminary
computational results could suggest improvements in the design
of preliminary experiments. Thanks to this advantage, as well as
its speed and low costs, computer modeling has been used as a
proof of concept for the development of technical improvements
related with electrode design. For example, needle-like electrodes
have been developed to achieve deep lesions in the ventricular
wall [15], as well as new shapes and materials to join electrodes

and catheters to reduce the hot points in this zone [14]| and dif-
ferent metal materials to achieve better heat evacuation through
the electrode body and increase lesion size [46]. Computer mod-
eling has also been used to explore the performance of differ-
ent modes of applying RF energy, such as constant temperature
[9,21,47], constant power [21], and high power in short durations
[48-50].

In the context of atrial fibrillation ablation, in which continu-
ous (without gaps) long transmural (sufficiently deep) lesions are
sought, computer modeling has been used to compare different
ways of applying RF energy (monopolar or bipolar) using several
electrodes on the same catheter [51,52], in particular by using suit-
ably phase-shifted voltages [19,53] or changing the duty cycle (du-
ration in which each electrode is active in relation to the total ap-
plication time) [54]. It was also used to assess the impact of an
occlusion balloon in an epicardial vessel to temporarily stop the
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blood flow and facilitate the creation of transmural lesions across
the atrial wall during mitral isthmus RFCA [55]. The performance
of irrigated-tip catheters has been studied by including fluid dy-
namics in the computer modeling, obtaining realistic temperature
distributions in the electrode-blood interface [31], which is related
to the risk of the formation of thrombi.

In the context of ventricular tachycardia ablation, where the tar-
get is often in deep positions, computer modeling has explored al-
ternative techniques to create deeper lesions. For instance, a com-
puter model was proposed to compare the effectiveness of bipolar
and unipolar modes in terms of creating transmural lesions across
the interventricular septum and ventricular free wall using two
catheters on opposing sides of the ventricular wall [56]. Note that
in the case of a free wall, the catheter on the epicardial side is not
in contact with circulating blood, so that the electrical and ther-
mal conditions are therefore very different from endocardial abla-
tions. In fact, several computer models have also been proposed to
study temperature distributions during epicardial RF ablation [57-
59]. They have also studied the geometry of lesions inside the ven-
tricular wall using specific electrode designs such as needle-type
electrodes [15] and an RF-energized guidewire inserted into the
ventricular wall [60].

Other studies have evaluated novel techniques for thermal pro-
tection of the esophagus during AF ablation, such as probes that
actively cool the esophagus [29,61,62]. Some studies analyzed the
procedural problems associated with the position of the probe
with respect to the ablation point when using esophageal temper-
ature probes [30], and assessed the electrical and thermal interfer-
ence induced by different types of commercially available temper-
ature probes, especially those whose temperature sensors have a
metal surface [24].

Gonzalez-Suarez et al. [63] used computer modeling to analyze
the relationship between the 50 °C and 70 °C isotherms, which
are related to irreversible thermal lesions and the loss of bire-
fringence due to fiber denaturation, respectively. The aim was to
explore the feasibility of a new catheter able to conduct mea-
surements by polarization-sensitive optical coherence reflectome-
try (since changes in accumulated phase retardation occur around
70 °C) to estimate lesion size (which occurs around 50-55 °C) in
real-time.

Computer modeling has also been used recently by Verma et al.
[64] to study the temperature distributions created by a diamond-
tipped catheter and explore its enhanced heat removal potential
over platinum-iridium electrodes. To sum up, computer simulation
allows you to quickly and reliably explore any hypothesis on tech-
nical improvements and innovations in RFCA and the results can
be used to reject those that do not provide advantages while those
that do can be verified experimentally.

2.4. Computer modeling for cardiac ablation based on other energies

Although RF is energy normally in RFCA, other energies have
been studied as possible alternatives, such as microwave [65,66]
and High-Intensity Focused Ultrasound (HIFU) [67,68]. Cryoabla-
tion and laser applied by means of a balloon are currently an alter-
native to RF in pulmonary vein isolation to treat atrial fibrillation
[69]. Hot balloons have also been used for this goal [70]. More re-
cently, PFA (Pulsed Field Ablation) has been proposed as an alter-
native to RFCA for atrial fibrillation ablation [71,72] since it causes
nonthermal myocardial cell death.

Few computational models have been developed for these other
energies compared to those for RFCA. Computer modeling has been
used to study the temperature distributions in the myocardium
during the freeze-thaw cycles during cryoablation [73-75]. Al-
though these models use the same equation to solve the thermal
problem as the RFCA models (see Eq. (2) in Section 3.1), they do
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not solve the electrical problem associated with RF. They also take
into account how the properties of the myocardium and the re-
frigerant change during the phase changes associated with each
freeze-thaw cycle.

3. Implementation

3.1. Simplification of the real situation and definition of the model
geometry

The first step in the construction of a computational model is
the definition of the geometry, which is always a simplification
of the real clinical situation. RFCA models typically ignore myocar-
dial surface irregularities and consider the tissue to be smooth. The
computational domain, i.e. the surface (in the case of 2D models)
or the volume (in 3D models) where the equations will be solved,
does not necessarily have to consider the patient’s full torso. In
fact, it is important to determine any symmetries. For instance,
a model similar to that in Fig. 4A, which does not include the
problem of fluid dynamics in the blood would present axial sym-
metry around the catheter axis and hence 2D would be possible.
The model in Fig. 4B has plane of symmetry that would cut the
catheter and the tissue into two identical halves, so that the com-
putational domain would be reduced to half the real scenario, and
the model in Fig. 5 has two planes of symmetry, so that the com-
putational domain would be reduced to a quarter of the real sce-
nario. In other cases, such as those with a more or less realistic
full torso (Fig. 6), there are no symmetries and the computational
domain coincides with the physical torso.

3.2. Governing equations

All the theoretical models developed for RFCA can be con-
sidered mathematical models since they use equations relating
to physical variables. First, the electric problem is solved using
Laplace’s Law:

V. (cV$)=0 (1)

where o is the electrical conductivity (S/m) and ¢ the electrical
potential (V). RFCA modeling assumes that the tissue has no in-
ternal sources, but RF current is generated by imposing bound-
ary conditions on the electrodes or on the outer boundaries of the
model. Eq. (1) is solved in the entire model domain (electrodes and
tissues) together with the electrical boundary conditions presented
in the Appendix. The magnitude of the vector electric field E (V/m)
is obtained from E = —V ¢, while that the vector of current den-
sity J (A/m2) is calculated from the vector form of Ohm Law,
J=0E. The displacement current is considered negligible since o
is much greater than 2nf.¢, f being the RF frequency (~500 kHz)
and ¢ the tissue permittivity (F/m). Since a quasi-static approxi-
mation is employed for the electrical problem, the electrical vari-
ables computed are really DC (direct-current) values which corre-
spond with the root mean squared (RMS) values of the applied RF
voltage.

The Bioheat Equation proposed by Pennes [76] has been tradi-
tionally used to describe the thermal energy balance in the tissue
during RFCA modeling:

PV (k- VT) =@y + O+ Qur )
where p is density (kg/m3), ¢ specific heat (J/kg-K), T tempera-
ture (°C), t time (s), k thermal conductivity (W/m-K), Qgr the heat
source caused by RF power (W/m3), Q, the heat loss caused by
blood perfusion (W/m3) and Q,; the metabolic heat generation
(W/m3). This last term is ignored for being negligible compared
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to the rest of the terms [1], while Q, (when is considered) is com-
puted as follows:

Qp = ppcp(T — Ty) (3)

where p), is blood density, ¢, blood specific heat, T, body tempera-
ture (37 °C), and w blood perfusion coefficient (at temperature Tj).
It must be pointed that other models based on the porous medium
theory have also been proposed to model the thermal effect of
blood perfusion during RFCA [77,78]. Eq. (2) has been modified in
some models using the enthalpy method in order to incorporate
the latency heat due to the phase change when the tissue temper-
ature reaches 100 °C [31,32].

After computing temperature progress for each point in the tis-
sue, it is possible to predict the degree of thermal damage and
hence to estimate the lesion size induced by RFCA. Like other abla-
tion models, RFCA computer models often use the damage index 2
or the 50 °C isothermal contour [79]. The isotherm has frequently
been used in RFCA modeling [12,13,15,16,20-22,33,34,46,51] since
it is accepted that the isotherm of irreversible myocardial injury
with hyperthermic ablation is likely to be between 50 °C and 56 °C
[80]. In contrast, other modeling studies have used the damage in-
dex €2 [8,56,62], which models the tissue damage as an irreversible
first-order chemical reaction with the rate constant following the
Arrhenius relationship [79]:

e (O] B Rt

Q) ln{ "0 } /O Aevi dr (4)
where A is the frequency factor (s—1), AE, is the activation energy
for the irreversible damage reaction (J/mol), and R is the univer-
sal gas constant (8.314 J/mol-K). In theory a value of Q = 4.6 is
equivalent to 99% cell death probability, while a value of Q2 = 1
is equivalent to 63% (both have been used to determine the con-
tour of the lesion). The drawback to this method is that the values
of parameters A and AE, are dependent on the tissue type and to
date there are no conclusive data for cardiac tissue. Although this
is an important limitation, the use of the isotherm does not al-
low, e.g. assessing lesion growth when RF power has been turned
off [44] or when consecutive applications of RF power are made
in the same area [56]. In these cases, the use of the method dam-
age index 2 (or any metric that considers temperature and expo-
sure time) is mandatory. In this context, the modeling study by Lau
et al. [54] deserves to be highlighted. These authors compared ex-
perimental and computational results by different methods of as-
sessing thermal damage: isotherms of 50 °C and 60 °C, the “cumu-
lative equivalent minutes at 43 °C” criterion (less frequently used
[32]) and the Arrhenius damage function (2=1), finding that the
60 °C contour closely agrees with the in vitro lesion measurement
of tissue discoloration (as also reported in [13]) while the 50 °C
contour matches the other electrophysiological changes related to
tissue death, such as loss of excitability [80].

3.3. Tissue properties

The most relevant characteristics of the tissues to consider are
density (p), specific heat (c), thermal conductivity (k) and elec-
trical conductivity (o). As the myocardium temperature rises dur-
ing RFCA its electrical conductivity increases, in the same way as
electrolyte solutions and means the electrical impedance gradually
drops. It is a process with a huge impact on the process as it works
as a positive feedback: the higher the temperature the more con-
ductive the tissue the more RF power is deposited and the greater
the heating. For this reason most computational models have in-
cluded the temperature dependence of o using variations between
1.2 and 2%/ °C [8,14,16,20,21,28,32,46,53,81]. However, once tissue
temperature reaches ~100 °C, tissue dehydration is usually mod-
eled by a sharp drop in sigma of around 2 or 4 orders of mag-
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nitude [32,53,82]. Although a specific mathematical model for the
dynamics of intramural gas formation has not yet been developed,
this approach seems reasonable as the desiccated tissue loses its
ability to conduct RF current. However, perhaps in this new state
of desiccated tissue the displacement electric current should not
be ignored. This method of modeling o changes with temperature
considers reversible changes in tissue properties only (i.e. those
not affected by coagulative necrosis). However, as both reversible
and irreversible changes actually occur, they could be included in
future models, for example by modulating the electrical conductiv-
ity with the Arrhenius damage index, as proposed in [83] for RF
tumor ablation.

The thermal dependence of k has been also considered in
a few models, assuming a linear increment with a coefficient
of ~0.0012 W/m2.K- °C [21,28,32,82]. This variation is debatable,
since some considered to be negative instead of positive [33,81].
The effect of changing the baseline values of ¢, ¢ and k has also
been studied with variations of +£50% and +100% [16,19]. An in-
teresting review of the temperature dependence of various tissue
properties can be found in [84], while the values of different tis-
sue properties can be easily accessed in the ITIS tissue properties
database [41].

3.4. Initial and boundary conditions

Initial and boundary conditions must be imposed to provide
specific solutions adapted to the specific circumstances to be mod-
eled. It is usual to impose a Dirichlet condition on the active
electrode for the electrical problem, specifically a voltage ¢ = Vg
which corresponds to the RMS value of the RF voltage. A null volt-
age (¢ = 0) is also imposed to model the dispersive electrode, ei-
ther in the area where this electrode is physically located, in full
torso models [11,45] or on the model boundaries when only one
area around the active electrode is considered (in these cases the
external dimensions must be large enough for the condition not
to alter the solution) [11]. These two conditions allow obtaining a
unique solution for Eq. (1). Other specific boundary conditions may
also be required on symmetry axes or planes. By changing Vg val-
ues, different ways of delivering RFCA power can be modeled. The
main modes are constant power and constant temperature [21]. To
model a constant temperature protocol, the Vg value is modulated
during ablation to keep the temperature at a point on the active
electrode (where the temperature sensor is assumed to be [16])
around a target value using a control algorithm [47]. In the con-
stant power protocol, Vg is also modulated to keep the power P
(=Vg?/Z) around a programmed value, which considers impedance
Z to vary throughout the ablation.

For the thermal problem, it is usual to impose Dirichlet condi-
tions on the outer limits of the model, specifically a temperature
of T = 37 °C, which assumes that these limits are far enough away
from the ablation site and therefore keep the body temperature
constant. Specific thermal boundary conditions may also be re-
quired on the planes or axes of symmetry. All the thermal bound-
ary conditions, together with the initial condition T = 37 °C, al-
low obtaining a unique solution for Eq. (2). The thermal effect of
circulating blood is very important in this context and most mod-
els have included it in different ways [82]. The most sophisticated
of these involves solving fluid dynamics, i.e. obtaining the blood
velocity distribution [22], and coupling the solution to Eq. (2) by
adding an advection term [83]. In contrast, the simplest way is not
to solve the thermal problem in the blood subdomain but only the
electrical problem, and to impose boundary conditions that simu-
late forced convection at the blood-tissue and blood-electrode in-
terfaces. Although this method predicts a lesion depth similar to
the method that includes fluid dynamics, it slightly overestimates
the surface width and does not provide information on the tem-
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perature in the blood, which is important in terms of assessing the
risk of thrombi formation. Including the fluid dynamics problem
also allows saline infusion to be modeled realistically in irrigated-
tip catheters [31-33,81]. Otherwise, the simple way is to impose
a fixed temperature on a specific area of the electrode to model
the cooling produced by saline as it passes through the electrode
[85].

3.5. Computational solvers

Most of the models are solved by numerical techniques be-
cause their equations are impossible to solve analytically, either
because of the complex model geometry of different types of tis-
sues and materials, or some variables are coupled and this implies
non-linear equations. Numerical techniques can include a high de-
gree of complexity both in the geometries and in the relation-
ship between variables and they are always solved using com-
puter software. Most numerical models are built and solved us-
ing the Finite Element Method (FEM) which means that the gov-
erning equations are solved on a discretized geometry based on
a mesh. Linte et al. [86] developed an interesting model which
was unlike the traditional FEM models and was solved and im-
plemented using an image-based approach, in which the com-
putational elements were really the image voxels instead of the
traditional meshing elements. This was the first attempt to de-
velop a first subject-specific model since the model geometry
was based on pre-acquired anatomical three-dimensional (3D) im-
ages which were later segmented into blood and tissue com-
partments. Finally, it should be mentioned that very few ana-
lytic studies have been used, possibly due to their comprising
a simple geometry based on an oversimplified physical situation
[7,42,87].

Despite the availability of an ever-greater number of compu-
tational resources, computational models should in general be as
simple as possible in order to provide a credible answer to the
proposed scientific question. Each computer model simplifies the
physical situation in a different way depending on the goal/context
of the study. The conclusions must therefore be interpreted by tak-
ing the limitations into account. It makes no sense to require that
every new computer modeling study includes absolutely every fea-
ture suggested to date or every detail imaginable. The modeling
expert must have sufficient knowledge of the physics associated
with RFCA to decide how to simplify/ignore irrelevant aspects and
build the simplest model that allows him/her to study a particular
question. There are examples of modeling studies whose objective
is to demonstrate that some physical phenomena have very little
impact on the result and that they can therefore be ignored in fu-
ture modeling studies, e.g. the pulsatility associated with circulat-
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ing blood in the cardiac chamber [88]. Looking for simplicity, some
studies aimed to compare different ways of modeling several fea-
tures, such as the thermal effect of circulating blood [82,85] and
thermal lesion size [89].

3.6. Lumped element models

Most of the models (solved both analytically and numerically)
considered a continuum physical domain among all the constituent
materials (plastic, metal and biological tissue). This type of model
is known in engineering as a ‘distributed element model’, as its at-
tributes (e.g. electrical and thermal conductivities) are distributed
evenly throughout the materials (see Fig. 7A). In contrast, the
‘lumped element models’, which are also widely used in engineer-
ing, assume that the attributes are lumped in the domain. These
models are not really used in computational modeling RFCA stud-
ies since they only reflect the electrical problem. The benefits of
lumped element models consist of their simplicity and usefulness
for making it easy to understand the electrical problem. In fact,
they have only been used by clinical researchers to provide a phys-
ical explanation for their experimental results in terms of electrical
impedance and the power deposited in the myocardium, blood and
torso.

The most frequently proposed lumped element RFCA model
considered the blood around the electrode as a resistance Rp in
parallel with the resistance associated with the myocardium Rr,
and both resistances in series with that representing the rest of
the torso tissues until reaching the dispersive electrode, i.e. Rggpy
[90] (see Fig. 7B). The association of the three resistors determines
the electrical impedance recorded before and during RFCA by the
RF generator. In this way, the model reflects that the RF current
flows from the active electrode taking two parallel paths (Rg and
Rt) and that the weight of each of these two resistances has to do
with the electrical characteristics of each tissue (e.g. blood is more
conductive than myocardium, and hence Rg tends to be smaller
than Rr) and the contact surface of the electrode with each ele-
ment, myocardium or blood (e.g. the deeper the insertion depth
of the electrode, the more contact with the myocardium and less
with the blood, and therefore Rg tends to be larger than in the
case of shallow insertion depth). From the lumped element elec-
trical model, it can be stated that lesion size will be related to the
power deposited in the myocardium, i.e. Ry-It2, I being the part of
the total current I that flows exclusively through the myocardium,
i.e. I.Rg/(Rg+ Rt). The power dissipated in Ry, related to lesion size,
can also be estimated by assuming different conditions of applied
voltage and catheter angle [91]. Lumped element models have also
been used to explain the experimental results of the relationship
between baseline impedance, Rggpy and lesion size [92].
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Generator
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Fig. 7. A: Distributed element RFCA model. B: Lumped element RFCA model.
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4. Verification and validation

We should not finish this review without paying attention to
the verification and validation of computer models. These two
concepts are related to questions that any electrophysiologist
could/should raise: how reliable is a result obtained from a com-
puter simulation? To what extent can the predictions made by a
computer model be used as a reliable basis for clinical decisions
[93]? These issues are becoming increasingly relevant, not only be-
cause studies based on computer modeling must have the maxi-
mum scientific rigor, but because the regulatory agencies of medi-
cal devices have recently started receiving and accepting evidence
obtained in this way [94,95]. The clinical evaluation of a medical
device is a complex and demanding process that aims to obtain
sufficient evidence on its efficacy and safety using relevant clinical
data from a wide variety of sources. In this regard, computer re-
sults would complement data from experiments and clinical stud-
ies/trials.

Fig. 8 shows the pipeline of the main steps to build, solve, ver-
ify and validate a computational model for RFCA. In any theoretical
model the first question is the set of mathematical equations used
to reproduce the physics, i.e. the mathematical model. These equa-
tions must be supported by physical laws. Laplace’s Law is used for
the electrical problem, while Navier-Stokes equations (which are
based on laws of conservation of momentum and mass for New-
tonian fluids) are used when the fluid dynamics associated with
circulating blood is considered. The thermal problem is commonly
solved by the Bioheat Equation proposed by Pennes [76], which in-
cludes a specific term to model the rate of heat transfer between
blood and tissue, i.e. the heat losses caused by blood perfusion.

The second question is the data used to build the mathemati-
cal model, e.g. the values and ranges of the properties of biologi-
cal tissues (usually taken from data bases, e.g. the ITIS Foundation
[41] and IFAC-CNR [96]). Although in the past some modeling stud-
ies conducted sensitivity analyses to assess how results changed
with variations of up to +50% in tissue properties [16], it would
be enough to consider the dispersion in tissue properties reported
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in experimental studies and the range of dimensions of the dif-
ferent tissues involved (e.g. from anatomical studies and imaging
techniques).

The third question deals with discretization, which is inherent
to any mathematical model solved by a computer. The problem
arises from the fact of having to transform the mathematical model
into a finite number of discrete components. This is especially rel-
evant in those models that are solved by numerical methods in
which the spatial domain (i.e. tissues and catheter) is divided into
very small size elements (areas in 2D models and volumes in 3D
models; e.g. see Fig. 5B). The governing equations are then solved
separately at specific points (nodes) of each element, along with
relevant boundary conditions (see e.g. Appendix), thus achieving
a continuous solution through the adjacent elements. The size of
these elements (called mesh size or size grid) should be smaller
in those areas where a large gradient of the variables is expected,
which in RFCA is in the surroundings of the active electrode. As
a general rule, a mesh size of one tenth of the electrode radius is
usually sufficient for RFCA models in which the electrode is consid-
ered to be a solid volume [8], but not when considering the spe-
cific geometry of the infusion holes when irrigated-tip catheters
are modeled, as in [33,81].

In addition, since RFCA is a transitory process, temporal dis-
cretization must also be taken into account, i.e. the equations have
to be solved step by step. So, the time-step should be smaller at
those moments in which the variables change faster. For example,
the time step will be shorter during RF application and longer dur-
ing the post-RF period, in which the tissue cools slowly. In prac-
tical terms, keeping the discretization error under control consists
of carrying out a convergence test in which the mesh size or the
time-step are progressively reduced until consecutive results dif-
fer very little. The small difference is the discretization error. The
concept of discretization is closely related to the verification of the
model. However, the verification must also ensure that the code
implementing the computational model represents the mathemat-
ical model with sufficient accuracy [93]. In this regard, most RFCA
computer models use commercial software whose code has been
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Fig. 8. Pipeline of the main steps to build, solve, verify and validate a computational model for RFCA.
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verified by the manufacturer for most of the physical problems in-
cluded in the model or open-source code verified by the scientific
community.

On the other hand, validation implies determining whether the
mathematical model represents the actual physical phenomenon
with sufficient accuracy [94], i.e. determining the correctness of
the underlying assumptions (model geometry, materials properties,
boundary conditions and governing equations). In practical terms,
this necessarily implies making a comparison between the data
provided by the computational model and those obtained from ex-
periments. This comparison must take into account both the uncer-
tainties of the computational model itself and the uncertainties of
the experimental method and the data generated [94]. Researchers
involved in developing RFCA computational models should conduct
uncertainty and sensitivity analyses to assess the model’s predic-
tive value using well known techniques such as Latin Hypercube
Sampling and Monte Carlo methods [97].

Verification and validation are therefore independent processes.
While validation has more to do with the mathematical framework
used to represent physical phenomena, verification is related to the
implementation of the mathematical model through a code run-
ning on a computer. The route map for theoretical models should
therefore be: (1) propose a mathematical model (i.e. set of equa-
tions and material characteristics), (2) verify the computer model
in order to keep the discretization error quantified and controlled,
and (3) validate the theoretical model by comparing computer vs.
experimental results (taking into account the uncertainties of both
the computational model and the experimental method used). A
failed validation (i.e. unacceptable discrepancies between compu-
tational and experimental results) suggests that some piece of the
mathematical model should be modified, since it is assumed that
the model has already been verified.

The experimental validation of the theoretical models de-
veloped for RFCA has generally been done using experimen-
tal data provided by bench-tests based on ex vivo mod-
els [7,13,15,22,23,33,49,51,54,86]) or phantoms based on tissue-
equivalent material (e.g. agar) [8,98-101]. Non-human tissues, e.g.
porcine, are almost always used in ex vivo experiments. This is rel-
evant since the characteristics of these tissues could differ from
those of the human tissues to be ablated in the clinical practice
(atrium and ventricle). In fact, Petras et al. [81] carried out a com-
putational study to compare lesion sizes in human and porcine tis-
sues and found different lesion morphologies for the different tis-
sue types and size differences of up to 1 mm.

In vivo or clinical studies are rarely used for validation purpose
because both cost and complexity are too high since many vari-
ables need to be characterized, such as tissue properties and blood
flow at the target site. It is also difficult to obtain information
on lesion size and temperature. Unlike clinical studies, the tissue-
equivalent material can maintain highly reproducible conditions
and situate temperature sensors in precise locations at acceptable
levels of cost and complexity [98-100]. Ex vivo fragments are also
often used, since they reproduce the phenomena associated with
temperatures (e.g. steam pops) above which materials like agar
melt. Regarding data for validation, several variables have been
considered to compare experimental and computational results,
such as lesion size in the case of ex vivo models [13,15,33,49,51],
the progress of the temperature measured in specific points of the
ablated sample using very small sensors [22,23,54,85,98-100], in-
frared thermal imaging [8,101] and the evolution of the electrical
variables registered by the RF generator (mainly impedance).

The state of the art shows mathematical and computer mod-
els capable of predicting reasonably well the shape and size of
lesions under specific conditions. Most mathematical models per-
formed well from a qualitative point of view (even though they
reported prediction errors of up to 100% [51]), i.e. they showed the

1
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same behavior as the experimental models when certain parame-
ters were changed (e.g. power, duration, blood flow) [13,15,49]. In
quantitative terms, most computer models predict the tissue tem-
perature at depth > 3 mm [23] quite well, with errors < 3 — 7 °C
[8,22,5,86,100]. The studies have reported prediction errors of le-
sion sizes of from 1 mm [31,86] to 2 mm [31], with a tendency to
better predict depth than width (surface and maximum). A recent
meticulous study by Rossman et al. [101] on phantom agar even
reported slightly minor errors (0.1 — 0.7 mm for lesion width and
0.3 — 0.7 mm for lesion depth). Despite the fact that prediction
errors of up to ~50% have been reported for the maximum width,
the computed depths and widths have been within the range of
the corresponding experimental values [33]. Prediction errors are
often associated with the uncertainty in the method of identify-
ing the lesion contour (areas of discoloration in ex vivo models vs.
mathematical models of thermal damage) and the spatial position
of temperature sensors. Once more, it should be emphasized that
some phenomena associated with very high temperatures (such as
the formation of steam pops, charring, etc.) are not yet fully under-
stood from the physical point of view, so there is no mathemati-
cal framework that describes them and therefore they have not yet
been able to be reliably incorporated into computational models.

5. Current limitations and future work
5.1. What still remains to be modeled

Many details of RFCA biophysics still remain to be modeled
from a mathematical/ theoretical point of view. One of the most
urgent issues is to achieve a mathematical framework able to de-
scribe the occurrence of intramural steam pops, their relationship
to rises in impedance and the risk of their disrupting the endocar-
dial surface. To date, computer models have associated the steam
pop phenomenon with tissue temperatures around 100 °C. How-
ever, it seems reasonable to suspect that the creation of intra-
tissue steam should not always be associated with an audible pop
or a sudden rise in impedance since the gas could diffuse to the
tissue surface [102]. Future work should therefore be directed to-
wards building a model able to include the formation and move-
ment of steam within the tissue, along the same lines as that pro-
posed by Zhu et al. [103] for RF tumor ablation, and, although rare,
RFCA can even lead to wall perforation [104]. Even though no com-
puter model can yet describe this complication, it could be based
on the model proposed by Shimko et al. [105] to study temper-
ature distributions during RF-induced perforation of atrial septal
defects in newborns. These authors solved the model by the Finite
Difference Method (DFM) and assumed that the tissue elements in
contact with the electrode over 100 °C were instantly vaporized, so
that the electrode advanced one step forward over them.

In modeling irrigated-tip catheters, saline irrigation has been
taken into account to date by an inlet velocity condition into the
blood region, either applied in a specific zone of the electrode sur-
face where the irrigation holes are expected to be situated [31,32]
or directly at the holes modeled [33,81]. In any case, this is only
an approximation which assumes that blood and saline mix per-
fectly so that the electrical and thermal characteristics of the saline
do not affect the blood surrounding the electrode. Improved future
models built on the basis of mixture theory could be considered
to model, for instance, RFCA with irrigated electrodes in which the
electrical conductivity of the saline is half reduced [106]. Likewise,
computational modeling of interstitial infusion electrodes for RFCA
(i.e. needle-tip electrodes which inject warm saline into the tissue
[107]), will require adding a mathematical framework that takes
into account how heated saline diffuses into tissue and how it al-
ters electrical and thermal conditions, for example using the hy-
draulic conductivity model based on Darcy’s Law [108].
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Although experimental data on the electrical [109] and ther-
mal [110] characteristics of cardiac tissue are available, there is
not yet a full characterization of the irreversible changes associated
with heating as has already been done for other tissues [111-113],
and the information on thermal conductivity of cardiac tissue after
heating is very limited [114]. This information will be crucial in fu-
ture computer modeling studies to assess the effect of overlapping
lesions, which is usually done by creating continuous linear lesions
using a point-to-point technique in the context of atrial fibrillation
ablation. There is also a current lack of characterization of the me-
chanical changes in cardiac tissue when subjected to forces (due to
the electrode pressure) or heat-induced shrinkage. In conclusion,
all these current limitations suggest that we are still far from mak-
ing computer modeling a patient-specific predictive tool of lesion
size based on pre-ablation medical tests and measurements.

5.2. Future work

The development of theoretical models based mainly on com-
puter simulations in the last 30 years has gone hand in hand with
the development of new catheters as well as new ways of ablating
the tissue causing cardiac arrhythmias. They have been and will
continue to be in the future a complementary technique to exper-
imental and clinical studies. Some models have served to under-
stand the biophysics associated with some of the phenomena that
occur during RFCA and to aid in the development of ablative tech-
nologies, indirectly contributing to making RFCA safer and more
effective.

To date, the computer modeling of RFCA has been developed
along two lines of work that unfortunately have rarely converged:
one that tries to predict the lesion size (which was the subject of
this review) and one that, on the basis of modeling the function-
ing electrophysiological myocardium, tries to predict why a spe-
cific therapy (lesion size and shape) will be successful or not in a
given arrhythmogenic substrate [115,116]. In the future these two
lines must converge if what is sought is personalized modeling on
the basis of integrating physiological data of the target substrate,
anatomical conditions of myocardium and adjacent organs, tissue
electrical and thermal properties, and highly technical details of
the RF catheter, its location and interaction with the target, and
the way of creating the thermal lesion. This idea should be equally
valid for applicators based on any energy type (microwave, laser,
ultrasound, pulsed-field, etc.) capable of treating the arrhythmo-
genic substrate.

RFCA computer modeling could become a tool in planning
treatments. In theory, computer modeling could play the same role
as dose planning in body radiation therapy for ventricular tachy-
cardia [117], or the personalized electrophysiological models [118],
which are still incipient techniques. In the case of RFCA, the se-
quence could be as follows: The necessary information to build
the model must be acquired previously, including anatomical as-
pects from a medical image (heart, torso, dispersive electrode po-
sition, type of tissues near the ablation site) and technology (type
of catheter and electrode, mode of power application). Once the
medical procedure has started, the RF electrode can be accurately
positioned by the already available navigation systems [119]. Once
the RF electrode is on the target, the information needed to build
the model can be completed, including the electrical and thermal
properties of the substrate (by measurements from the RF elec-
trode itself or other accessory electrodes), electrode-tissue contact
(e.g. by impedance measurements [36] and contact force [120]),
and cooling capability of the circulating blood in the area of ab-
lation (e.g. by thermal analysis after application of a low power
pulse [120,121]). With all this information, the model could predict
the lesion size and the maximum temperatures reached in blood,
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myocardium and nearby tissues. This information prior to ablation
would be useful in terms of efficacy and safety.

Second, during the application of RF power, a large amount of
information is available from the progress of the impedance, tem-
perature [122] and contact force measured in the RF catheter, be-
sides other strategically placed sensors [123]. Non-invasive tech-
niques such as Electrical Impedance Tomography (EIT) have also
been studied to estimate the temperature map in real time dur-
ing RFCA [124,125], which can be complemented by others to as-
sess subsequent evolution of the lesion size [126]. Finally, as pre-
viously mentioned, although in vivo and clinical studies are rarely
used to validate computational models, the complete development
of a modeling-based RFCA planning tool would require a validation
of this type.
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Appendix. Path of RF current through the tissues and the
electric boundary conditions

The electrical boundary conditions for electric field described
as the electric field vector E modifies its direction when crossing
an interface between two media with a different electrical con-
ductivity (o). Fig. 9 illustrates this phenomenon using a computer
model which includes a spherical fragment of tissue near the ab-
lation electrode. Two cases are considered, one in which the tissue
fragment is less conductive than the myocardium (e.g. fat), and an-
other in which the fragment is more conductive (e.g. the same my-
ocardium heated, since o increases by ~2%/ °C). Although the ex-
planation is provided in terms of electric field vector E, in the case
of RFCA the direction of vector E can be assumed to be the same as
that of current density vector J, since displacement current is neg-
ligible vs. conductive current [40], so that both vectors are simply
related by means of Ohm’s Law in vector form, J=0-E. Fig. 9 shows
the computed electrical field (E) lines (black) and the equipotential
lines, which represent the points with equal electric potential or
voltage ¢ (white lines, always perpendicular to E since E = —V¢).
The background color represents the electrical conductivity (o) of
each material (scale in S/m). The metal electrode (the most con-
ductive) is white, the plastic of the catheter (the least conduc-
tive) is black, fat is less conductive than myocardium (o ;<0 ), and
heated myocardium is more conductive than unheated (03>0)).
Note that while electric field lines (which are related to the path
of the RF current through the tissues) tend to bypass fatty tissue
(Fig. 9B) but tend to go toward heated tissue (Fig. 9C). Fig. 9A,D
graphically explains these tendencies in terms of the two bound-
ary conditions governing the E vector at the interface of two zones
with different o values. Condition 1: Tangential component of E
(E¢) is continuous across the interface (i.e. the tangential value is
the same in the two adjoining subregions E;;=E;,). Condition 2:
Normal (i.e. perpendicular) component of E (E;) is not continu-
ous across the interface and is governed by the following equation
01-En,1=0,En . So, Fig. 9D illustrates as saying that the RF current
tends towards a more conductive area (heated zone) is equivalent
to saying that the normal component is greater (E, ) in the less
conductive medium (o). Likewise, Fig. 9A shows that saying that
the RF current bypasses a less conductive area (fat) is equivalent
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(C)

By

= Electrode=

Fig. 9. RFCA computer results showing electrical field (E-vector) lines (black) and equipotential (¢) lines (white). The background color represents the electrical conductivity
(o) of the different materials (scale in S/m). Two cases are considered, one in which a fragment of poorly conductive tissue (e.g. fat) is included near the electrode tip (B),
and another in which the fragment is more conductive than the myocardium, e.g. the same myocardium heated (C). A, D: Graphical explanation of the boundary conditions

governing the E vector. [Results obtained from FEniCS (https://fenicsproject.org)].

to saying that the normal component is smaller (E, ) in the more
conductive medium (o5).
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