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Abstract
Objective.Thermal cellular injury follows complex dynamics and subcellular processes can heal the
inflicted damage if insufficient heat is administered during the procedure. This work aims to the
identification of irreversible cardiac tissue damage for predicting the success of thermal treatments.
Approach. Several approaches exist in the literature, but they are unable to capture the healing process
and the variable energy absorption rate that several cells display.Moreover, none of the existing
models is calibrated for cardiomyocytes.We consider a three-state cell deathmodel capable of
capturing the reversible damage of a cell, wemodify it to include a variable energy absorption rate and
we calibrate it for cardiacmyocytes.Main results.We showhow the thermal damage predicted by the
model response is in accordancewith available data in the literature onmyocytes for different
temperature distributions.When coupledwith a computationalmodel of radiofrequency catheter
ablation, themodel predicts lesions in agreement with experimentalmeasurements.We also present
additional experiments (repeated ablations and cathetermovement) to further illustrate the potential
of themodel. Significance.Wecalibrated a three-state cell deathmodel to provide physiological results
for cardiacmyocytes. Themodel can be coupledwith ablationmodels and reliably predict lesion sizes
comparable to experimentalmeasurements. Such approach is robust for repeated ablations and
dynamic catheter-cardiac wall interaction, and allows for tissue remodelling in the predicted damaged
area, leading tomore accurate in-silico predictions of ablation outcomes.

1. Introduction

Thermal treatments are commonprocedures performed on patients with cardiac arrhythmias. For severe cases,
thermal energy is typically delivered to the target arrhythmogenic tissue via radiofrequency (Huang and
Wood 2014), inducing thermal damage. At a cellular level, prolonged exposure to high temperatures results in
protein denaturation and irreversible damage (Pearce 2013, Liu et al 2018).Moreover, a delayed cellular death
has also been observed for cells that suffered injuries beyond recovery, through intrinsicmechanisms such as,
among others, apoptosis or necroptosis (O’Neill et al 2011, Pearce 2013).

While Penne’s Bioheat equation is the standard to describe the power delivery to the tissue in computational
models of radiofrequency ablation (RFA, see, e.g. Singh andMelnik 2020), severalmodels have been introduced
to assess the irreversible cellular damage and estimate the resulting lesion size. As irreversible damage is expected
for temperatures above 50 °C (Haines 2011), the simplest approach is the use of the 50 °C isotherm contour to
identify the lesion boundary (Petras et al 2019, Ahn andKim2021, Gómez-Barea et al 2022, Gu et al 2022). This
approach is typically overestimating themyocardial lesion size (Haines 2011, Liu et al 2018) and does not allow a
physiologically accurate assessment of the lesion, particularly in the case of dynamic catheter-tissue interactions.
Another approach uses a two-state Arrheniusmodel (Pearce 2013, Qin et al 2014) tomodel the transition of the
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cells fromnative to denaturated state. Despite beingwidely used, in particular in RFA (González-Suárez et al
2022), it is well known that thismodel greatly overpredicts the shoulder region at low temperatures, where the
dynamics of the thermal damage are slower (O’Neill et al 2011, Pearce 2013, Liu et al 2018). This shortcoming is
particularly relevant for thermal damage ofmyocytes, since it is known that at 48 °C the damage is reversible for
all treatment times (Zaltieri et al 2021), while irreversible damage is expected between 50°C and 56 °C for up to
60 s of ablation (Haines 2011). The recovery of the tissue damage, correlated to the heat shock proteinsHSP70
expression, among other intrinsic protectivemechanisms (Rylander et al 2005), cannot be captured by the two-
state Arrheniusmodel, thus leading inevitably to inaccurate injury assessment. In this direction, the three-state
thermal cell damagemodel initially presented in Park et al (2016) is capable of capturing the reversible damage of
a cell, whichmakes it appealing for lesion estimation in radiofrequency catheter ablationmodels (Qadri et al
2017, Singh andMelnik 2019,Molinari et al 2022a, 2022b), although themodel itself is not specific tomyocytes.
As amatter of fact, not only was the three-statemodel calibrated to bovine chordae tendineae tissue, but also all
the existing two-state Arrheniusmodels were calibrated for a variety of different cells (HepG2human liver
hepatocellular carcinoma andMRC-5 human lung fibroblast (O’Neill et al 2011), AT-1 prostate cancer cells,
HDFhuman dermal fibroblasts, LNCaP prostate tumor cell andHuH-7 liver cancer cell (Qin et al 2014) and
CHOChinese hamster ovary cells, among others (Pearce 2013)), none of whichweremyocytes: hence the direct
application of thesemodels in the assessment of lesion formation is, at best, not advisable.Moreover,many cell
types exhibit higher energy absorptionwhen exposed to low temperatures and lower energy absorptionwhen
exposed to higher temperatures (Dewey et al 1977, Pearce 2013). None of the existing Arrhenius-typemodels of
the three-state fromPark et al (2016) is taking this aspect into account, as they all consider a unique absorption
rate instead.

In this work, in order to surpass all the above limitations, we consider amodification of the three-statemodel
fromPark et al (2016) that accounts for the variable energy absorption rate and is calibrated formyocytes. In
particular, wemodify the transition phases using a piecewise linear Arrheniusmodel, that changes slope at
55 °C, a decision supported by experimental evidence (Dewey et al 1977, Pearce 2013). The calibration of the
model for cardiacmyocytes is then twofold.On the one hand, themodel returns a response of the cardiac tissue
to thermal exposure in linewith available experimental data (Haines 2011, Zaltieri et al 2021). On the other
hand, when coupledwith our previously validated computationalmodel (Petras et al 2019), themodel
reproduces lesion sizes comparable to the in vitro experiments in Petras et al (2019) for standard ablation
protocols and the reported lesions inKotadia et al (2019) forHigh Power Short Duration (HPSD) protocols. As
an illustration of its capabilities, the calibratedmodel is then applied to assess the thermal damage in the case of
repeatedHPSD ablations and in the case of thewall-inducedmovement of the catheter during the cardiac cycle.

2.Materials andmethods

Weconsider here the three-state thermal cell deathmodel initially proposed in Park et al (2016) as a starting
point. Themodel consists of three cellular states: the native (N) state, representing a normally functional cell, the
unfolded (U) state for cells that suffered some damage thatmight be reversible, and the denaturated (D) state,
where the cell is irreversibly damaged. The interaction of the three states can be summarized as
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The system is initialised by considering all cells to be in native state, i.e.N= 1,U= 0 andD= 0. Due to the
limited cardiomyocyte proliferation inmammalian hearts (He andZhou 2017), no cell proliferation is
considered in themodel and a conservation equation holds at all times for the three states (N+U+D= 1).

In the original formulation of Park et al (2016), the transitions among the phases aremodelled using an
Arrhenius typemodel = =-Dk T A e i, 1, 2, 3i i

E RTi( ) ( ) , whereAi is the frequency factor (in s
−1),ΔEi is the

activation energy (in Jmol−1) andR is the universal gas constant. However, this approach does not account for
the difference in energy absorption observed following a temperature increase (Qin et al 2014). In particular, a
change in the rate of energy absorption of cells has been reported, typically occurring at around 43 °C
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(Dewey et al 1977, Pearce 2013). Several studies have considered a piecewise linear energy absorption rate for
thermal damage, with higher energy absorption rates for temperatures below some given thresholds, which vary
from43 °C to 53 °C (Pearce 2013). Other data reportsmuch higher absorption rates at 50 °C than at 70 °C,
which appear consistent with experiments using different cell types (Qin et al 2014). In particular,figure 7(b)
fromQin et al (2014) shows a large decrease in the absorption rates between 50 °C and 60 °Cand a smaller one as
the temperature increases further to 70 °C.

Following this experimental evidence, we consider a discontinuity in the energy absorption parameters of
the transition k1 between the native and the unfolded states at 55 °C. Themodel parameters are calibrated as
described in section 3.1, and summarized in figure 1 panel A. As shown in panel B of the samefigure, the
resulting transition rate k1 between theN andU states is continuous acrossT= 55 °C, and exhibits a slope
change atT= 55 °C, reflecting the regime change in absorption rates.

Following Park et al (2016), the overall frequency factor and activation energy are given asA= A1A2/A3 and
ΔE=ΔE1+ΔE2−ΔE3 respectively. ForT� 55 °Cwe obtainA= 2.97 × 1070 s−1 and
ΔE= 448.4 × 103 J mol−1, which is consistent with the experimental data for 50 °C inQin et al (2014). In the
caseT> 55 °C, the overall frequency factor and activation energy becomeA= 1.19 × 1019 s−1 and
ΔE= 125.5× 103 J mol−1 respectively, which arewithin the values for 70 °C inQin et al (2014).

Different intrinsicmechanisms can contribute to the slow death of a damaged cell, including apoptosis,
necroptosis and autophagy.Models of apoptosis and the caspasemechanisms involve complex protein
dynamics andwould be suitable for the estimation of delayed thermal cell death (Pearce 2013). In this work, we
follow a simpler approach similar toO’Neill et al (2011), which uses a threshold value for the cells in native state
N, belowwhich cell death is expected to occur. Since no data is available for cardiacmyocytes, we consider the
irreversible damage threshold to beN� 0.8 as inO’Neill et al (2011).

3. Results

3.1.Model calibration I: physiological response
The parameters infigure 1 have been first calibrated to provide physiological response formyocardial cells. In
particular, the following conditions should be satisfied.

(1)Nodamage should be observed at body temperatures of 37 °C.

(2)No cell excitation occurs at temperatures higher than 43 °C (Zaltieri et al 2021).

(3)The damage is reversible for any ablation treatment time at temperatures up to 48 °C (Zaltieri et al 2021).

(4) Irreversible thermal damage occurs at temperatures between 50 °C and 56 °C after 60 s of thermal ablation
(Haines 2011).

To test these cases, we simulated a commonly used experimental setup, inwhich the cells are placed in a
thermal bath at a given temperature (Rylander et al 2005,O’Neill et al 2011). A constant temperature is applied to
the tissue for a predefined period of time, followed by a thermal relaxation at body temperature of 37 °C.

Figure 2 shows themodel response by applying three different temperatures for 60 s followed by a thermal
relaxation period at a constant temperature of 37 °C.We allow the system to reach a stable state by using afinal
time of 25min, inwhich the variations of the different states are below 5× 10−6. A 25min exposure to a
temperature at 37 °C (left panel) returns a variation in the level of native cells of about 1%, predicting no damage
at all at body temperature. At temperatures of both 43 °C (central panel) and 48 °C (right panel), some initial

Figure 1. (A)Calibrated parameters of the three-statemodel. (B)Transition rates ki(T) as a function of the temperature.
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damage is observed, but it always remains reversible as expected formyocytes. Note that we chose a duration of
60 s for temperature administration, which corresponds to typical cardiac ablation applications. In our
numerical experiment we do not consider a temperature ramp, which is what is typically obtained from ablation
studies (Toupin et al 2017, Zaltieri et al 2022), thus overestimating the exposure at the given temperatures.
Despite this, themodel still predicts a reversible damage as expected.

3.2.Model calibration II: lesion size assessment
For the second calibration step, we coupled the three-statemodel with our previously developed computational
model for RFA, that is outlined in appendix B. For a comprehensive description of themodel, we refer the reader
to Petras et al (2019). The simulation protocol depends on the applied power and the flow rate of the cooling
saline. It is organised in three phases as shown in table 1.

The duration of the ablation phase depends on the applied protocol (30 s for standard, 4 s forHPSD), while
the thermal relaxation continues until the rate of change of the three states drops below 5× 10−6. Irreversible
damage is assessed at the end of the thermal relaxation and it is identified by the thresholdN� 0.8. The results
are compared against the in vitro experimental results provided in Petras et al (2019) for two standard ablation
protocols and against experimental data fromKotadia et al (2019) for high-power short-duration (HPSD) (see
table 2).

For standard protocols we simulated virtual ablations of 20W for 30 s on a porcine tissue, with applied
forces of 10 g, 20 g, using a 6-pore open-irrigated catheter with spherical electrode tip (see Petras et al 2019 for
the electrode specifications). The resulting lesion dimensions are in good agreementwith the experimental data
fromPetras et al (2019), particularly for the depth. The lesionwidthW is consistently underestimated, but such
shortcoming follows from a limitation of the RFAmodel in Petras et al (2019)which does not account for
anisotropy in the electrical and thermal conductivities due to the cardiac fiber orientation.

For high-power short-duration (HPSD), we performed a virtual ablation of 90W for 4 s on a simulated
human ventricular tissue using a force of 10 g and a 6-pore open-irrigated catheter with a cylindrical tip (see the
supplementarymaterial of Petras et al (2021) for the electrode specifications). The resulting depth compareswell
with the experimental data fromKotadia et al (2019), however the lesionwidth is underestimated by themodel,
for the same reasons as before.

Figure 2.Response of the three-state tissuemodel to a 60 s exposure to a constant temperature (37 °C, 43 °C, 48 °C) followed by a
relaxation at body temperature (37 °C). The native stateN lies above the 0.8 threshold after the relaxation and the inflicted damage is
always reversible.

Table 1. Simulation protocol. RFApower: 20 W (standard protocols) or
90 W (HPSD). Saline: 17 ml min−1. Ablation duration: 30 s (standard) or
4 s (HPSD). Relaxation duration: until the rate of change of the three states
is below 5 × 10−6.

Phase Ablation Post-ablation

Thermal

relaxation

Power On Off Off

Saline On Standby (2ml min−1) Off

Duration variable 30 s Variable
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3.3. Thermal latency effect inHPSDablations
Figure 3 takes a closer look at the results of the 90W, 4 s,HPSD ablation protocol. As expected, the 50 °C
isothermpredicts a larger irreversible thermal damage than the three-statemodel (panel A). Panel B presents the
temporal evolution of the temperature in three different locations, whose positions are shown in panel A: one at
the edge of the 50 °C isotherm (Node I), the other two closer to the electrode (Nodes II and III). A thermal
latency effect is observed deep in the tissue, as shown by the temperature evolution forNode I (solid line): after
the ablation stops, the temperature inNode I keeps increasing for a few seconds and remains above 50 °Cbefore
starting to drop. This effectmay be suggesting that the lesion size is underestimatedwhen the 50 °C isotherm is
used.On the contrary, our simulations show that despite the thermal latency, the irreversible thermal damage is
still smaller than the one predicted using the 50 °C isotherm. Panel C collects the solution in time of the three-
statemodel for the three selected nodes, showing that the damage inNode I, that lies at the edge of the 50 °C
isotherm, remains reversible, whileNodes II and III are irreversibly damaged.

3.4. RepeatedHPSDablations
Similarly to Petras et al (2021), we consider an ablation protocol with 2 subsequentHPSD applications of 90W
for 4 s with an in-between pause of 8 s, followed by 30 s of thermal relaxation.Using themodel in Petras et al
(2021)with a contact force of 5 g, the resulting evolution of the depth of the predicted damage is displayed in
figure 4 using the 50 °C isotherm contour and the three-statemodel. The depth of the damaged area predicted by
the isothermbecomes zero before the second application, which is a non-physiological result. In comparison,

Figure 3. (A)Comparison of the resulting lesion of theHPSDprotocol using the 50 °C isotherm at the end of the ablation and the
three-statemodel after the relaxation time. (B)Temperature distribution of selected nodes during the ablation and the thermal
relaxation. (C)The evolution of the three states for nodes I, II and III, ordered left-to-right.

Table 2.Comparison of lesion depthD andwidthW from the experimental data for standard (SP) (Petras et al 2019) and high-power short-
duration (HPSD) protocols (Kotadia et al 2019)with the estimation provided by the three-statemodel. No contact forcewas reported for the
experimental data with an *.

Protocol
Lesion dimension Experimental data Three-statemodel

min–max

SP (10 g, 20 W, 30 s) D 1.4–3.1 2.15

W 5.5–7.9 4.18

(20 g, 20 W, 30 s) D 2.2–4.6 3.36

W 7.0–11.7 6.47

HPSD (10 g, 90 W, 4 s) D 2.6–3.6* 3.40

W 5.9–10.3* 5.60
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the thermal damage depth predicted from the three-statemodel decelerates, however the pause between the
ablations is too small to observe a shrinkage. Thefinal lesion size after the two applications is once again
overestimated by the 50 °C isotherm.

3.5. Ablationwith cathetermovement
We test the proposedmethod on the estimation of the irreversible damage regionwith a computationalmodel
that accounts for the cathetermovement (as described in appendix B). Figure 5 summarizes the results for an
ablation protocol of 30W for 30 s, considering a heartbeat rate of 85 bpm. The temperature distribution is
shownduring the systolic and diastolic phases in panel A. To estimate the irreversible thermal damage, we
consider either the 50 °C isotherm at the end of the ablation or the thresholdN� 0.8 after the thermal relaxation
time. The top left figure of panel B shows that the 50 °C isotherm, as usual, overestimates the lesion size. The
bottom leftfigure of panel B shows the temperature evolution in time for two nodes, one near the surface (Node
I) and one deeper in the tissue (Node II): temperature oscillations can be observed near the tissue surface during
the cardiac cycle, due to the superficial cooling effect of the blood and the saline irrigation. This effect becomes
negligible deeper in the tissue. A video showing this effect is available as supplementarymaterial for this paper.
The twofigures on the right of panel B show the evolution of the predicted superficial tissue damagewith the
50 °Cand the three-statemodel. The temperature oscillations lead to severe oscillations in the surface damage
predicted by the 50 °C isotherm,while the three-statemodel predicts a progressive increase of the damaged area.
Thus, the similarity observed at the estimated final superficial lesions in the top left figure of panel B ismerely
coincidental,making the 50 °C isotherm an inaccurate and non-physiological estimation of the superficial tissue
damage for dynamic ablationmodels.

4.Discussion

In this paper, we propose amodification of the three-state thermal cell deathmodel in Park et al (2016)
calibrated for cardiacmyocytes. Themodel features anArrhenius transitionwith variable absorption rate from
native to unfolded states accounting for the reduction in the energy absorption as the temperature increases (Qin
et al 2014). A similar approach has been reported in the literature for other types of cells (Dewey et al 1977,
Pearce 2013).

Figure 4.RepeatedHPSD ablations. Evolution of the depth of the estimated damage area and the final predicted lesion size using the
50 °C isotherm and the three-statemodel.
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The proposedmethod is capable of capturing the reversible damage that occurs due to intrinsic cellular
protectionmechanisms, which have been linked to the expression of heat shock proteinsHSP70 (Rylander et al
2005). Irreversible damage due to direct protein denaturation ismodeled by (1), while a threshold on the native
state (followingO’Neill et al 2011) captures the irreversible damage by other cellularmechanisms, such as
apoptosis and necroptosis. Ourwork uses a threshold that is derived for human liver hepatocellular carcinoma
(HepG2) and human lung fibroblast (MRC-5) (O’Neill et al 2011), since no data is available for cardiac
myocytes. Nonetheless, our results are in agreement with available data in the literature on cardiac cells
(Haines 2011, Liu et al 2018, Zaltieri et al 2021).

The irreversible damage estimated by the proposed three-statemodel is capable of predicting lesions using
themodels in Petras et al (2019, 2021) that are in good agreementwith the experimental data ranges (Kotadia
et al 2019, Petras et al 2019). The limitations of themodels in Petras et al (2019, 2021) due to the isotropic tissue
biophysical properties are reflected in the predicted lesions by the proposedmethod.

The use of the long relaxation times until the rate of change of the three states is below 5× 10−6 is reasonable
considering the lengthy process of lesion evaluation after the ablation process in the experimental setups. This
technique can also be used in vivo, since the irreversible damage area should be predicted after the tissue healing.
However, other factorsmay affect the cellular viability in vivo, including the extent of the edema formation after
the ablation (Yano et al 2020).

The three-statemodel is capable of capturing the inflicted damage on the tissue in cases of ablationmodels
with cathetermovement aswell asmodels that use ablation protocols withmultiple applications. For such
models, the 50 °C isothermmay provide in some cases a crude estimation for the lesion size, however it can be
very inaccurate andmay lead to a serious overestimation of the irreversible damage area. The use of the three-
statemodel allows for the introduction of alterations in the thermomechanicalmodelling of the tissue (Molinari
et al 2022a) and its biophysical properties due to the inflicted thermal damage. These coupling aspects are part of
our ongoingwork.

Acknowledgments

Thiswork has been partially supported by the State ofUpper Austria. This researchwas funded in part by the
Austrian Science Fund (FWF)P35374N. For the purpose ofOpenAccess, the author has applied aCCBYpublic
copyright licence to anyAuthor AcceptedManuscript (AAM) version arising from this submission.

Data availability statement

All data that support thefindings of this study are includedwithin the article (and any supplementary
information files). Datawill be available from23 February 2023.

Figure 5. (A)The temperature distribution during the systolic (top) and diastolic (bottom) phases. (B)The irreversible thermal
damage area given by the 50 °C isotherm after the ablation and the three-statemodel after the relaxation time at the undeformed
configuration. The temperature evolution is displayed on two nodes, one close to the surface and one deeper in the tissue. The
evolution of the superficial thermal damage area as estimated by the 50 °C isotherm and the three-statemodel.

7

Physiol.Meas. 44 (2023) 065003 APetras et al



Conflict of interest

The authors have no conflict of interest to declare.

AppendixA. Comparisonwith other lesion assessmentmethods

Table A1 collects a comparisonwith other commonly used lesion size assessmentmethods. The original three-
statemodel (Park et al 2016) (calibrated for bovine chordae tendinae), with parametersA1= 3.68× 1030 s−1,
A2= 5.68× 103 s−1,A3= 2.58× 105 s−1,ΔE1= 210 × 103 J mol−1,ΔE2= 38.6× 103 J mol−1 and
ΔE3= 47.2× 103 J mol−1 was used inMolinari et al (2022a, 2022b). The study inMolinari et al (2022a)uses a
physiological threshold ofNthr= 0.8, but lacks validation, as stated in the limitations therein: it is a proof of
concept for thermomechanical remodelling during ablation and produces quite small lesions. Hence, it will not
be used here. InMolinari et al (2022b), the threshold cutoff for irreversible thermal damage is raised to
Nthr= 0.98 in order tofit theirmodelling results to the available experimental data.

Another popular approach uses only two states, the native and the denaturated state. As described in Pérez
et al (2022), the transition follows the Arrheniusmodel withA= 7.39× 1039 s−1 andΔE= 257.7× 103 J mol.
The irreversible damage is identified using theΩ= 1 isoline 90 s after the beginning of the ablation,
corresponding to 63%dead cells, where

ò tW = -Dt Ae d .
t

E RT

0
( ) ( )

This isoline is the one used by Pérez et al (2022), despite the lack of physiological background behind this choice.
In fact,Ω= 1was introduced to identify a trans-epidermal necrosis for skin burn (Henriques andMoritz 1947),
but it has been used as a threshold for thermal injury to several other types of cells without any prior physiological
assessment (Pearce 2013).

Allmodels predict a lesion depth that lies within the experimental data for both SP andHPSDprotocols.
Note that in all cases a consistent underestimation of thewidth is observed due to the lack of anisotropy in the
thermal and electrical conductivities of the RFAmodel (Petras et al 2019).

Appendix B. RFA computationalmodel

B.1. Computational domain
The geometry of themodel is similar to the one presented in Petras et al (2019): a box of 80× 80× 80 mm3

consisting of a board (Ωext) of 80× 80× 20 mm3 thatmodels the external factors of the system, a tissue slab
(Ωtissue) of thicknessH (80× 80×Hmm3,whereH= 20 mm for a simulated porcine tissue orH= 12.5 mm
for a corresponding human ventricular slab), and a blood subdomain (Ωfluid) of 80× 80× (60−H)mm3.

The domain includes an open catheter with a tip electrode (Ωelectrode) of length 3.5 mmand radius 7 Fr,
featuring 6 irrigation pores of diameter 0.5 mmeach (Petras et al 2022).

TableA1.Comparison of lesion depthD andwidthW from the experimental data for standard (SP) (Petras et al 2019) and high-power
short-duration (HPSD) protocols (Kotadia et al 2019)with the estimation provided by four different lesion size assessmentmodels. No
contact force was reported for the experimental datawith an *.

Protocol Lesion

dimension Experimental data

Three-state

model

50 °C-
isotherm

Two-statemodel

(Pérez et al 2022)
Three-statemodel

(Molinari et al 2022b)
Min–max

SP (10 g, 20 W, 30 s) D 1.4–3.1 2.15 2.58 1.66 1.53

W 5.5–7.9 4.18 4.88 3.42 3.24

(20 g, 20 W, 30 s) D 2.2–4.6 3.36 3.69 3.01 2.90

W 7.0–11.7 6.47 7.25 5.82 5.66

HPSD (10 g, 90 W, 4 s) D 2.6–3.6* 3.40 3.61 3.10 3.01

W 5.9–10.3* 5.60 6.95 5.14 4.89
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B.2. RFAmodel
By lettingΩ=Ωtissue∪Ωfluid ∪Ωelectrode ∪Ωext, the equations of themodel read as follows:

r
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S
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( )
· ( ( ) )
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where ρ is the tissue density,Σ( · ) is the electrical conductivity tensor,Φ is the electrical potential, c( · ) is the
specific heat,T is the temperature, v is the velocity,K( · ) is the thermal conductivity tensor, p is the pressure
scaled by the density andT(v, p)= 2μρ−1(∇v+∇vT)/2− pI is the stress tensor of theNavier–Stokes equation,
I is the identity tensor andμ is the dynamic viscosity of the blood. The irrigated saline is delivered toΩfluid

through the inner electrode channels at a temperature of 28 °C (Squara et al 2014). A dispersive electrode is
placed at the bottomof the domain, and a voltage drop is imposed on the interface between the electrode and the
catheter shaft. For the remaining boundary conditions of the systemwe refer the reader to Petras et al (2019).
Model (3) is solvedwith finite elements through a self-developed code implemented in FEniCSx
(fenicsproject.org).

B.3. Cathetermovement
The cathetermovement is induced by themovement of the cardiac wall that, following the cardiac cycle, features
a rapid contraction due to the ejection phase, followed by a slow relaxation and filling phase. Figure B1 shows the
wall displacement, based on the left ventricular radial velocity data inCodreanu et al (2014) and using a reference
of 85 heartbeats perminute corresponding to a normal heartbeat of a swine (Paslawska et al 2014). During the
cardiac cycle, the cardiac wall is stiffening during the isovolumetric contraction (IVC) and remains stiff during
the ejection phase (Couade et al 2009,Urban et al 2013).

Thewall relaxation occurs during the diastole phase (Couade et al 2009,Urban et al 2013), inwhich it reaches
the lowest elasticity value as shown infigure B1. Thus, in opposition to thewallmovement, the catheter is located
deeper in the tissue during the diastole and the indentation becomes shallow during the ejection phase. Using a
contact force that ranges from5 to 25 g, during the diastole and systole respectively, following values reported in
the literature (Aizer et al 2018), the tip displacement is shown infigure B1.

The deformations of the cardiac tissue induced by the catheter tipmovement are described by

sr
¶
¶

=  W
t

u
, in , 4

2

2
tissue· ( )

whereu is the displacement,σ is the stress tensor andΩtissue is the tissue subdomain, which ismodelled as a
nearly incompressible, hyperelastic, and orthotropicmaterial (Usyk et al 2000). The relationship betweenσ and
u is, as usual for hyperelasticmaterials

s =
¶Y
¶J F

F
1

,T

with F the deformation gradient, =J Fdet and the strain energy density

Y = - +
c

e
k

J
2

1
2

ln ,Q 2( )

defined as the sumof two terms, the second ofwhich penalises tissue compressibility via theweight k and thefirst
of whichmodels the deformation through the stiffness c and the anisotropy term

å=Q b E
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i j i j
,
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2
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.
T

Thefibers are considered parallel with the x-axis, and only themechanical properties are considered
anisotropic following thefiber distribution. The Fluid-Structure Interaction in ourmodel is a one-way
interaction, with the cardiac tissuemoving freely as a consequence of the beating of the heart and the fluid
domain following the imposed deformation. Algorithmically, we solve a time step of the tissue deformation,
followed by a time step of theNavier–Stokes equations andfinally a time step of the coupled potential and heat
equations.
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Wehave afixed contact surface, sowe simply impose the displacement due to contact as aDirichlet
boundary condition. This is a reasonable approximation for a cylindrical tip electrode (Petras et al 2022).

Equation (4) is pairedwith system (3) and the coupled problem is defined, at time t, on the deformed
geometryΩ≡Ωt. In section 3.5 a porcine cardiac tissue is considered, and no blood inflow is imposed, due to
the uncertainty in the bloodflow velocity: the bloodmovement is thus driven by thewallmovement during the
cardiac cycle. In this experiment a cylindrical electrode is used to limit the computational complexity thanks to
itsfixed contact area with the tissue. The rest of the simulation protocol follows (Petras et al 2019). The coupled
model (3)–(4) is solvedwithfinite elements through a self-developed code implemented in FEniCSx
(fenicsproject.org).

B.4. Parameters
The parameters of themodels are based on Petras et al (2019) and Petras et al (2021) for standard andHPSD
ablation protocols respectively. The thermal and electrical properties are isotropic and temperature dependent
as detailed therein.
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