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Pulsed Field Ablation for the Interventional Treatment of Cardiac Arrhythmia

Pulsed field ablation is a recent addition to the techniques used to ablate pathological arrhythmic circuits. Despite its recent introduction in the clinical field, pulsed field ablation exploits the well-known phenomenon of irreversible electroporation and the less known phenomena of selective cell death.

Far from being only used in cardiology, irreversible electroporation is mainly exploited in the treatment of solid tumors. Nevertheless, the tissue specificity of the technique with respect to muscular cells presented such a favourable benefits-to-risk ratio that fundamental questions (e.g., What causes cell death? Can we model it to predict the ablation lesion?) were put on hold in favour of preclinical testing and first clinical applications.

In this chapter, we explore the current knowledge of irreversible electroporation mechanisms and their modeling, keeping our focus on the research that put the basis and is setting the roadmap for pulsed field ablation in its promise to revolutionize the interventional treatment of arrhythmia.

Introduction

Endovascular catheter ablation of arrhythmia is a cornerstone of modern-day cardiac electrophysiology. Across 30 years of development and refinement it has allowed the treatment of both supraventricular and ventricular tachycardias, producing several ablation protocols, notably against atrial fibrillation as the most common one [START_REF] Parameswaran | ????) Catheter ablation for atrial fibrillation: current indications and evolving technologies[END_REF][START_REF] Cronin | ESC Scientific Document Group (????) 2019 HRS/EHRA/APHRS/LAHRS expert consensus statement on catheter ablation of ventricular arrhythmias[END_REF]. Arrhythmic conditions represent a severe burden for patients' quality of life [START_REF] Zhang | ????) Health-related quality of life in atrial fibrillation patients over 65 years: A review[END_REF][START_REF] Guandalini | ????) Ventricular tachycardia ablation: Past, present, and future perspectives[END_REF] and healthcare systems [START_REF] Tang | ???) Economic burden and disparities in healthcare resource use among adult patients with cardiac arrhythmia[END_REF]. Atrial fibrillation alone, while not being lethal per se, imposes a strict anticoagulant and rate-control drug regime to prevent the occurrence of stroke or heart failure. Ventricular tachycardia, on the other hand, can require device implantation to prevent lethal prolonged tachycardia episodes deranging in ventricular fibrillation and sudden cardiac death.

Conventional ablation transfers thermal energy between a metal electrode and the endocardial surface of interest, to locally necrotize the tissue and break the abnormal electrical conduction circuits which cause the arrhythmia. Thermal energy can be transferred by increasing the temperature at the elelectro-tissue interface via Joule heating, usually by applying a radiofrequency current between the endocardial electrode and an external reference patch. This approach, while proven superior to pharmacotherapy and highly versatile, suffers from different drawbacks (graphically represented in Fig. 1):

Fig. 1 Relevant issues with thermal-based ablation of cardiac arrhythmia (radiofrequency ablation is considered as reference): A) Heat sink effect from neighboring vasculature impairs the uniform growth of a thermal lesion; B) Thermal lesions can create steam-pops and grow to affect adjacent structures with possibly lethal damages (e.g. atrio-oesophageal fistula) C) Point-by-point ablation is required to achieve linear or complex lesion shapes, increasing the procedure time.

• temperature changes are contact-dependent, large vessels can function as heat sinks, and fat pads as insulators, thus impairing ablation transmurality; • thermal ablation is tissue-aspecific, therefore the risk of damage to multiple heart-adjacent structures is present (e.g., phrenic nerve, oesophagus, pleura), with potentially lethal consequences (i.e., atrio-oesophageal fistula); • thermal ablation is usually performed point-by-point to maximize the precision of energy transfer, requiring long procedural times.

In order to reduce procedural time, for instance in case of pulmonary vein isolation (PVI) against paroxysmal atrial fibrillation, cryoballoon ablation has been introduced, where necrosis is quickly produced by temperatures in the order of -50°C. Despite similar efficacy as conventional radiofrequency ablation, this technique is mainly limited to PVI. Recent optimization of the combination of time and power for energy delivery, referred to as high-power-short-duration radiofrequency ablation, has provided partial improvement to the issue of procedure time. Nevertheless, none of these attempts do fully address the other and more significant issues related to thermal ablation.

Indeed, the ideal energy and approach to safely and effectively ablate arrhythmia would require the following properties:

• they must be tissue-specific, i.e., the physician must be able to target only the myocardium; • they must be versatile and readily implementable with the catheter technology and protocols available; • they must be fast to deploy and reliable in terms of lesion transmurality and durability.

Historically, the first attempt to ablate arrhythmic circuits saw the use of DC current in the 1980s to create plasma membrane pores, which eventually killed cells by prolonged electroporation. Nevertheless, the delivery of high energy exposed the patients to severe risks of barotrauma and arcing and was soon substituted by RF ablation in the 1990s. Recent technologies can significantly reduce the duration of the DC energy pulse, as well as better control the shape of high-power ones. Indeed, the use of high-power-short-duration pulses has proven effective to treat solid tumors, an has been extensively studied for cardiac application. In this chapter we will summarize the use of electroporation for cardiac ablation purposes til the clinical introduction as pulsed field ablation (PFA). We will then explore mathematical and in silico approaches to better understand and plan PFA therapies. Ultimately we outline open issues that we feel need to be addressed in terms of fundamental and applied knowledge for the safe and effective spreading of PFA and its potentially paradigm-shifting benefits in cardiac electrophysiology. 2 From irreversible electroporation to pulsed field ablation

Electroporation is a complex biological phenomenon in which the application of high intensity electric fields induces the formation of hydrophylic pores across the plasma membrane of living organisms. The electric field can be applied in several different ways, but always in the form of a single pulse or a sequence of identical pulses packed in a burst. Due to the highly heterogeneous use of pulse shapes and confusion in the parametric definition, we provide a short list (Table 1) and a graphic representation (Fig. 2) of the parameters of interest and their definition throughout this chapter for the readers' reference.

The initial observations of field-induced defects in the cell membranes were followed by extensive application in cellular biology, mostly for the introduction of non-permeant molecules (e.g., drugs or plasmid DNA) into temporarily permeabilized cells in vitro. It was observed that when a sufficient level of electrical energy is supplied to the plasma membrane, the nanodefect density and stability are elevated so that their closure is energetically impaired. Thus, the cell membrane permeability changes are described as long-lasting, permanent, or irreversible, as observed in vitro and in vivo. There was evidence that secondary biochemical events caused by these defects (e.g., exhaustion of adenosine triphosphate, osmotic and electrolytic imbalance) can be potentially more damaging than membrane defects themselves. Remarkably, the major electroporation-induced damages occur within minutes or hours after the pulse application. This suggests that non-thermal irreversible electroporation (IRE) is the trigger of apoptotic processes at the cellular level. Together with the heterogeneous use and reporting of electroporative pulses, the cellular studies on cardiomyocytes are surprisingly limited, thus complicating the cell-specific translation of the results into clinical trials.

In the following sections, we provide an overview of the available preclinical knowledge on the phenomenon of cardiac IRE and its application in PFA, as well as clinical reports thereof. 

Preclinical investigation

The cellular and in vitro characterization of IRE is challenging, mostly due to the difficulty and laboriousness in isolating adult cardiomyocytes, particularly from large animals. Therefore, most of the available literature deals with IRE evaluation on cardiac cell lines. A unique case is represented by the first study on rat ventricular cardiomyocytes in 2008 by Xavier de Oliveira et al. Although their aim was to study how to prevent deleterious effects of cardioversion via IRE, they reported the first IC50 for cell death (50 V/cm). Moreover, this is the first report that calcium is necessary for the mechanism of irreversible cardiac injury upon electroporation [START_REF] De Oliveira | (????) Lethal effect of electric fields on isolated ventricular myocytes[END_REF]. This does not exclude other mechanisms possibly involved in cellular death. Feng et al. demonstrated that upon IRE in suspensions of HL-1, a significant amount of proteins is either lost (probably diffusing through the membrane pores) or denaturated [START_REF] Liu | ???) The role of protein loss and denaturation in determining outcomes of heating, cryotherapy, and irreversible electroporation on cardiomyocytes[END_REF].

The individuation of a cardiac-specific threshold for IRE is common to several cellular studies: Kaminska et al. showed how H9C2 cardiac myoblasts display a threshold for induced cell death (measured by MTT assay after 24 h) at 375 V/cm [START_REF] Kaminska | ????) Electroporation-induced changes in normal immature rat myoblasts (h9c2)[END_REF]. Avazzadeh et al. studied the sensitivity of different cell line suspensions to IRE protocols, and noted that the HL-1 atrial cell line has a higher sensitivity than fibroblast-like and neuron-like cell lines [START_REF] Avazzadeh | ????) Establishing irreversible electroporation electric field potential threshold in a suspension in vitro model for cardiac and neuronal cells[END_REF]. This is remarkable if we consider that cell lines in suspensions have roughly the same spheroidal shape, thus pointing at different mechanisms -other than geometrical features -that determine cardiomyocyte sensitivity to IRE.

Dermol-Černe et al. also reported how electroporation (and presumably IRE) is dependent on the cell orientation with respect to the electric field in H9C2 and AC16 cell lines: interestingly nanosecond pulses caused more pronounced electroporation of the cells with perpendicular orientation, whilst the effects of microsecond pulses are not affected by cell orientation, and longer micro-to millisecond pulses have more effect on cells with parallel orientation. These observations, although at the single cell level, are of great importance for tissue with high anisotropy, such as the myocardium [? ]

A seminal functional 2D in vitro study was presented recently by Hunter et al. [START_REF] Hunter | ????) In vitro cell selectivity of reversible and irreversible[END_REF]. Comparing different monolayer structures, including one of neonatal rat ventricular cardiomyocytes, they observed that electrode-to-monolayer distance inversely affects cardiac cell death probability, which nevertheless display an increased cell-type sensitivity to a symmetrical square biphasic shocks with a fixed duration of 10 ms. Furthermore, functional and permanent conduction block occurred when 50% to 80% of the cells near the electrode were killed, thus giving an interesting evidence of the correlation between damage and long-lasting effects.

In a unique ex vivo study in Langendorff perfused rabbit hearts, Wang et al. studied the effect of defibrillation shocks to procure acute and chronic electroporation observed by PI staining, reporting the acute and recoverable effects of IRE 45 min after shock [START_REF] Wang | ???) Electroporation induced by internal defibrillation shock with and without recovery in intact rabbit hearts[END_REF].

Despite these interesting cellular studies, most of the preclinical studies were and are carried out in vivo. The first substantial set of works addressing cardiac ablation via PFA has been produced since 2012 by the team of Fred Wittkampf. A peculiarity of the work by this team and its later members is the use of monophasic exponential pulses delivered by a Lifepak 9 defibrillator (Physio-Control Inc., Redmond, WA, USA) against a reference patch, similarly to radiofrequency ablation. Consistently, they reported their single-pulse applications mainly in Joules, the unit displayed by the device. In their first open-chest porcine in vivo study, they tested two circular custom-made catheters to deliver -10-200 J shock on the epicardium [START_REF] Wittkampf | ????) Myocardial lesion depth with circular electroporation ablation[END_REF]. They report smooth, carbonization-free pulses with voltage ranges between 950 and 2150 V and a peak current between 15 and 37 A at a pulse duration of <10 ms. The lesion size increased proportionally to the energy delivered, with multi-polar catheters fusing their individual effects at higher energies. This first paper is of key importance because it highlighted already some key issues with PFA, notably that tissue-specific regional differences and/or reference position might create preferential current paths that affect lesion formation (deducted by reporting on unanticipated shape, in terms of width and depth, of few lesions).

Unanticipated lesion shapes in the ventricle were also reported by the group of Zdenek Starek at FNUSA-ICRC, where they used a set of biphasic ECG-triggered bursts and reported the formation of "doughnut-shaped" lesions across the interventricular septum, with a core of surviving cardiomyocytes (Fig. 3) [START_REF] Caluori | ????) AC pulsed field ablation is feasible and safe in atrial and ventricular settings: A proof-of-concept chronic animal study[END_REF].

Koruth et al. recently reiterated the difficulty in creating transmural lesions with biphasic pulses: they used the Farapulse Inc. (Menlo Park, CA, USA) bipolar catheter and delivery protocol targeted to the left and right ventricle in 4 endovascular porcine models. The compact and homogeneous lesions produced had an average depth of 6.5±1.7 mm, insufficient to ablate transmurally across the whole ventricle [START_REF] Koruth | ????) Endocardial ventricular pulsed field ablation: a proof-of-concept preclinical evaluation[END_REF]. Yavin et al. reported how the chronic lesions from the use of PFA in the ventriclespecifically using the Sphera9 lattice catheter (Affera Inc., ) -change significantly between single and multiple (i.e., four) applications at the same locations. From their results, it appears that with the tested PFA protocols they were unable to achieve depths typical of the ones achievable with the same catheter and RFA, thus suggesting the need for PFA optimization [START_REF] Yavin | ????) Pulsed-field ablation in ventricular myocardium using a focal catheter[END_REF]. All groups reported no occurrence of ventricular arrhythmia during delivery.

Wittkampf's group is not the only one to dedicate substantial effort to develop specialized catheters: the group led by Samuel Asirvatham at the Mayo Clinic has proposed for instance a multipolar balloon catheter for the circular delivery of monophasic electroporative pulses, with included the drug-eluting possibility and appropriate acute safety [START_REF] Desimone | ???) Novel balloon catheter device with pacing, ablating, electroporation, and drugeluting capabilities for atrial fibrillation treatment-preliminary efficacy and safety studies in a canine model[END_REF]. Stewart et al. successfully tested the PVAC Gold circular catheter and ECG-gated delivery system by Medtronic for bipolar PFA delivery and showed the formation of transmural atrial lesions [START_REF] Stewart | ???) Intracardiac pulsed field ablation: Proof of feasibility in a chronic porcine model[END_REF]. A subsequent study on energy titration showed that low-dose (±700 V) pulses are also effective in the atria to produce durable lesions, at least at the right atrial location identified [START_REF] Stewart | ????) Safety and chronic lesion characterization of pulsed field ablation in a porcine model[END_REF]. Yavin et al. describe the safety and feasibility of the Affera lattice catheter, which was designed to make focal lesion similarly to the ones produced by RFA [START_REF] Yavin | ???) Pulsed field ablation using a lattice electrode for focal energy delivery[END_REF], as well as the use of a new Biosense-Webster "LASSO" catheter (VARIPULSE) [START_REF] Yavin | ???) Circular multielectrode pulsed field ablation catheter lasso pulsed field ablation[END_REF], with similar targets, endpoints and reported efficacy to create lesions. We mention more commercial systems with their dedicated technology in the next paragraph. Despite the research for a dedicated technology, Caluori et al. reported that commercially available diagnostic and ablation catheters can reliably produce transmural lesions with biphasic burst trains, although they did not verify compatibility of their PFA strategy with current electrophysiological recording systems and mapping during delivery (catheters and their sensors were without charring and functional after all applications) [START_REF] Caluori | ????) AC pulsed field ablation is feasible and safe in atrial and ventricular settings: A proof-of-concept chronic animal study[END_REF].

Neven et. al tested the possibility of performing epicardial linear lesions with a custom device, where the contact between electrode and tissue was assured by a suction cup. They reported successful lesion formation with a single application of 30-100-300 J, with proportionally increasing lesion dimensions and wall shrinking at higher energy, but no coronary intraluminal damage [START_REF] Neven | ????) Epicardial linear electroporation ablation and lesion size[END_REF]. This finding is a key proof that PFA induced by IRE is tissue-specific and safer than thermal ablation. The team further assessed the feasibility and safety of their method for closed-chest epicardial ablation [START_REF] Neven | ????) Myocardial lesion size after epicardial electroporation catheter ablation after subxiphoid puncture[END_REF][START_REF] Neven | ????) Safety and feasibility of closed chest epicardial catheter ablation using electroporation[END_REF]. Safety and specificity issues have been further addressed by performing PFA directly against several vulnerable regions:

• Pulmonary veins, where van Driel et al. observed that 200 J PFA shocks might lead to initial lumen diameter decrease (11±10% directly after ablation) but at 3 months, the lumen diameter was increased compatibly with animal growth. This behavior can be due to reversible vascular spasm and does not lead to chronic stenosis as shown in the RF control group [START_REF] Van Driel | Wittkampf FH (????) Pulmonary vein stenosis after catheter ablation[END_REF]. These findings are also confirmed by work in a chronic canine model by Witt et al., where they reported transmural intraluminal lesions after monophasic PFA delivery, without stenosis (although with partial nerve damage at the location of the ganglionated plexus / intrinsic cardiac autonomic nervous system) [START_REF] Witt | ???) Intrapulmonary vein ablation without stenosis: A novel balloon-based direct current electroporation approach[END_REF]. The evidence of reduced stenosis upon PFA is reported also by Howard et al., who saw no damage to the lung structures with PFA [START_REF] Howard | ????) Reduction in pulmonary vein stenosis and collateral damage with pulsed field ablation compared with radiofrequency ablation in a canine model[END_REF]. • Phrenic nerve, where van Driel et al. reported that a 200 J shock at the location of the nerve -identified by endovascular capture in the superior caval veincreates transmural circular lesions and does not affect the short-term and longterm functionality of the nerve [START_REF] Van Driel | Wittkampf FHM (????) Low vulnerability of the right phrenic nerve to electroporation ablation[END_REF]. Interestingly, Padmanabhan et al. tested a percutaneous epicardial ablation of ganglionated plexi, showing successful nerve alteration after 4 months without adipose or myocardial involvement [START_REF] Padmanabhan | ???) Electroporation of epicardial autonomic ganglia: Safety and efficacy in medium-term canine models[END_REF]. This last study secondarily shows how fat pads and infiltrates can shield the sensitive myocardium from PFA, thus possibly preventing optimal delivery. • Esophagus, where shock delivery directly above the adventitia led to transient formation of intraepithelial vesicles (quickly disappearing) and small scarring in the outer layer of the muscular layer, generally preserving the tissue architecture [START_REF] Neven | ????) Acute and long-term effects of full-power electroporation ablation directly on the porcine esophagus[END_REF].

Despite these remarkable contributions, monophasic pulses are known to lead to gas formation through electrolysis, a phenomenon which could cause gaseous microemboli in the systemic circulation and especially cause stroke in the brain. Biphasic pulses do not seem to be affected by this issue, as demonstrated by Caluori et al. by intracardiac echocardiography [START_REF] Caluori | ????) AC pulsed field ablation is feasible and safe in atrial and ventricular settings: A proof-of-concept chronic animal study[END_REF]. However, van Es et al. tested the formation of gaseous byproducts after monophasic shocks, noticing that gas formation is proportional to energy delivered, and asymmetric between cathode and anode, with cathodal (i.e., negative phase on the applicator with respect to the isoline) [START_REF] Van Es | ????) In vitro analysis of the origin and characteristics of gaseous microemboli during catheter electroporation ablation[END_REF]. This was confirmed in vivo in an endocardial porcine model of atrial delivery, with remarkable gas production increase for cathodal pulses (0.6±0.6 µL for anodal and 56.9±19.1 µL for cathodal applications, measured by a femoral bubble counter) [START_REF] Groen | ????) In vivo analysis of the origin and characteristics of gaseous microemboli during catheter-mediated irreversible electroporation[END_REF].

In dogs, which have a similar cerebral vasculature as humans, they did not observe cerebral infarction by either MRI or histophathology after multiple 200 J anodal applications [START_REF] Neven | ???) Absence of (sub-)acute cerebral events or lesions after electroporation ablation in the left-sided canine heart[END_REF]. While this suggests that monophasic millisecond PFA is safe for the brain, it puts emphasis on the need to carefully characterize each pulse shape and specific application for systemic safety. Most recently, Neven et al. described the acute vs. chronic changes in seven pigs ablated with the custom linear electrode previously described. In their histological examination of lesions obtained in the first hour after shock delivery, they describe transmural oedema accompanied by a necrotic hypercontracture band in cardiomyocytes with eosinophilic infiltrates (the area is later substituted by connective tissue consistent with replacement fibrosis) [START_REF] Neven | (????) Characteristics and time course of acute and chronic myocardial lesion formation after electroporation ablation in the porcine model[END_REF]. The authors claim that PFA effects can be clinically tested without the waiting periods typically needed for thermal ablation.

Clinical investigation

Pulmonary vein isolation (PVI) to treat paroxysmal atrial fibrillation has been the first target of PFA clinical validation. Reddy et al. were the first in 2018 to report the safety and efficacy of PFA delivery with Farapulse protocols (then "Iowa Approach") performed in 22 patients with both endovascular and surgical catheters. The quasitotal acute efficacy was remarkable when considering the total intervention time, limited to 67±10.5 min [START_REF] Reddy | ???) Ablation of atrial fibrillation with pulsed electric fields: An ultra-rapid, tissue-selective modality for cardiac ablation[END_REF]. The Farapulse PFA protocol, as it is deducible from the literature, is a single biphasic burst of ca. 500 ms in length (pulse width and period unknown) applied bipolarly across the splines of the Faraware catheter designed for PVI. A maximum amplitude of 2 kV of the generator imposes an electric field in the tissue of 4 kV/cm, roughly ten times higher than the reported IRE threshold for cardiomyocytes. Multiple applications at the same site were performed b rotating the catheter to ensure good contact on the whole circular site of ablation. Three clinical trials have been carried on and reported so far with this technology, the IMPULSE, PEFCAT, and PEFCAT II, of which Reddy et al. provide a comprehensive summary in a recent work [START_REF] Reddy | ????) Pulsed field ablation of paroxysmal atrial fibrillation: 1-year outcomes of IMPULSE, PEFCAT, and PEFCAT II[END_REF]. The main results are symbolic of the promise of PFA for the treatment of arrhythmia and are summarized below and in Fig. 4:

• Among the 121 patients enrolled and followed-up, acute PVI was achieved in 100% of them (7.2±2.2 ablation lesions per PV and 28.1±8.5 lesions per patient). • The listed safety endpoints were reached in 2.5% of the treated patients (pericardial effusions probably due to aggressive catheter manipulation and vascular hematoma). • The shape of the pulse the optimization of the application led to a durable isolation, observed in remapping after 3 months: 96.0% of PVs (n = 166 of 173) and 84.1% of patients (n = 37 of 44). With the initial protocol 45.2% of PVs were isolated and all PVs in 18.1% of patients, stressing how dramatic the choice of the pulse features is. • The survival analysis at 1 year follow-up showed freedom from AF was 81.1±3.8% and freedom from AF/AFL (atrial flutter) or AT (atrial tachycardia) was 78.5±3.8% in the overall cohort. • The total area affected by PFA for PVI is comparable with the one affected by thermal methods [START_REF] Kawamura | ???) How does the level of pulmonary venous isolation compare between pulsed field ablation and thermal energy ablation (radiofrequency, cryo, or laser)?[END_REF]. • The area and the level of PV antral isolation with PFA does not seem to reverse over time, offering reassurance for the durable treatment of paroxysmal AF [START_REF] Kawamura | ???) Does pulsed field ablation regress over time? a quantitative temporal analysis of pulmonary vein isolation[END_REF]. Nevertheless, this might not be true all across the heart, since it has been shown that -although using a different catheter -there is a degree of reversibility when targeting the atrial posterior wall to treat persistent AF, stressing again the possible existence of regional levels of myocardial susceptibility to PFA (PersAFOne trial [START_REF] Reddy | ????) Pulsed field ablation of paroxysmal atrial fibrillation: 1-year outcomes of IMPULSE, PEFCAT, and PEFCAT II[END_REF]).

Of course the Farapulse system is not the only technology and protocol currently under validation in the open market for PFA-based therapies. Verma et al. reported on the first PVI in-human trial (PULSED AF) with the PulseSelect catheter and system for PFA produced by Medtronics, a direct evolution of the PVAC system. The protocol, in this case, consists of 4 bipolar bursts of 100-200 ms after a low-pulse check for phrenic nerve capture during a single cardiac cycle. Several applications per vein are repeated by rotating the catheter. Acute isolation was achieved in 100% of the 38 patients, with no side effects at 30 days related to PFA and temperature increases at the electrode level in the order of 2 [START_REF] Verma | ????) First-in-human experience and acute procedural outcomes using a novel pulsed field ablation system: The PULSED AF pilot trial[END_REF].

Another interesting system, mostly for its ability to toggle between RFA and PFA, is the aforementioned Affera system, which uses a mapable spherical lattice catheter (Sphera9), which is specifically designed to deliver focal lesions. In a complex reporting of their first in human trial, the authors report on the combined use of RFA+PFA or solely PFA to achieve acute PVI and conduction block without adverse events in 76 patients. Acute electrical isolation was 100% effective in the 152 ipsilateral PV pairs targeted, with 19% requiring additional ablations. Mitral isthmus, cavotricuspid isthmus, and left atrium roof lines also successfully led to conduction block in 100%. One patient presented a femoral vascular hemorrhage, while no patient presented oesophagus lesions with only PFA. Silent asymptomatic brain lesions were observed in 5.9% of the examined patients. The authors discuss, while stating that this rate is compatible with other studies and does not induce neurocognitive damages, that a better anticoagulative monitoring during the procedure can be beneficial [START_REF] Reddy | ???) Lattice-tip focal ablation catheter that toggles between radiofrequency and pulsed field energy to treat atrial fibrillation[END_REF].

Single-shot monophasic pulses have also been tested in clinical settings. In a small study of 10 patients, Loh et al. in 2020 showed that acutely all veins can be isolated by 2 applications of 200 J, 6 ms pulse via a custom non-deflectable 14-polar circular ablation catheter with a variable hoop diameter (16-27 mm). The peak voltage and current were reported as 2154±59 V and 33.9±1.6 A, and the multiple applications are considered to change position of the catheter and assure full circular contact with the tissue [START_REF] Loh | Doevendans PA (????) Pulmonary vein isolation with single pulse irreversible electroporation[END_REF].

PFA presents several challenges for (extra)cardiac imaging and assessment of long-term ablation efficacy. For instance, Nakatani et al. [START_REF] Nakatani | ????) Pulsed field ablation prevents chronic atrial fibrotic changes and restrictive mechanics after catheter ablation for atrial fibrillation[END_REF] reported specific characteristics of PFA lesion progression during a single-center small chronic cardiac MRI study on patients affected by paroxysmal AF and treated with PFA (N = 18) or thermal ablation (N = 23, 16 with RFA and 7 with cryo-ablation). They observed that acutely (<3 h post-ablation), late-gadolinium enhancement (LGE) volume was 60% larger after PFA compared to thermal ablation (p < 0.001), and oedema on T2 imaging was 20% smaller (p = 0.002). Tissue changes were more homogeneous after PFA than after thermal ablation, with no sign of microvascular damage or intramural hemorrhage. In the chronic stage (3 months post-ablation), the majority of acute LGE had disappeared after PFA, whereas most LGE persisted after thermal ablation. The maximum strain on PV antra, the left atrium expansion index, and left atrium active emptying fraction declined acutely after both PFA and thermal ablation but recovered at the chronic stage only with PFA. Imaging via LGE also allowed assessing the differential damages to the oesophagus and the aorta in a small study of 41 patients, where PFA showed its ability to spare the oesophageal structures (compared visible changes in 43% of patients with thermal methods), and interestingly a transitory change of the aortic wall (comparable with thermal method changes) of still unknown mechanism [START_REF] Cochet | ????) Pulsed field ablation selectively spares the oesophagus during pulmonary vein isolation for atrial fibrillation[END_REF]. This study in particular reminds clinicians of the extra-cardiac effect of PFA, despite the overwhelming changes observed in the myocardium.

Modeling electroporation to aid clinical therapy

Modeling the mechanisms and the effects of high-voltage shocks can be of enormous assistance to PFA design and evaluation. Nevertheless, the possibilities in this field are still quite limited. The electroporation modeling of non-excitable tissues is most of the time described by the following nonlinear electrostatic model [START_REF] Sel | ????) Sequential finite element model of tissue electropermeabilization[END_REF][START_REF] Ivorra | ????) In vivo electrical conductivity measurements during and after tumor electroporation: conductivity changes reflect the treatment outcome[END_REF][START_REF] Neal | (????) Successful treatment of a large soft tissue sarcoma with irreversible electroporation[END_REF][START_REF] Thomson | ????) Introduction to irreversible electroporation-principles and techniques[END_REF]. The tissue is described as a conductive medium, whose conductivity 𝜎 depends on the amplitude of the electric field E = -∇𝑉. The model reads then

-∇ • (𝜎(∥∇𝑉 ∥)∇𝑉) = 0, in Ω, (1a) 
𝑉 | E ± = 𝑔 ± , on the active electrodes,

where E ± denotes respectively the activated anode and cathode needles used for the pulse delivery, is the boundary of the domain Ω deprived of the activated needles, and 𝑔 ± are the Dirichlet data (applied voltages) at the needle E ± . Different conditions at the boundary of the domain Ω can be used (Neumann conditions if the domain is isolated, Dirichlet if the domain is set to the ground or Fourier-Robin to enable the electric flux to go out of the domain of computation). For small domains of computation (for instance to reduce the computational costs), the choice of the boundary condition is crucial and impacts the computation of the electric field markedly and thus requires particular attention. The classical description of tissue conductivity consists of a 4-parameter sigmoid function1 describing phenomenologically the increase of electrical conductivity due to the magnitude of the electric field:

∀𝜆 ≥ 0, 𝜎(𝜆) = 𝜎 0 + 𝜎 1 -𝜎 0 2 (1 + ((𝜆 -E th ))) , (2) 
where 𝜎 0 is the conductivity of the non-electroporated tissue, 𝜎 1 is the tissue conductivity of the fully porated tissue, E th is the threshold amplitude for electroporation, and is the slope of the nonlinearity.

This model has been extensively used in the context of tumor ablation by electroporation. For treatment planning purposes, the teams of Davalos and Miklavčič proposed different numerical procedures to optimize the needle positioning [START_REF] Davalos | (????) Implications and considerations of thermal effects when applying irreversible electroporation tissue ablation therapy[END_REF][START_REF] Zupanic | ????) Treatment planning of electroporationbased medical interventions: electrochemotherapy, gene electrotransfer and irreversible electroporation[END_REF][START_REF] Garcia | ????) Predictive therapeutic planning for irreversible electroporation treatment of spontaneous malignant glioma[END_REF] to help clinicians determining the best localization of the needle. Poignard et al. used this model for procedural-dependent treated area computation [START_REF] Gallinato | ????) Numerical workflow of irreversible electroporation for deep-seated tumor[END_REF][START_REF] Lafitte | ????) Patch-based field-of-view matching in multi-modal images for electroporation-based ablations[END_REF] to give a feedback on the procedure to clinicians. It is worth noting that other models have been developed but to our knowledge they are not used for clinical applications due to the high number of parameters. One can refer to the review by Jankowiack et al. [START_REF] Jankowiak | ????) Comparison and calibration of different electroporation models. application to rabbit livers experiments[END_REF] for a comparison of the existing models.

The model in equation ( 1) enables to provide a quite accurate description of the electric field distribution, at least for IRE purposes. Indeed, in IRE, the number of microsecond pulses is so high (several tens of bursts of about 100 µs pair-to-pair) that it is likely that the static state is reached, justifying the use of equation [START_REF] Avazzadeh | ????) Establishing irreversible electroporation electric field potential threshold in a suspension in vitro model for cardiac and neuronal cells[END_REF]. The typical information that can be obtained thanks to the modeling are the isolines of the electric field displayed on the medical images (see for instance Fig. 5) to assess the coverage of the tumor by the electric field. 1)) in the medical image (here the CBCT) framework. Isolines at 300 V/cm (green), 500 V/cm (red), and 750 V/cm (blue) are plotted on the CBCT. From Gallinato et al. [START_REF] Gallinato | ????) Numerical workflow of irreversible electroporation for deep-seated tumor[END_REF].

Current open issues with pulsed field ablation and conclusions

With this overview, we can deduce several topics which are still source of debate and object of research, regarding both IRE and PFA.

• What causes the high susceptibility of cardiomyocytes to high-voltage shocks and cellular death induced by IRE? Different mechanisms are possibly involved, as the relative orientation of the cell (which we saw in some conditions might present differences for elongated cells), its excitable nature (which determines ion fluxes across the membrane and potentially damaging calcium mishandling), and its contractile function (which makes it highly reliable on the tight balance between ATP production and consumption). Observing these phenomena is highly laborious and challenging, and we might still miss the important cell-by-cell interactions which might spread or limit the damage through gap junctions. While cells are essential, the use of more comprehensive systems, such as biomimetic slices, might be of better use to translate the results to PFA. • How is PFA affected by tissue heterogeneity and procedural parameters? PFA works so far excellently in the atrial compartment, where the wall thickness and the tissue orientation is reduced compared to the ventricle. Nevertheless, our current knowledge already shows that transmural lesions in the ventricle cannot be readily produced with the PFA delivery protocols used for atrial fibrillation therapies. Whether this is simply due to tissue thickness or anisotropy, we do not know yet. Furthermore, we do not know how existing scarring and fibrofatty infiltration might affect the lesion formation with PFA even in the atria, an important issue for the ablation of more complex arrhythmia such as persistent atrial fibrillation -preclinical data suggest an unclear insulating role of adipose tissue, and fibrosis is not considered since the animals were all healthy models. Substantial work employing imaging and tissue characterization is still needed on this matter. • PFA for cardiac tissue needs improvements on the modeling side. Indeed, the electrostatic model seems relevant for non-excitable tissues, but excitable tissues are usually described as a biphasic domain, where the extracellular and the intracellular phases play a major role in the transmembrane propagation. The corresponding model, the so-called bidomain model, thus involves two conductivities: intracellular and extracellular. It is not trivial how to adapt the electroporation model (equation ( 1)) to such biphasic models. It is worth noting that Voyer et al. proposed a biphasic model for electroporation that could be used in cardiology, but still the impact of the electropermeabilizing field on the ion channels has to be investigated. Another challenging issue is the post-pulse modeling of cardiac tissue. Indeed, these are composed of very different types of cells among them fibroblasts, which can proliferate and cardiomyocytes, which do not proliferate. Moreover, unlike radiofrequency ablation, PFA does not generate fibrosis, which can play a role in the relapse of fibrillation. In particular, from the numerical view point, it is not clear how to transmit the information from a non-affected region (where the bidomain model with the ion channel activity holds) with a treated region, where most of the cardiomyocytes were killed. These transmission conditions are under investigation, and they could provide a first step in better understanding the PFA on cardiac tissue.

Finally, in the introduction we highlighted a few key ideal properties of an ablation energy and approach to treat cardiac arrhythmia. Based on the overview presented in this chapter, we can attempt to answer whether PFA, and electroporation at its base, fit these ideal properties:

• It must be tissue-specific, i.e., the physician must be able to target only the myocardium: PFA has proven to be remarkably tissue-selective for the myocardium, which has been the main appeal since its re-introduction in the clinical field. • It must be versatile and readily implementable with the catheter technology and protocols available: despite the extensive ongoing commercial development of new catheters and dedicated systems, we believe certain PFA applications are already applicable with the existing catheter technology. High-voltage generators need an ad hoc design and the therapeutic protocols used to treat atrial arrhythmia so far could be smoothly translated from thermal ablation to PFA. • It must be fast to deploy and reliable in terms of lesion transmurality and durability: PFA lesions seem durable and the combination of catheter geometries and tissue sensitivity allow for a substantial reduction of intervention time compared to the existing standard.

In conclusion, we can hope -while carrying on with the necessary improvements and filling the fundamental knowledge gaps -that PFA will hold up to its promise to revolutionize the interventional treatment of cardiac arrhythmia.

Fig. 2

 2 Fig. 2 PFA parameters and their definition.

Fig. 3

 3 Fig. 3 Expected and unexpected PFA lesions across the interventricular septum, observed by Masson's trichrome staining. On the left, a continuous lesion with wall shrinking localized as shown on the inset showing a 3D rendering of the heart. On the right, a more basal lesion containing a surviving core or myocardium, encircled by a "doughnut-shaped" fibrotic area. Adapted with permission from [2] under the Creative Commons Attribution 4.0 International License.

Fig. 4

 4 Fig. 4 Summary of the results from the IMPULSE, PEFCAT I/II trials, indicating the putative mechanism, safety and therapeutic outcomes.

Fig. 5

 5 Fig. 5 Example of treatment assessment of hepatic tumor ablation by IRE. The electric field is computed with the electrostatic model (equation (1)) in the medical image (here the CBCT) framework. Isolines at 300 V/cm (green), 500 V/cm (red), and 750 V/cm (blue) are plotted on the CBCT. From Gallinato et al.[START_REF] Gallinato | ????) Numerical workflow of irreversible electroporation for deep-seated tumor[END_REF].

Table 1

 1 List of parameters and definitions relevant for electroporation and PFA

	Parameter name	Unit	Definition
	Amplitude	V a	Peak voltage imposed between electrodes (can be positive
			or negative)
	Pulse width	ms -µs	Duration of a single high-voltage stimulus
	Interphase gap	ms -µs	Time between the positive and negative phase of a biphasic
			stimulus
	Pulse period	s -µs	Duration of a single stimulus
	Burst length b	s -µs	Duration of the sequential pulse periods
	Interburst interval	s -ms	Time between two pulse trains

a Usually coupled with data on current (in A) b Also referred to as "application"

The choice of the sigmoid function does not seem essential according to Ivorra, Villemejeanne, Mir[START_REF] Ivorra | ????) Electrical modeling of the influence of medium conductivity on electroporation[END_REF], likely because of the lack of experimental data. In the code we took a hyperbolic tangent but the function can be preferred.
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