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ABSTRACT 

Over the past three decades, advancements in mapping technologies have significantly 

improved our understanding and treatment of ventricular arrhythmia (VA). Despite these 

advancements, long-term success rates for catheter ablation (CA) in structural heart disease (SHD) 

have plateaued, highlighting the need for mechanistic and translational studies to refine our 

understanding of arrhythmogenesis and improve current CA strategies. This thesis addresses the 

challenge of treating VA with catheter ablation, identifying knowledge gaps in the field and 

focusing on identifying and abolishing the arrhythmogenic substrate conducive to these 

arrhythmias.  

In Chapter 2, we complete the first published systematic review of the evidence comparing 

antiarrhythmic drugs (AADs) and CA for premature ventricular contractions (PVCs), finding the 

need for improved patient centred randomised data incorporating currently used ablative 

technologies.  

In Chapter 3, we validate image integration of cardiac magnetic resonance imaging (CMR) 

scar and CMR channels in an ovine model with meticulously co-registered whole heart 

histopathology, CMR and high density electroanatomic mapping. We found that CMR channels at 

sites of deceleration zones (DZs), which can be considered functional arrhythmogenic substrate, 

had higher intra channel adiposity but similar fibrosis than regions without DZs, suggesting that 

lipomatous metaplasia and not just fibrosis is an important driver of  arrhythmogenicity of 

postinfarction scar. 
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Chapter 4 described an intervendor comparison of ADAS-3D and inHEART software for 

CMR image integration. We found that both are effective in identifying endocardial and intramural 

histological scar (with poorer performance in the epicardium). Nevertheless, both performed 

comparably to identify VT critical sites in human patients.  

In Chapter 5, novel signal processing and machine learning algorithms are trained on 

endocardial intracardiac electrograms to determine histological scar and its depth. These strategies 

offer marked accuracy (greater than 95%) to identify intramural and epicardial scar substrate even 

from endocardial mapping offering significant improvements over voltage scar maps. These 

findings are leveraged to create an open-source code that can create readily importable into EAM 

scar depth maps from whole heart chamber mapping.  

Chapter 6 turns our attention to ablation of VA, describing a pilot case series of pulsed 

field ablation (PFA) for treating intracavitary PVCs, showing promising results but requiring 

further validation.  

Finally in chapter 7, this thesis discusses the design of a pragmatic randomised controlled 

trial (RCT) to compare stereotactic body radiotherapy (SBRT) against standard care for VA 

treatment, with patient recruitment underway. 

Overall, this work offers incremental but important improvements in VA ablation, 

validating and developing new strategies for identifying and abolishing VA substrate. These 

contributions aim to advance the field towards control and hopefully cure of these deadly 

arrhythmias. 

 

 



Chapter 1 

 1 

1 LITERATURE REVIEW  

1.1 Introduction 

Sudden cardiac death, which involves unexpected death or cardiac arrest from 

cardiovascular causes, is a leading cause of mortality in Australia, claiming 15,000 lives annually.1 

The common precursor to such deaths, often in the context of an underlying structural heart disease 

(SHD), are ventricular arrhythmias (VA) which arise from the lower chambers of the heart. VAs 

encompass a broad range of conditions including premature ventricular complexes (PVCs), 

ventricular tachycardia (VT) and ventricular fibrillation (VF) which often present as important 

clinical events in a patient’s life and can portend significant morbidity and more devastatingly, 

premature death.2  

Treatment for VA to prevent SCD includes implantable cardioverter defibrillators (ICDs).3 

These are invasive, have significant morbidity of their own4-6 and can cause inappropriate 

shocks.7,8 Further, ICDs are not infallible, with up to one-third of patients with ICDs dying from 

SCD despite the device and a further 17% having ICD related pro-arrhythmia, itself instigating 

SCD.9 Another treatment modality is medications with anti-arrhythmic drugs, which themselves 

can have side-effects and variable efficacy.10,11 Finally, catheter ablation (CA), an invasive 

electrophysiological procedure whereby the sites from which these VAs arise are identified and 

abolished, has been shown to improve morbidity and mortality in selected patients and in multiple 

randomised controlled trials (RCTs).12 Unfortunately, despite numerous advances in our 

procedural toolkit and capabilities over the last thirty years to perform CA for VAs, meta-

regression studies suggest no statistically significant incremental improvement in VA free survival 
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by publication time.13 These surprising (and somewhat sobering) data suggest that improvements 

are needed to refine patient selection and CA techniques to advance care for patients suffering 

VAs.  

Fundamentally the successful delivery of CA for VAs can be formulated into two separate 

but intrinsically linked clinical problems that the electrophysiologist must solve. These are (1) the 

identification of the complete arrhythmogenic substrate from which VAs arise and (2) adequate 

lesion formation at these sites such as to abolish this substrate. Indeed, studies of long-term CA 

failure suggest that in two-thirds of cases, VT sites identified on the subsequent procedure are at 

(or close to) sites previously targeted whilst one-third are in new sites, suggesting that both 

problems are inadequately addressed by current approaches and technologies.14 A significant 

impediment to solving these problems are that VA substrate (and circuitry) are often located three-

dimensionally within the myocardium.15,16 That is, these VAs arise from variable components of 

the endocardium, intramural space and the epicardium. This makes identifying the entire 

arrhythmogenic substrate difficult and furthermore limits penetration of lesion delivery.17 To 

address this problem, innovative approaches to VA CA are needed.  

Such innovations can include addressing current limitations in invasive electroanatomic 

mapping (EAM) of the substrate that gives rise to VAs.  Foundationally, our understanding of 

arrhythmogenic substrate has been developed from bipolar and unipolar electrograms generated 

through contact mapping of the ventricular myocardial surface.18 Electrogram features including 

amplitude (voltage)19 and fractionation20, conduction velocity21 and timing of the activating 

wavefront22 and responses to pacing manoeuvres23-26 can all be used to surmise the VA critical 

site. However often electrogram characteristics can depend on wall thickness of the ventricular 

myocardium, inter-electrode spacing, catheter contact quality, electrode orientation and direction 
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of the activating wavefront, all of which can obscure the underlying substrate.27 It is to be 

determined if novel computational strategies applied to the intracardiac electrogram, including 

machine-learning approaches, can improve the ability of the EAM to identify substrate and sites 

of interest. Furthermore, recent advances in multi-modality imaging have allowed fusion of 

intracardiac echocardiography28, cardiac magnetic resonance imaging (CMR)29 and multi-detector 

computed tomography (MDCT)30 with the EAM. The accuracy of such novel image-integration 

techniques, particularly with regards to their histological validation are unclear. Nevertheless, 

these innovative technologies offer potential to improve our understanding of the diseased 

myocardium (scar) in SHD and how such scar creates the arrhythmogenic milieu responsible for 

VA, potentially paving the way for improved procedural success. Finally, in terms of lesion 

delivery, traditional CA depends on radiofrequency (RF) ablation whereby heat energy is delivered 

to myocardial tissue to abolish and homogenise the underlying substrate. Cutting-edge 

technologies including pulsed field ablation (PFA)31 and stereotactic body radiation therapy 

(SBRT)32 offer promise in revolutionising lesion delivery, particularly to deeper arrhythmogenic 

substrate inaccessible to RF.  

The aim of this literature review is to critically examine (1) the clinical problem and 

underlying mechanisms of VA; (2) the landscape of current management of VA; (3) strengths and 

limitations of current invasive electroanatomic assessment of ventricular arrhythmogenic 

substrate; (4) the role of non-invasive imaging in unveiling arrhythmogenic substrate and finally 

(5) current and emerging strategies in lesion delivery to abolish this substrate. Through this we 

hope to identify key knowledge gaps and possible innovative solutions that can be explored to 

advance the field of CA of VA.  
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1.2 Ventricular arrhythmias – understanding the problem 

VA are defined by activation of the ventricles (lower chambers of the heart) independent of 

atrial conduction. This literature review has a specific focus on PVCs and VT, which are rhythms 

more commonly targeted for invasive EAM, non-invasive imaging and CA. These rhythms can 

also degenerate into VF, which in itself can be an arrhythmia targeted by CA.33  

1.2.1 Cardiac conditions giving rise to ventricular arrhythmias  

VAs can be broadly distinguished into idiopathic arrhythmias or those arising from an 

underlying structural heart disease.  

1.2.1.1 Idiopathic ventricular arrhythmias 

Idiopathic VAs arise in patients who have structurally normal hearts, that is, arrhythmias 

arising in the absence of identifiable myocardial scar. They contribute to a minority (approximately 

10%) of VA.34 In a recent community snapshot encompassing the Rochester Epidemiology Project 

database, these VA had a crude incidence of 48 per 100,000, of which two-thirds were 

symptomatic PVCs, 29% idiopathic VT and 5% idiopathic VA associated cardiomyopathy.35 In 

this same study, women had double the rates of symptomatic idiopathic PVCs than men, which 

may be a consequence of hormonal differences by sex36 and how such sex hormones affect 

activation of potassium channel activity.37 Conversely these differences could also be attributed to 

variable symptom perception and tendency to seek medical attention.35 In this study, Sirichand et 

al. also found that idiopathic VA diagnoses seem to be increasing over time. This trend is likely 

due to greater awareness and recognition of idiopathic VA, facilitated by improved access to 

ambulatory heart rate and electrocardiographic (ECG) monitoring. Nonetheless, these data 

highlight the growing clinical challenge that such arrhythmias present to clinicians.  
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Idiopathic VAs typically originate from specific anatomical sites within the ventricles, 

including the outflow tracts, mitral and tricuspid annuli, the moderator band, the left ventricular 

summit, Purkinje fibres, and ventricular papillary muscles.34,38 The predominant site of idiopathic 

VAs is the right ventricular outflow tract (RVOT), making up to 80% of encountered 

arrhythmias.34,38 Their site of origin can often be inferred through careful analyses of the 12 lead 

ECG.39 There are varied postulated mechanisms for idiopathic VA, ranging from cyclic adenosine 

monophosphate triggered activity dependent on delayed after depolarisations for outflow tract 

VAs40 to automatic or triggered mechanisms for papillary muscle VAs.41  

Most importantly, the diagnosis of  “idiopathic” arrhythmia relies on exclusion of both 

overt and sub-clinical and/or microstructural abnormalities which can lead to misdiagnosis without 

adequate imaging and electrophysiological workup.42,43 Nucifora et al. for example described that 

in a 120 patient cohort deemed to be “idiopathic” based on 12-lead ECG, exercise testing, 

angiography and transthoracic echocardiography (TTE), 23 had abnormalities on CMR (19/46 left 

ventricle (LV), 4/76  right ventricle (RV)).44 Notably, CMR abnormalities significantly associated 

with a worse arrhythmic composite outcome of sudden cardiac death or need for ICD therapy. A 

recent systematic review supports these data, finding that the prevalence of concealed SHD 

revealed by CMR ranges from 11% to 84% of cases, again underscoring the importance of 

complete diagnostic workup in such patients with presumed idiopathic VA.45  

1.2.1.2 Ischaemic heart disease 

VA can occur in the context of coronary artery disease, both in the immediate phase of 

coronary ischaemia and because of the resultant myocardial scar. In the ischaemia phase, acute 

myocardial infarction can cause VF, leading to death within minutes if patients do not receive 

appropriate intervention. This is often the consequence of vulnerable substrate induced by 
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ischaemia (which causes heterogeneities in excitability, refractoriness, and/or conduction) as well 

as ectopic excitation of PVCs (often within the Purkinje system) that trigger lethal VF.46-50 With 

time, myocardial scar is established whereby viable and healthy myocytes are lost as necrotic 

myocardium is replaced by fibrous tissue (collagen) and fat (lipomatous metaplasia). These 

patients are deemed to have a post myocardial infarction cardiomyopathy, which is more 

commonly though perhaps less accurately termed “ischaemic cardiomyopathy” (ICM).  

The extent of myocardial damage post-infarction is determined by several interrelated 

factors, including the location of the coronary occlusion, the degree and duration of blood flow 

reduction to the ischemic area, and the heart's adaptive response to prior ischemic episodes.51 Post-

infarction, necrotic cardiomyocytes are cleared by macrophages with subsequent replacement 

fibrosis (consisting of collagen).52 Fibrosis formation often occurs 3 to 10 days post infarct with 

the scar fibrosis maturing over 5 weeks.53 This scar formation usually extends in a wavefront of 

ischemia from the subendocardium to epicardium dependant on duration of ischaemic injury54 and 

leads to islands of surviving myocytes surrounded by scar.  Importantly, cardiac remodelling post-

infarction not only involves the infarcted tissue with collagen deposition and cross-linking during 

maturation of scar, but extends to remote myocardium whereby cardiomyocyte hypertrophy and 

fibrosis can occur due to wall stress, thereby affecting global cardiac contractility.51 The result of 

such adverse (uncontrolled) remodelling is scar thinning, excessive fibrosis and cardiomyocyte 

hypertrophy leading to heart failure. Finally, it is important to remember the complexity of post-

infarction scar which results not just in fibrosis but also lipomatous metaplasia (fatty 

intramyocardial infiltration)55 which has recently been shown to be a key driver of 

arrhythmogenicity.56  
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Scar and composition of ICM has been evolving with changing and more emergent 

reperfusion of myocardial infarction (MI). Animal studies of non-reperfused subjects have 

demonstrated more homogenous, dense and transmural scar.57,58 In contrast, whole-heart 

histological studies of ischaemia reperfusion animal models suggest that clinically encountered 

ICM in the modern era are more likely to have less confluent or transmural scar.59 The changing 

nature of post-infarction scar has implications for arrhythmogenicity and susceptibility to VA. In 

an important mechanistic study of human ICM, Wijnmaalen et al 60 report a 36 patient cohort 

referred for VT ablation (14 early reperfusion, 22 referred late after MI) and found that VT cycle 

lengths were shorter in reperfused patients with patchy electroanatomic scar elicited in 71% of 

reperfused vs 14% of non-reperfused patients, confirming the above animal models. 

Histologically, bands of surviving myocardium were observed in the reperfused but not completed 

infarcts with more non-transmural and interstitial fibrosis, and greater areas of viable myocardium. 

These differences have also been shown to persist in chronic arrhythmogenic substrate with shorter 

VT cycle lengths in non-reperfused patients.61  

1.2.1.3 Non-ischaemic cardiomyopathy 

Non-ischaemic cardiomyopathies (NICM) encompass a broad range of myocardial 

diseases which are not the direct result of myocardial infarction. Classification of NICM has 

proven to be difficult. In 1980 (and then updated in 1995), the World Health Organisation 

classified NICM into dilated cardiomyopathy (characterised by impaired ventricular contraction 

which could be idiopathic, genetic, post-viral, substance induced or inflammatory), hypertrophic 

cardiomyopathy (with a predominant autosomal dominant inheritance pattern), restrictive 

cardiomyopathy (either idiopathic or associated with infiltrative diseases such as amyloidosis), 

arrhythmogenic right ventricular cardiomyopathy (ARVC) and unclassified cardiomyopathies.62 
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In contrast, the American Heart Association divides cardiomyopathy into two groups; “primary” 

(genetic, mixed and acquired) and “secondary” (such as infiltrative and inflammatory disorders), 

mainly depending on organ involvement and etiology.63 The European Society of Cardiology 

guidelines separate NICM by structure and function into hypertrophic cardiomyopathies, dilated 

cardiomyopathies, restrictive cardiomyopathies, ARVC, and unclassified cardiomyopathies.64 

These groups are then further subdivided into familial and non-familial sub-groups.   

Given NICM encompasses a broad range of myocardial diseases it is not surprising that 

the arrhythmogenic substrate of VA is incredibly varied. Despite this variability, 

electrophysiologists recognise that VA in NICM arise often from peri-valvular scar (seen in 63% 

of a 36 patient cohort).65 More specifically, two dominant patterns of arrhythmogenic substrate 

have been described; the first, a basal anteroseptal subtype often arising from deep intramural 

substrate and the second, an epicardial dominant substrate in the inferolateral wall of the LV.66 In 

contrast, genetic and imaging studies of 577 patient cohort with dilated cardiomyopathy 

demonstrated significant differences in late gadolinium enhancement (LGE) patterns between 

genes.67 Patients with variants in Dystrophin, Desmoplakin, and Filamin-C genes showed 

predominantly subepicardial LGE scar. In contrast,  scar patterns for Titin, BAG3, Lamin-A/C and 

Myosin binding protein C tend to be mid mural and/or endocardial. Regardless of distribution, 

another difference with ICM is that NICM scar may be more progressive, reflecting the underlying 

dynamic disease process.68 

Our understanding of the development and character of arrhythmogenic substrate in NICM 

is limited by access to histopathologic studies or animal models. This is in contradistinction to 

ICM where animal models are more readily available for study. Opportunistic case reports and 

series provide some correlation between high density EAM and macropathology.69 The most 
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definitive correlation of NICM electroanatomic and histopathologic substrate was performed by 

Glashan et al. in 2018 where the authors systematically co-registered whole histopathologic LVs 

in 8 NICM hearts (removed for transplant) with dense EAM.70 They found that fibrosis patterns in 

NICM are highly variable and not just limited to the mid-wall and sub-epicardium. Further the 

fibrosis architecture was rarely compact (like in completed infarcts) but more typically patchy and 

diffuse, a finding which has implications for both invasive and non-invasive delineation of 

arrhythmogenic substrate. 

1.2.1.4 Mixed cardiomyopathy 

Finally, it is important to note that presence of ischaemic heart disease alone does not 

exclude NICM as a patient’s predominant source of arrhythmia. Mixed cardiomyopathy can be 

present where myocardial scar is inconsistent with the distribution of coronary artery disease. Our 

lab has reported that mixed cardiomyopathy may form the underlying substrate in up to 14% of 

SHD VA ablations.71  

1.2.2 Morbidity and mortality of ventricular arrhythmias 

1.2.2.1 Sudden cardiac death 

The most feared complication of VA is sudden cardiac death (SCD) which can be defined 

as death within 1 hour after first symptom onset in the absence of known heart disease up to that 

time.72 SCD can account for up to half of the years of potential life lost from heart disease.  The 

aetiology of SCD varies by age. In a prospective study of children and young adults under the age 

of 35, Bagnall et al. described an annual incidence of SCD of 1.3 cases per 100,000 persons, three-

quarters of which involved boys or young men. In this series, the most common cause of SCD was 

coronary artery disease (24% of cases) and inherited cardiomyopathies (16% of cases). In contrast, 
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in all-comers, the incidence of SCD is much higher, ranging from 14.973 to 147.874 per 100,000 

persons, though reported rates vary due to definitions and data available in individual cohort 

studies.1 In these all-comers, the most common cause SCD is coronary artery disease, purporting 

to approximately 70% in the western world, with NICM contributing to a further 15% and inherited 

channelopathies 2%.1 Aside from age, prevalence of SCD further varies by sex (two-fold higher 

in men75) and ethnicity.1 Though rates of SCD have tended to improve over time in the context of 

evolution of medical and device therapies, cardiopulmonary resuscitation and improved risk 

prediction,76 recent data suggest that these improvements have plateaued. Ghajar et al. (2025) most 

recently described in the United States population that though the age adjusted mortality rate 

secondary to VA significantly decreased year on year from 1999–2010 (with an average annual 

percent change of − 6.6% [95%CI, −6.8, −6.3]), these rates have plateaued from 2010 to 2018 

(average annual percent change of 0.7% [95%CI, −0.3,1.5]).77 These data suggest the need for 

improved innovations in detection and treatment of VA to prevent sudden death.   

VA in the form of VT or VF have previously been purported to be the first identifiable 

rhythm in up to 40% of cases.78 More recent data suggest however a reduction in prevalence of 

these shockable rhythms. Analyses from the Aus-ROC Australian and New Zealand OHCA 

epidemiological registry  for example suggest that VA are the initial presenting rhythm for 28% 

of arrests,79 though importantly, untreated VF can degenerate into asystole or electromechanical 

dissociation and hence the burden of these VA may be underestimated. A recent registry attributes 

320,000 deaths in the United States to VT or VF77 though again, such data can be biased by reliance 

on death certificates, incomplete data reporting and potential misclassification based on coding (or 

under coding missing information). 
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1.2.2.2 Non-fatal morbidity of ventricular arrhythmias 

The non-fatal morbidity of VA is significant and underappreciated, with a relative paucity 

of research in this area compared to efforts to improve survival from these arrhythmias. There is a 

complex and bi-directional association between VA and congestive cardiac failure (heart failure).80 

VA arrhythmogenesis in acute heart failure can result from electrophysiological remodelling 

(including altered calcium re-uptake and potassium currents), structural and functional 

remodelling (with resultant fibrosis, chamber stretch, hypertrophy and ischaemia), altered 

neurohormonal mechanisms (including increased adrenergic tone, altered renin-aldosterone 

system activation and electrolyte abnormalities) and drug interactions (such as triggered activity 

from sympathomimetic drugs in acute decompensated heart failure).81-84 In contrast, suppression 

of VA have been shown to improved heart function and heart failure in selected cohorts, 

particularly in patients with a PVC mediated cardiomyopathy.85 RCTs are underway to ascertain 

the benefits of treatment of VT in end stage heart failure86 and such results may establish CA as a 

“fifth pillar” of therapy in such patients.  

Assessing quality of life QoL in patients experiencing VA or surviving sudden arrest is 

difficult, as such studies, which are generally targeted at measuring a patients “ state of complete 

physical, mental and social well-being and not merely the absence of disease or infirmity,”87 can 

necessarily encompass a wide variety of definitions or scales. Whilst in a study of sudden arrest, 

the overwhelming majority (49/50) of survivors judged their situation post resuscitation as “worth 

living,”88 other studies describe that up to three-quarters of patients have low participation levels 

in society, with more than half having significant fatigue and one-third feelings of anxiety and 

depression.89  PVCs are also associated with poorer QoL outcomes with cohort studies 

demonstrating improvement with CA,90 though randomised data are lacking 
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Furthermore, the therapies utilised for management of VA can themselves have substantial 

impacts of QoL. In a recent patient-centred survey by the European Heart Rhythm Association of 

1809 patients, device related complications were reported by 505 (22.4%), including one or more 

inappropriate shocks (11.6%).91 Although most reported improved QoL (particularly with cardiac 

resynchronisation therapy), 1 in 10 experienced a significant decrease, driven mostly by 

complications such as ICD shocks. Other studies are not so reassuring, with one showing that more 

than 40% of patients with heart failure and defibrillators develop depressive symptoms with 

associated lower QoL and functional class.92 AADs used to treat VA can themselves also be 

associated with reduced QoL, with adverse effects of these AADs causing worsening in physical 

functioning, vitality, and sleep and psychological distress.93 Taken together these data underscore 

the need for innovative and novel solutions to treat VA and reduce their significant burden on 

morbidity and mortality. 

1.3 Mechanisms of ventricular arrhythmias 

The underlying mechanisms of VA can be separated into three categories: increased 

automaticity, triggered activity and re-entry. Multiple mechanisms can be responsible for VA in a 

single patient even in the presence of SHD where myocardial scar is predominantly thought to be 

responsible for re-entrant VA.33,94 This review will first describe the roles of each mechanism in 

the initiation and propagation of VA before focussing on the re-entrant circuit which is the primary 

contributor to VT in SHD.  

1.3.1 Automaticity, triggered activity and the re-entrant circuit 
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1.3.1.1 Automaticity 

Pacemaker cardiac myocytes have the ability to spontaneously generate action potentials 

without external stimuli, caused by a net inward current positive current during phase 4 of the 

action potential which progressively brings the membrane potential to the depolarisation threshold, 

termed automaticity.95 Under normal conditions, ventricular myocytes do not exhibit spontaneous 

diastolic depolarisation but abnormal automaticity can arise under pathological conditions such as 

infarction, adrenergic stimulation or electrolyte derangement, which cause the resting membrane 

potential to becomes less negative, leading to PVCs or more sustained VA.96 This may result from 

a decrease in the inward rectifier potassium current or increased calcium release from the 

sarcoplasmic reticulum.97   

1.3.1.2 Triggered activity 

The second mechanism of cardiac arrhythmogenesis is triggered activity whereby cardiac 

impulses are dependent on  afterdepolarisations (membrane potential oscillations that occur during 

or immediately following the preceding action potential).96 When the afterdepolarisation reaches 

a threshold potential, a new action potential is generated, which can, in turn, generate ongoing 

responses, leading to sustained VA. After depolarisations can be considered early, occurring in 

phase 2 and 3 of the action potential, or delayed, occurring in phase 4.   

An early after depolarisation occurs when repolarisation is interrupted by a transient, 

positive shift of membrane potential.97 It occurs in phase 2 and 3, prior to complete repolarisation. 

They are most often associated with prolonged action potential repolarisation (i.e. a longer action 

potential duration), perceptible as prolonging of the QT segment of the ECG and/or alterations in 

the T wave morphology. Congenital long QT syndromes result from genetic alterations in 

membrane currents that prolong this action potential duration, affecting; voltage dependant sodium 
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channels L-type calcium currents, the outward delayed and rapid rectifier potassium currents and 

the inward rectifier potassium current.98  Acquired long QT due to electrolyte abnormalities and 

drug interactions can also manifest early depolarisations.  

A delayed after depolarisation occurs can occur when calcium levels in the sarcoplasmic 

reticulum are pathologically elevated (calcium overload).97 These delayed after depolarisations 

can be provoked by sympathetic stimulation or digitalis toxicity whereby calcium leaks from the 

sarcoplasmic reticulum into the intracellular space through calcium release channels, which 

themselves are controlled by ryanodine receptors. Mutations in the genes coding these receptors 

can themselves cause delayed after depolarisations (causing catecholaminergic polymorphic 

ventricular tachycardia). Further, ischemia and heart failure can also cause leak of calcium from 

the sarcoplasmic reticulum (even when it is not overloaded with calcium).81  

1.3.1.3 Re-entry 

The third mechanism of cardiac arrhythmia is re-entry, which is the primary cause of VT 

in SHD.52 Re-entry involves continuous excitation of the ventricle throughout the entire cardiac 

cycle. This occurs due to a re-entrant circuit, an electrical pathway where the activation wavefront 

travels in a loop.99 Several conditions are required for re-entry to occur. First, it requires an 

underlying substrate consisting of two connected pathways with differing electrophysiological 

properties (conduction velocity and refractoriness), surrounded by electrically inexcitable tissue. 

This inexcitable tissue can be due to anatomical boundaries (myocardial scar or valve annuli) or 

functional block (whereby an arc of conduction block occurs in some circumstances e.g. wavefront 

orientation and/or coupling interval but not all).100 Second, re-entry necessitates an appropriately 

timed stimulus that causes unidirectional block in one pathway and subsequent slowed conduction 

in the alternative pathway. If conduction in this pathway is sufficiently slow, the impulse can return 
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to the initial region of unidirectional block once it has repolarised (i.e., the impulse arrives at the 

“excitable gap”), permitting conduction and facilitating the formation of a continuous re-entrant 

loop.  

1.3.2 Re-entry in structural heart disease 

In SHD, re-entry within myocardial scar is the predominant mechanism for monomorphic 

ventricular tachycardia.101 In 1972 Wellens et al. interrogated the initiation and termination of VT 

in 5 patients with recurrent VT, 4 of whom had old myocardial infarction and suggested that the 

causal mechanism of VT in these patients was most likely re-entry, which they postulated could 

be due to circuits within the bundle branch, Purkinje fibres and infarcted tissue.102  Post-infarction, 

remodelling and fibrogenesis form islands of electrically conducting viable myocardial cells, often 

found in the infarction border zones, causing wavefront activation to take a zig-zag route with 

associated slowed conduction.103 NICM scar can be even more diverse due to variance in their 

underlying pathophysiology, with variable patterns of fibrosis, myocardial cellular hypertrophy, 

adiposity and increased interstitial cellularity.70,104 Regardless of aetiology, it is important to 

remember that this scar is metabolically, mechanically and electrically dynamic living tissue and 

not electrically inert.52 This milieu of viable and functional myocytes, fibrotic cells, adipocytes 

and replacement fibrosis, all of which cause significant electrical and structural remodelling, 

contribute to the arrhythmogenic substrate responsible for re-entry. Post-infarction canine studies 

have established that unidirectional block can thus occur due to differences in activation wavefront 

propagation secondary to myocardial fibre orientation causing nonuniform anisotropy103,105 as well 

as due to discontinuities in axial resistance causing decremental conduction,106 heterogenous 

refractory periods,107 intramural delay108 and impedance mismatch.100   
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The re-entrant circuit in ventricular tachycardia can take different shapes, though most 

classically post-infarction re-entrant VT circuits in humans and swine are usually in the form of a 

double loop, as first described by El-sherif et al.109 and confirmed in high density mapping studies 

by Anter et al.110 In this double loop (or “figure of eight”) circuit, propagation of the activating 

wavefront is during the diastolic interval of the ECG through the common central pathway, also 

known as the isthmus.111 As the wavefront emerges from the central pathway, at the exit, it 

depolarises the larger mass of myocardium and thus generates the systolic phase (coinciding with 

the QRS onset). To return to the isthmus (vis the entrance), this activating wavefront can travel 

through outer loops in healthy myocardium or inner loops in scar. Macro-re-entrant single loops 

have also been described where the activating wavefront travels around the myocardial scar (often 

subtended by valve annuli),101 and furthermore, to add to complexity, VT circuits can have 

multiple isthmii, entrances and exits.99 Careful mapping in large animal studies have demonstrated 

that  the entrance and exit sites of these circuits are associated with the greatest conduction slowing, 

with relatively preserved conduction through the central isthmus.110 

There are several challenges in identifying and localising the re-entrant circuit in human 

VT. First, the circulating excitation wavefronts propagate through regions of scar in relatively 

small volumes of myocardial scar and hence these depolarisations are not usually detectable from 

the body surface ECG during VT,111 thus necessitating intracardiac mapping. Second, many VTs 

are hemodynamically unstable, preventing entire mapping of the circuit.112 Third, as described 

previously, the substrate can be functional limiting delineation of the re-entrant circuit in the 

absence of the tachycardia. Complicating this, even anatomic boundaries may not be apparent if 

the activating wavefront travels parallel to it during invasive mapping.99 Fourth, many re-entrant 
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circuits have multiple entrances or exits, as well as blind loops and bystander regions,101,110,111 and 

therefore clear delineation of the isthmus even when the tachycardia is mappable can be difficult.  

Most importantly however, recent data refute the simple two-dimensional concept of the 

re-entrant circuit, which is now better appreciated in three-dimensions, underlining the complexity 

of delineation of the VT circuit. Our understanding of VT in post-infarction cardiomyopathy was 

developed first through endocardial mapping and then surgical resection of the endocardial tissue 

at the borderzone of post myocardial infarction aneurysms,113 supporting the two-dimensional 

model of VT as being formulated in the sub-endocardium. Multiple studies since however have 

established that re-entry can occur at depth, that is, incorporating some combination of 

endocardial, intramural and/or epicardial myocardium. In 1991, Kaltenbrunner et al. performed 

intraoperative endocardial and epicardial mapping of post-infarction VT, demonstrating that the 

majority of VTs (76%) were not constrained to the sub-endocardium or sub-epicardium.114 This 

was similarly shown by Tung et al. through sequential endocardial-epicardial mapping where 73% 

of VTs in post-infarction cardiomyopathy had three-dimensional involvement.15 Bhaskaran et al. 

subsequently showed with intramural needle mapping of explanted ICM and NICM hearts that 

42% of VTs co-localised to the intramural space.16  

Given these challenges, there is a requirement for delineation of the entire substrate 

responsible for VT that addresses limitations in invasive assessment of re-entrant circuits. One 

such approach is substrate mapping, whereby inferences can be made as to the location of these 

re-entrant critical sites based on electrogram features without mapping the tachycardia itself.18 

Attempts to address the three-dimensionality of these circuits include non-invasive mapping 

techniques such as CMR and MDCT. Computational and machine learning analyses may offer 

further insights. These approaches will be evaluated in sections 1.5 and 1.6.  
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1.3.3 Mechanisms of arrhythmia in chronic post infarction scar 

There are multiple hypotheses regarding the unifying mechanisms of re-entry in chronic 

post-infarction myocardial scars. Seminal work by De Bakker et al. established the zig zag route 

of myocardial infarction through viable myocyte bundles separated by fibrosis with accompanying 

fractionated electrograms.103 It is important to note however both De Bakker et al. and others115,116 

have found such myocytes bundles in regions of infarction both conducive to and also not 

conducive to VT, suggesting that fibrosis interrupted myocytes bundles alone are not enough to 

create conditions for re-entry. Impairments in cell-cell coupling due to pathologically impaired 

function of connexin proteins (responsible for gap junctions between cardiomyocytes) have been 

suggested to play a role in arrhythmogenesis of post-infarction scar.  For example, quantitatively 

reduced and also lateralised connexin 43 expression has been implicated in conduction slowing 

and arrhythmogenesis in ICM and NICM.117,118 Connexin 43 modulation via gene transfer has 

been shown to improve myocardial conduction and reduce VT inducibility by 60% in pre-clinical 

swine experiments.119  

As suggested by Donahue et al. however, these fixed elements of tissue discontinuity and 

slowed conduction offer an unsatisfying explanation alone for the arrhythmogenicity of post-

infarction scar.120 If all that was required was slowed conduction then we would expect to see VT 

more often than we do in post-infarction patients. Pathological myocyte excitability, due to raised 

resting membrane potentials and abnormal upslope velocities in phase 4 of the action potential 

could be an alternative explanation  Donahue et al. suggest that early afterdepolarisations from 

enhanced adrenergic tone or automaticity from unstable membrane potentials could generate the 

trigger (a PVC), which, if appropriately timed, arrives at two pathways with repolarisation 

heterogeneity leading to re-entry.120  
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Finally, development of VT in chronic post-infarction scar is dependent on the age of 

infarction. Older infarcts are more likely associated with VT inducibility as well as abnormal 

electrograms within the scar tissue.121,122 An emerging concept that could explain the 

arrhythmogenic potential of such scar and it’s evolution over time is the development of 

intramyocardial adipose tissue within scar (deemed lipomatous metaplasia).  

1.3.3.1 Lipomatous metaplasia 

In 1997, Baroldi et al. first described the presence of extensive adipose tissue in healed 

myocardial infarction in an autopsy study of 116 consecutive hearts excised for transplantation 

(68% ICM) and 24 aneurysmectomies.55 The development of this lipomatous metaplasia correlated 

with infarction age and the degree of LV dilatation. This was confirmed in 2004 by Su et al. who 

demonstrated lipomatous metaplasia in 84% of hearts with healed myocardial infarction.123 These 

findings have also been born out in more recent imaging studies reliant on CMR utilising water-

fat separation imaging124 or MDCT studies.125 Human imaging studies suggest that it takes time to 

develop these intramyocardial adiposities, with no human hearts demonstrating lipomatous 

metaplasia at less than 10 months vs 89% with infarct age greater than 3 years.125   

The aetiology of this remodelling however is unclear. Both Baroldi et al. and Su et al. 

hypothesised that these adipose tissues were derived from transformation of fibrocytes to 

adipocytes or transformation of uncommitted multipotent stem cells to adipocytes. Conversely, 

more recent data in a canine model 6 months post infarction suggest that lipomatous metaplasia in 

ICM is unique to haemorrhagic myocardial infarction, with it being  observed exclusively at the 

confluence of iron and lipid remnants.126 Validated models of lipomatous metaplasia resembling 

human disease are therefore required to further understand the mechanisms and possible therapies 

(such as iron chelation) for such remodelling.  
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This is particularly important as there is a rapidly developing appreciation of the role of 

this lipomatous metaplasia in re-entry. Pouliopoulos et al, at our centre, first established the role 

of fat in conduction slowing and VT propagation. Seventeen sheep with myocardial infarction and 

5 controls (without infarction) underwent electrophysiological study between 3 and 172 weeks 

post infarction and intracardiac electrograms were matched to intramural biopsies where adiposity 

was computed.56 They demonstrated that whilst unipolar electrogram amplitude correlated with 

viable myocardium, adiposity and fibrosis, abnormal conduction velocity only did so with fat and 

viable myocardium but not fibrosis. In nine infarcted sheep with inducible VT, they found more 

adiposity, myocyte discontinuity (with connexin lateralisation), reduced conduction velocity and 

unipolar electrogram amplitude compared to 4 sheep without inducible VT. Early sites of VT were 

associated with more adiposity. Together these data implicated fat and not fibrosis in the 

arrhythmogenesis of post-infarction VT. In a follow up study by the Westmead group, Samanta et 

al.127 found that intramyocardial adiposity correlated better with unipolar electrogram amplitude 

than fibrosis. These authors however did not describe intracardiac electrogram signatures of this 

intramyocardial scar beyond amplitude, which may better help the electrophysiologist identify and 

target the most arrhythmogenic sites conducive to VT. We also do not yet understand the 

relationship of fat to functional substrate.  

With improving multimodality imaging to identify lipomatous metaplasia as well as image 

integration techniques to co-localise these with intracardiac electrograms further interesting 

insights have been made. First, Sasaki et al. demonstrated that beyond voltage, other electrogram 

characteristics such as electrogram duration also associated with lipomatous metaplasia.128 

Furthermore three quarters of identified critical sites either co-localised to lipomatous metaplasia 

or the border zone of this remodelled area. Second Sung et al. have demonstrated that the lowest 
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electrogram voltages associated with fat and fibrosis admixture rather than fibrosis alone.129 

Finally, these findings have been further explored in a seminal human series of post-infarct (and 

later NICM) patients with VT by Xu et al. who demonstrated that when the EAM is co-registered 

with both CMR and MDCT, 99% of borderzone channels that were electroanatomically proven to 

harbour VT (critical channels) co-localised to lipomatous metaplasia.130 This compared to 92% of 

borderzone channels that did not give rise to VT (non-critical channels) which were distant from 

fat. In ICM, these critical channels co-localising with lipomatous metaplasia were shown to have 

lower conduction velocity compared with non-critical channels that did not,131 with prolonged 

repolarisation and increased repolarisation dispersion.132 Importantly (though perhaps not 

surprisingly given the work of Baroldi et al.), this same group (Xu et al) demonstrated a higher 

prevalence and volume of lipomatous metaplasia co-localising to borderzone channels that 

harboured VT compared to those that did not. 

Interestingly, lipomatous metaplasia has been shown to also contribute to conduction 

slowing and re-entry in NICM. In a subsequent study, Xu et al performed the same correlation of 

invasive EAM with multimodality cardiac imaging in 49 patients with various NICM 

phenotypes.133 They again demonstrated a higher prevalence and volume of lipomatous metaplasia 

co-localising to borderzone channels that harboured VT compared to those that did not, with less 

current variation along critical channels.133,134 Together these data establish the role of fat in 

ventricular re-entry and suggest that further work to understand the arrhythmogenic potential of 

lipomatous metaplasia in VA as well as better technologies to identify it beyond MDCT may be 

useful.  
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1.4 Management of ventricular arrhythmias 

As alluded to earlier, there are multiple facets to management of VA, ranging from 

implantable cardiac device therapy to prevent tragic sudden death, anti-arrhythmic medications 

with varied pharmacological mechanisms and abolition of VA substrate, primarily with 

radiofrequency CA.  

1.4.1 Implantable cardiac device therapy 

1.4.1.1 Implantable cardioverter defibrillators 

The development of ICDs to prevent SCD were pioneered by Michel Mirowski and Morton 

Mower who first showed the efficacy of intravenous ventricular defibrillation for VF in man during 

coronary artery bypass grafting135, then subsequently for treatment of a canine model of VF136 and 

finally, first-in-man studies in a highly selected cohort of 3 patients.137 The development of this 

technology was not without controversy, including early scepticism that the morbidity of such a 

device would justify the potential lives saved.138 Subsequent observational studies in sudden 

cardiac death survivors established the role of ICDs in secondary prevention.139,140 The first (and 

largest) RCT for ICD use in secondary prevention (for patients who were resuscitated from VF or 

required cardioversion for VT – with either syncope or other cardiac symptoms, and also an 

ejection fraction (EF) less than 40%) found a significant absolute risk reduction in mortality 

(75.4% survival versus 64.1% survival at three years (P<0.02), numbers needed to treat 8.8) with 

ICD use compared to amiodarone.141 Two subsequent studies (with lower patient recruitment) 

found similarly numerically improved survival though both did not achieve statistical 

significance.142,143 A subsequent meta-analysis of all three studies confirmed mortality reduction 

in this patient cohort (with hazard ratio of 0.72, confidence interval 0.60-0.87, P=0.0006) and 
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therefore ICD therapy is standard of care in patients with sustained VA in the absence of an 

identifiable and treated reversible cause.144  

The role of ICDs in primary prevention of sudden death in patients at risk of VA is less 

clear and dependant on underlying aetiology of structural heart disease, patient age and competing 

risk of death (such as risk of non-arrhythmic death from heart pump failure). ICD therapy for 

prevention of death in ischaemic heart disease has been investigated in multiple RCTs. The first, 

MADIT in 1996 found that in 196 patients with ICM (EF less than 35%, with either spontaneous 

non-sustained VT or sustained VT inducible by electrophysiological study (EPS), ICDs compared 

to medical therapy saw a reduction in all-cause mortality (hazard ration 0.46, confidence interval 

0.26-0.82, P=0.009).145 The follow up study, MADIT-II, in 2002 extended the role of ICD in ICM 

to encompass ICM patients with an EF less than 30% but without need for positive 

electrophysiological study nor spontaneous VT and found that ICD therapy compared to medical 

therapy associated with an absolute reduction in all-cause mortality of 5.6% (14.2% with ICD 

therapy vs 19.8% without, P=0.016),146 and this benefit has been born out with longer term follow 

up of the same cohort out to 8 years.147 In contrast, the use of ICD therapy early after myocardial 

infarction (less than 40 days) does not seem to improve overall survival, as the treatment of life-

threatening VA by ICD therapy seems to be balanced by the competing risk of pump failure in this 

cohort.148 More recently, the role of ICD in primary prevention in a mixed group of patients  with 

SHD (48% NICM) was investigated in the SCD-HeFT study which found lower mortality in the 

ICD group compared with no ICD (hazard ratio 0.77, 97.5% confidence interval 0.62-0.96, 

P=0.007, absolute risk reduction 7.2%, numbers needed to treat 13.9).149 Sub-analysis by cause of 

cardiomyopathy found significant reductions in all-cause mortality in ICM  (HR 0.79, 97.5% CI 
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0.60-1.04, P=0.05). Although not significant, there was a trend towards significance in NICM there 

(HR 0.73, 97.5% CI 0.50-1.07, P=0.06). 

Data for the role of ICD therapy in pure NICM is more heterogenous. The first two studies 

of ICD therapy in this cohort were terminated early due to futility.150,151 Subsequently, the 

DEFINITE trial (n=458 patients with NICM, EF less than 35% and either non-sustained VT or 

PVCs)152 and the DANISH trial (n=1116 patients, EF less than 35%) showed no reduction in 

mortality with ICD therapy (with mean follow up of 2.4 years in DEFINITE and median follow 

up 5.6 years in DANISH).153 Both studies demonstrated reductions in risk of sudden arrhythmic 

death suggesting once more the role of competing risks of death (pump failure vs arrhythmic) in 

these cardiomyopathies. Despite these findings, closer examination of study methodology suggests 

against discarding ICD use off-hand in NICM. In the DANISH study for example, more than half 

of patients received cardiac resynchronisation therapy, and therefore it is not conclusive whether 

ICD therapy would be beneficial in patients who do not qualify for this therapy. Furthermore, sub-

analysis by age in DANISH suggests that patients younger than 70 did derive benefit from ICD 

therapy for survival (hazard ratio 0.70, confidence interval 0.51-0.96, P=0.03) vs older patients 

who were less at risk of sudden arrhythmic death. It remains to be seen if ICD therapy in NICM 

targeting particular phenotypes (or aided by additional risk stratification tools) may show more 

conclusive survival benefits in this cohort.  

1.4.1.2 Cardiac resynchronisation therapy 

Cardiac resynchronisation therapy (CRT) is another invasive device based technology for 

heart failure, which beyond its initially postulated improvement in mechanical and electrical 

synchrony between ventricles also seems to have direct impact on global LV function, modulation 

of heterogenous gene expression in the failing left ventricle, improvement in the mitochondrial 
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subproteome and beta adrenoceptor regulation.154 Following multiple cohort studies, the first RCT 

for use of CRT, the COMPANION trial demonstrated in 1520 patients randomised 1:2:2 to 

guideline directed medical therapy (GDMT) vs GDMT plus CRT (pacemaker function only) vs 

GDMT plus CRT (including defibrillator), that CRT pacing (CRT-P) non-significantly but 

numerically improves overall survival by 24% (P=0.059) and CRT defibrillators (CRT-D) improve 

survival by 36% (P=0.003).155 Subsequently, the MADIT-CRT RCT randomised 1820 patients 

with any cardiomyopathy and ejection fraction less than 30% and QRS duration more than 130ms  

to either CRT-D or ICD, finding that CRT itself improved a composite outcome of all-cause death 

and non-fatal heart failure, predominantly driven by the latter and with a more pronounced effect 

when QRS duration was more than 150ms.156 Finally in the RAFT study, 1798 patients with EF 

less than 30% and QRS more than 120ms (or 200ms if paced) were followed to a median 40 months 

after randomisation to ICD or CRT-D. In this study, in contrast to MADIT-CRT, there was a 

significant reduction not just in heart failure but in death,157 a finding that has been confirmed in 

subsequent long term follow up of the same study.158 Despite discrepant results, sub-analyses of 

both trials have demonstrated reduction of VA with CRT, suggesting that this therapy might 

modulate the arrhythmogenic substrate conducive to these arrhythmias.159,160  

1.4.2 Anti-arrhythmic drug therapies 

AADs are an important (and often primary) therapeutic strategy used for treatment of 

patients with VA (both in idiopathic VA and in patients with an underlying SHD). Seminal work 

by Miles Vaughan Williams in the 1970s established four main modes of action of AADs, 

variously modifying sodium, potassium, and calcium channel function or intracellular mechanisms 

regulated by adrenergic activity, and resultant effects on the cardiac action potential.161  
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Class 1 AADs are postulated to act on phase 0 of the action potential through sodium 

channel blocking effects, divided into 1a, 1b and 1c sub-classes based on the specific channel 

targeted. Of note for VT, Class Ib drugs, which modulate inactivated sodium channels during 

depolarisation of the action potential, include lignocaine and mexiletine. Lignocaine  can be used 

for emergent cessation of VA electrical storm or monomorphic VT, though conversion rates in 

reported literature are low (8-20%),162-165 with head-to-head randomised trials in monomorphic 

VT suggesting superiority of intravenous amiodarone166 or sotalol162 for achieving chemical 

cardioversion. For chronic therapy of VT, though there is some observational data on role of 

mexiletine in addition to amiodarone therapy,167 a randomised controlled trial comparing CA vs 

escalation of AADs (including use of mexiletine) found this strategy inferior for treatment of 

VT.168 Side-effects of lignocaine and mexiletine which affect the gastrointestinal and central 

nervous system can limit long term use. Class 1c agents block the fast sodium channels, blunting 

the overall phase 0 curve of the action potential. The quintessential clinical class 1c AAD is 

flecainide. In an important paradigm shifting RCT, the Cardiac Arrhythmia Suppression Trial 

(CAST) demonstrated excess deaths in patients treated with flecainide for ventricular ectopy 

suppression post myocardial infarction.169 Therefore it is contraindicated in patients post 

myocardial infarction (though more recent pilot data suggests a potential role for flecainide in 

treating PVCs in NICM patients protected by ICD).170 It can be used with effect for suppression 

of idiopathic PVCs.171   

Class 2 AADs are beta-blockers, and they affect phase 4 of the action potential through 

blockade of beta-adrenergic receptors with resultant negative chronotropic and inotropic activity. 

They are often used as first line agents for treatment of idiopathic PVCs and VT.172,173 They seem 

to have a synergistic effect in VA suppression when combined with amiodarone in SHD.174 They 
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also seem to improve the efficacy of anti-tachycardia pacing (ATP) through ICD therapy with a 

dose-dependent effect.175 

Class 3 AADs predominantly affect phase 3 of the action potential through blockade of 

potassium channels resulting in longer repolarisation and an increase in myocyte refractory period. 

Amiodarone is the most ubiquitous class 3 agent, and this drug also has class 1,2 and 4 effects. 

Multiple randomised studies have shown reduction in anti-arrhythmic death or sudden cardiac 

arrest with use of amiodarone in high risk post-infarction patients (before the era of modern 

GDMT), though at the expense of adverse events in up to a third of patients.176-178 In fact, in the 

11 year follow up of patients enrolled in the Canadian Implantable Defibrillator Study, comparing 

ICD to amiodarone, at just over 8 years follow-up, all patients randomised to amiodarone had 

either died, had recurrence of arrhythmia or were required to discontinue amiodarone due to side 

effects.179 Sotalol is another commonly used class 3 agent (though it also has primarily beta-

blocking properties below dosage of 160mg/day). In a study of 421 patients who had recently 

received an ICD for spontaneous or inducible VT/VF, randomised to amiodarone plus beta 

blocker, sotalol or beta-blocker alone, amiodarone plus beta blocker reduced risk of subsequent 

ICD shock compared to beta blocker alone (hazard ratio 0.27, 95% confidence interval 0.14-0.52, 

P<.001).180 There was a trend towards less shocks with sotalol compared to beta blocker alone 

(hazard ratio 0.61, 95% confidence interval 0.37-1.01, P = .055). Concerningly, this study again 

reinforced the risk of adverse effects with drug therapy, as these class 3 agents were stopped at 1 

year in 18.2% of cases (amiodarone) and 23.5% cases (sotalol).  

Finally, class 4 AADs act on blockade of calcium channel blockers, affecting phase 2 of 

the action potential with reduction of calcium ion influx. These agents are often used in idiopathic 

PVCs or in verapamil sensitive fascicular re-entrant VT.  
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1.4.3 Catheter ablation of ventricular arrhythmias 

Ablation of VA is aimed at destroying the myocardial tissue responsible for initiation 

and/or propagation of the arrhythmia. Prior to CA, initial control of VA (and specifically, 

monomorphic VT secondary to myocardial infarction) was with open-chest surgical excision of 

aneurysm or sub-endocardial excision guided by intraoperative endocardial and epicardial 

mapping.113,181,182 Due to significant morbidity from open-chest treatment, percutaneous CA was 

developed, initially with use of direct current shock,183-185 and then subsequently, the delivery of 

RF energy.186 Novel energy sources and alternative strategies to ablate and abolish arrhythmogenic 

substrate will be reviewed in later sections.  

1.4.3.1 Outcomes of catheter ablation of premature ventricular complexes 

There are multiple case series and observational cohort studies describing CA of PVCs, 

sometimes compared to non-randomised control groups treated with drug therapy.187-192 These 

studies demonstrate improvement in the frequency and burden of PVCs (with burden defined as 

percentage of heart beats which are PVCs)187,191 as well as demonstrating improvements in 

ventricular function in the context of PVC induced cardiomyopathy.188,190 Observational cohort 

studies have also demonstrated some benefit in overall quality of life with CA of PVCs, though 

the scales used are varied and not often arrhythmia specific.90,193 In these studies, there was no 

comparison with an AAD drug arm.   

Outcomes in PVC ablation tend to differ based on the site of origin of the PVCs. In a large 

multi-centre series of 1185 patients (55% female) who underwent ablation between 2004 and 2013, 

acute procedural success was 84% in the total cohort, however when stratified by PVC location, 

the highest success rate was in RVOT PVCs at 93% with much lower success rates for papillary 

muscle and epicardial PVCs (67%).187 These sites are often more challenging due to intramural 
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PVC origin, difficult catheter contact of intracavitary moving structures and irritant ectopy during 

catheter ablation. In this same study, ablation of PVCs from papillary muscles and the epicardium 

demonstrated longer procedure times (249 ± 109 min and 249 ± 117 min, respectively) and 

fluoroscopy times (40 ± 21 min and 48 ± 27 min, respectively) when compared to ablation in 

patients with PVCs from the outflow tracts (p < 0.01). 

Unfortunately, the only randomised controlled study to rigorously compare CA and AADs 

for PVC management only recruited patients with RVOT PVCs.194 Ling et al. (2014) randomised 

330 patients with RVOT PVCs to CA or AAD (metoprolol or propafenone) and followed up these 

patients with serial echocardiography out to 12 months.  At final 1 year follow up, recurrence of 

PVCs was significantly lower in patients randomized to CA (32 patients, 19.4%) versus AADs 

group (146 patients, 88.6%; P<0.001). In the CA group, 1 patient required cardioversion for VF 

induction during ablation in the RVOT septum and there was 1 arteriovenous fistula with 2 

haematoma complications. All patients with complications recovered without residual symptoms 

before discharge. In the AAD group, 17 patients were troubled by adverse events including 

symptomatic bradycardia and/or hypotension, fatigue and headaches. 

Taken together these data suggest that further RCTs are required to establish the role of 

CA in the management of PVCs, especially encompassing the diverse origins of PVCs in 

idiopathic as well as structural heart disease. Prior to design of these trials, a systematic review of 

evidence comparing AADs vs CA for treatment of PVCs are required. No such published review 

is available in the literature to date. Such a study would inform essential power calculations as well 

as identifying optimal primary and secondary outcomes in the management of PVCs.  
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1.4.3.2 Outcomes of catheter ablation of ventricular tachycardia 

When describing the outcomes of CA for monomorphic VT it is important to define what 

“success” means. Typically, CA of VT is defined in terms of acute procedural success (“complete 

success” where no VA is inducible, “partial success” where the clinical VT is abolished but other 

VTs may remain inducible, or “procedural failure” where both the clinical and/or non-clinical VTs 

are inducible) as well as by long term arrhythmia free survival. These definitions are accepted due 

to data suggesting that absence of VT inducibility by programmed electrical stimulation (PES) can 

predict longer term arrhythmia free survival.195 There is however contention as to the protocol for 

PES and whether conventional (up to 3 extra-stimuli) or extensive (up to 4 extra-stimuli) induction 

better predicts future recurrence. Campbell et al. (2020) demonstrated that between 11% and 17% 

of inducible VTs may be missed if PES with 4 extra-stimuli and/or burst pacing are not performed 

and further, that patients who were non-inducible for any VT using the conventional induction 

protocol had worse VA-free survival (12 months, 43% vs. 82%; p = .03) compared to patients who 

were noninducible for any VT using induction up to 4 extra-stimuli.196 Nevertheless, there are also 

other limitations to using non-inducibility to define procedural success including effects of 

background AAD treatment and dependence on anaesthesia. In high risk patients, non-inducibility 

post ablation does not seem to portend good prognosis for arrhythmia free survival.197 Alternative 

end-points such as in-excitability of scar, elimination of surrogates of critical isthmii such as late 

potentials or local abnormal ventricular activities, elimination of imaging defined substrate or 

elimination of functional substrate by EAM have all been suggested.198  

With regards to longer term outcomes, traditionally VT free survival, as well as freedom 

from anti-tachycardia pacing (ATP) or ICD shocks are reported, as well as composite outcomes of 

mortality, heart failure hospitalisation and heart transplantation. Our centre has suggested that, 
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similar to atrial fibrillation outcomes, “VT burden” represents a more real-world therapeutic 

endpoint for VA ablation as a representative metric of long term procedural success.199 This was 

initially reported in the THERMOCOOL VT trial where 249 patients with post-infarction VT were 

recruited for irrigated CA and for whom VT burden was reported in 139 patients.200 In this study, 

82% of patients benefitted from ≥75% reduction in VT and the proportion of patients with ICD 

shocks decreased from 81.25% to 26.8%, (p<0.001), over a 6-month period after ablation. VT 

burden is increasingly reported in modern trials of VT ablation including those most studies 

describing outcomes after SBRT.  

There are 10 published RCTs that have compared catheter ablation with other therapies 

(usually AADs). These are, in order of publication, SMASH VT,201 V-TACH,202 CALYPSO,203 

VANISH,168 SMS,204 BERLIN-VT,205 PARTITA,206 SURVIVE,207 PAUSE-SCD208 and VANISH 

2.209 This review will not describe each individual study in turn as they have been extensively 

described and reviewed in the literature to date. In fact, in the last 5 years, there have been more 

published systematic reviews and meta-analyses of these trials than the number of trials 

themselves.12,13,210-216 These studies have broadly established that CA for monomorphic VT 

reduces risk of recurrent VT, ICD shocks and cardiac hospitalisation.  

Given (1) improving technologies and safety of CA with periprocedural mortality rates less 

than 1%,217 (2) evidence that VT and ICD shocks can themselves worsen cardiac function and (3) 

known toxicities of AADs, it is biologically plausible that CA would improve survival in selected 

patients. Unfortunately, however, trials have broadly failed to show a survival benefit from CA 

versus AAD therapy for SHD. This is partly because these studies were not powered to detect a 

mortality difference between therapies. Another posited reason for was that CA for VT was 

historically seen as a treatment of last resort and therefore potentially employed as a palliative 
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procedure for arrhythmic control in advanced cardiomyopathy. In the VANISH trial for example, 

CA was offered for patients with post infarction VT who had failed an AAD and this found no 

difference in total mortality (approximately 27% in both groups during a 2.3-year median follow-

up).209 Four recent studies, PAUSE-SCD, SURVIVE, PARTITA and VANISH 2 all challenged 

this concept by offering CA early to patients at risk of VA or after initial ICD shock. PARTITA 

was the only study to find a mortality benefit with CA of VT vs AAD therapy in patients who 

experienced their first ICD shock, however this was driven by numerically higher non-cardiac 

deaths in the AAD arm, which may suggest a Type 2 statistical error due to low sample size (n=47 

patients randomised).206 Nevertheless all four such studies establish the role of early CA finding 

that this strategy leads to improved arrhythmic control and less ICD shocks at acceptable 

tolerability.  

There are many important caveats to interpreting the currently published trial evidence for 

CA of VT. Firstly, most trials have recruited purely or majority of patients with post-infarction 

cardiomyopathy. Only two studies have recruited NICM; PARTITA, for whom 19% of patients 

had a dilated cardiomyopathy and PAUSE-SCD where 30.6% had a NICM and a further 34.6% 

specifically had arrhythmogenic ventricular cardiomyopathy. In their meta-analysis of both RCTs 

and observational studies stratifying by ICM vs NICM, Kanagaratnam et al found that NICM 

patients were younger, with higher EF. Despite this, there were no differences in mortality and 

indeed VT recurrence was higher in NICM vs ICM patients (26.3 vs. 18.7 per 100 patient-years).13 

The second observation from these trials is that in general, RCTs investigating management of VT 

are difficult to complete, with an average duration of trial from initial enrolment to publication 

being in excess of 9 years, which may be one reason why such trials have been in general 

underpowered to demonstrate mortality benefits for VT. Third, there are few high quality trial level 
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data on patient-centred outcomes for VT ablation such as those reporting on improvement in 

symptom burden, functional capacity or quality of life. Finally, and somewhat concerningly, as we 

have described previously, despite numerous advances in our procedural toolkit and capabilities 

over the last thirty years to perform CA for VAs, meta-regression studies of these, and 

observational studies suggest no statistically significant incremental improvement in VA free 

survival by publication time.13 In fact, if we were to compare outcomes of CA in an early report 

of linear ablation of low voltage scar by Marchlinski et al. published in 2000,19 which established 

the role of three-dimensional EAM for CA of VT in a mixed cohort of 16 patients (44% of whom 

had NICM) to a modern RCT PAUSE-SCD (75% NICM)208 where CA was guided by endocardial-

epicardial mapping where needed, modern multielectrode catheters and functional substrate 

delineation techniques, there were similar rates of VT recurrence between the two studies at 8 

months (approximately 80% freedom from recurrence). Further innovations may be the key to 

improving these outcomes, whether it be in substrate delineation or in better technologies to 

abolish the arrhythmogenic substrate, but such innovations will need future validation in 

representative RCTs which are often very difficult to design and complete.  

1.5 Invasive assessment of ventricular arrhythmogenic substrate 

Invasive assessment of the ventricular arrhythmogenic substrate can be divided into two 

strategies; mapping of the induced arrhythmia to delineate its precise circuitry, which is herein 

referred to as arrhythmia mapping and identification of surrogates of these circuits, referred to as 

substrate mapping. The latter is often required as many VTs are haemodynamically unstable and 

do not encompass a single mapped ventricular surface, preventing delineation of the entire VT 

circuit. Prior to modern EAM, these procedures were first performed during open heart surgery 

with direct visualisation of scar113,182 and then subsequently guided by fluoroscopy. These 
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procedures were facilitated by recording of intracardiac electrograms using catheters tipped with 

electrodes which allowed direct sampling of the myocardial electrical activity directly below the 

recording electrodes.  

1.5.1 Electroanatomic mapping 

Three-dimensional (3D) EAM has been a transformative technology to guide VA CA, 

which allows non-fluoroscopic depiction of the electrical myocardial activation of the heart in 3D 

space using either magnetic fields or tissue impedance. Ben-Haim described this innovation, which 

lead to the CARTO mapping system (Biosense-Webster) in his seminal publication in1996, which 

allowed mapping of an intracardiac chamber with as little as 40-60 points.218 This technology uses 

magnetic fields generated by coils placed around the supine patient that can track the location 

sensor embedded within the tip of the mapping catheter, so as to triangulate its position in 3D 

space. Multiple vendor technologies now allow tracking of both mapping and ablation catheters, 

which allow linking of electrical information with their exact anatomical location. More recently, 

intracardiac echocardiography219 and pre-procedural imaging with CMR or MDCT220 can also be 

integrated into these systems such that electrical, functional and anatomical data can be precisely 

integrated to delineate VA circuits and substrate. Advances in catheter technologies including 

multielectrode mapping, contact force sensing, and automated EAM point collection have further 

revolutionised the invasive assessment of VA substrate and now many thousands of electrograms 

are acquired at ultra-high density during routine VA CA. Despite these enormous data, it is 

important still to remember the fundamental electrophysiological concepts guiding generation and 

interpretation of these electrograms and the important limitations and assumptions guiding their 

use which we will review below.   

1.5.2 Intracardiac electrograms 
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Intracardiac electrograms are generated by the potential difference in voltage between two 

recording electrodes, clinically defined as the difference between the positive anodal and negative 

cathodal input. Unipolar electrograms describe potential difference between the catheter electrode 

which is in contact with the myocardium and an indifferent remote electrode which has no cardiac 

signal.221 This can be virtual (Wilson central terminal) or an electrode placed in the inferior vena 

cava.  As, by convention, the recording electrode is connected to the recorder as the positive 

electrode (anode), a wavefront of depolarisation travelling towards this electrode generates a 

positive deflection, which then becomes steeply negative as the wavefront reaches and then travels 

away. In this way, the maximum negative slope (−dV/dt) of the electrogram signal can be 

considered to coincide with the arrival of wavefront directly beneath the catheter electrode (though 

this assumes uniform conduction through the tissue). Unipolar electrogram are deemed to have a 

larger field of view (that is, sample myocardium and increased depth and width from the recording 

electrogram). Recent co-registered CMR studies of infarcted swine suggest that conventional 

unipolar electrogram amplitude alone can have a field of view of 10mm for correlation of viable 

myocardium with voltage,222 though it remains to be seen if alternate electrogram characteristics 

beyond voltage may improve this performance. There are however several caveats to interpretation 

of unipolar electrograms which include that they are sensitive to artefact on the indifferent 

electrode as well as respiratory and cardiac motion, localised current of injury and can be obscured 

by cardiac repolarisation. Importantly, because of their field of view, they contain substantial far-

field signal from tissue remote from the recording electrode which can obscure localised wavefront 

activation within scar.221 Although conventional wisdom suggests that electrode size can also 

influence the unipolar electrogram field of view, more recent data suggest little difference between 

conventional and micro-electrodes using the QDOT catheter,222 probably because both electrodes 
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are orders of magnitude larger than the depolarising myocytes. Finally, filtering can also 

dramatically alter the shape of the unipolar electrogram.223  

Bipolar electrograms depict the potential voltage difference between two electrodes on the 

myocardial surface, which are determined by subtracting the unipolar electrogram of one electrode 

from another. As the far field signal is theoretically similar in both unipolar electrograms of the 

two closely spaced recording electrodes, their subtraction is thought to depict the local signal at 

the site of the intracardiac catheter. This leads to improved near-far field resolution (lower signal-

noise ratio) though at the expense of obscuring far field substrate.59,70,224 The field of view of 

modern multi-electrode catheters with close inter-electrode spacing is approximately 5mm when 

validated by MDCT scar.224 A further important caveat of these bipolar recordings is the concept 

of bipolar blindness as these electrograms are dependent on wavefront direction when compared 

to unipolar signals.225 A wavefront of activation parallel to recording electrodes may for example 

result in no recorded signal, discrepant to the voltage recorded if the wavefront was oblique or 

perpendicular.226 This thesis will review the fundamental assumptions and caveats to mapping 

bipolar electrograms within this section, which include dependence on electrode size, shape and 

spacing, contact force and angle between recording electrograms and the myocardial surface and 

myocardial wall thickness.  

1.5.3 Arrhythmia mapping 

Arrhythmia mapping to identify either the circuitry of re-entrant VT or the focal origin of 

an automatic or triggered activity can help to precisely localise critical sites and targets for CA. It 

is the conventional strategy for CA of VA with purported benefits of limiting ablation lesions, 

identifying VT substrate where substrate mapping in sinus rhythm may underappreciate functional 

lines of block and finally helping to confirm that the targeted tissue is clinically relevant (when 
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arrhythmia terminates during ablation). Indeed, many of the original studies that established 

substrate mapping (an alternative approach), still relied upon arrhythmia mapping in the first 

instance after which surrogates of arrhythmogenic substrate such as late or fractionated potentials 

were targeted.20,227  Newer technologies have improved our ability to map these arrhythmias with 

multi-electrode catheters, more accurate time annotation of multi-component electrograms and 

automated point acquisition at high density. Regardless of these technologies however, many VTs 

are not haemodynamically tolerated, and may not be inducible in the setting of background AAD 

use. Hence substrate mapping has become a major component of modern VT ablation. Recent data 

suggests superiority of extensive substrate ablation in comparison to limiting CA to well 

characterised VT circuits.228 A randomised study in a mixed cohort with SHD found that VT 

arrhythmia mapping prior to substrate homogenisation prolongs procedural and fluoroscopy 

duration and the need for electrical cardioversion without improving acute success or long-term 

outcomes. 229  

1.5.3.1 Entrainment mapping 

Entrainment mapping of re-entrant VT can help to define components of the VT circuit 

including the entrance, common isthmus pathway and exit. It can be performed complimentary to 

other forms of arrhythmia mapping or to confirm the tachycardia circuit at sites of interest 

identified during substrate mapping. Outside of rare exceptions, entrainment, which is continuous 

resetting of a re-entrant circuit, is proven by fixed fusion of paced complexes at a constant pacing 

rate, progressive fusion at different pacing rates (more liked pure paced configuration at shorter 

cycle lengths) or conduction block to an orthodromic site that terminates tachycardia followed by 

activation of that site by a paced wavefront from a different direction.230 Responses of the 

tachycardia to entrainment in the form of the post-pacing interval, QRS configuration during 
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entrainment (manifest or concealed fusion) and the stimulus to QRS interval (as well as this 

intervals relationship to the intracardiac electrogram to QRS interval during tachycardia and the 

tachycardia cycle length) can all be used to predict the position of the pacing site to the re-entrant 

circuit anatomy (which includes critical isthmus, entrance, exit, outer and inner loops and remote 

and adjacent bystanders) which has been proven formatively in post infarction VT by Stevenson 

and colleagues.25 More recent data with high-density mapping however suggest that the isthmus 

as defined by entrainment may be overestimated (particularly at the exit sites).110 Furthermore 

there are other well-recognised pitfalls to entrainment mapping including mistaking re-entry as the 

VA mechanism, assumptions of circuit capture, concealment of isthmus electrograms due to low 

voltage and filtering and oscillations in the tachycardia cycle length.231   

1.5.3.2 Activation mapping 

Activation mapping is performed by recording the timing of intracardiac electrograms at 

various sites of the chamber(s) of interest with respect to a fiducial timing reference. Often this is 

represented on a three-dimensional EAM by binning these activation timings to colour-coded 

reconstructions which subsequently helps to delineate the mechanisms and site of origin of these 

arrhythmias. The pattern of activation can help to suggest both mechanism and arrhythmia 

location. Focal activation patterns with a central early region and then radial spread could suggest 

an automatic or triggered activity focus or micro-re-entry, though a focal breakout of a VT re-

entrant circuit from deeper within the myocardium could also be responsible. In contrast, re-entrant 

circuits completely captured on the mapped surface will demonstrate activation across the entire 

tachycardia cycle length.110 As we have described, activation mapping of both endocardial and 

epicardial surfaces of re-entrant VT have demonstrated that many such circuits are three-
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dimensional in nature,15,69 which can be appreciated when there is a lack of activation timing points 

to cover the entire tachycardia cycle length (suggesting intramural involvement).   

Despite its utility, several caveats for activation mapping need to be acknowledged. The 

first is uncertainty on annotation of timing on each electrogram. When using unipolar 

electrograms, the local activation timing (LAT) is defined as the point of maximal negative slope 

(−dV/dt) of the initial downstroke, correlating with the depolarisation of the cardiac action 

potential.106 In activation mapping of re-entrant VT circuits however, to disregard far-field 

activation, bipolar electrograms are conventionally used to annotate LAT, if which maximal signal 

peak, maximal signal slope or electrogram onset can be tagged. In a comparison of differing 

strategies, identification of the maximal negative slope of unipolar electrogram within a predefined 

bipolar window seems to afford best automatic delineation of LAT.232 In the event of an abnormal 

electrograms however with multiple components or significantly delayed components, such as 

seen in complex ventricular scar, correct annotation can be challenging.  

1.5.3.3 Pace-mapping 

Pace mapping involves the replication of clinical VA QRS morphology by pacing from 

different sites in the ventricle. This can be represented by a pace score or correlation value that 

quantifies how much the paced QRS beat matches the VA QRS morphology. In re-entrant VT, 

theoretically, pace mapping at the exit of the isthmus will produce a similar QRS to the VA whilst 

pace-mapping more proximally at the isthmus will produce a similar QRS complex but with a 

longer stimulus (stim)-QRS interval.23 Induction of VA during pace-mapping, or multiple QRS 

morphologies, suggesting multiple exits from a pace-mapped site are functional pace-mapping 

phenomena that can identify sites critical for re-entry,24 and ablation at these sites can portend 

good arrhythmia free survival. Furthermore, in post-infarction VT, De Chillou and colleagues have 
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demonstrated that an abrupt change in QRS morphology can identify the critical isthmus, as the 

pacing stimulus activates the isthmus in an orthodromic and then antidromic direction.233,234 We 

have also shown that endocardial pace mapping patterns, which can be divided into an abrupt 

change (as suggested by De Chillou) versus centrifugal attenuation pattern can identify whether 

the VT isthmus is on the surface mapped by the catheter (abrupt change) or deeper (centrifugal 

attenuation).235 The cycle length of the pace-mapping stimulus, as well as strength of the stimulus 

can also affect the pace-mapping response, with the most optimal match observed closest to the 

VT cycle length.236 Importantly, Nayyar et al performed meticulous pace-mapping to interrogate 

channels conducive to versus with no evidence of re-entrant VT,  demonstrating an almost 6 times 

higher likelihood of having a prolonged stimulus to QRS delay of >80 msec in VT channels (with 

such channels being longer and with faster conductive properties).237  Outside of re-entrant VA, 

pace-mapping can also allow reasonable arrhythmia free survival during PVC ablation procedures 

where there is a paucity of spontaneous PVCs for activation mapping.238  

1.5.4 Substrate mapping 

Given the limitations of arrhythmia mapping, substrate mapping is an important toolkit in 

CA of VA in SHD. The development of substrate mapping was predicated on early studies in both 

human and animals post-infarction.  Fractionation of sinus rhythm electrograms was observed in 

canines after coronary artery occlusion in 1975239 which was confirmed in human studies by 

Josephson et al. who observed fractionation and prolonged electrogram duration exceeding 100ms 

during sinus rhythm at sites conducive to VT.240 Subsequently Fontaine et al described delayed 

sinus rhythm electrograms, which we now know as late potentials correlating with the earliest 

recorded activation of VT.241 Observations that these abnormal electrograms were more frequently 

seen in patients post-infarction with inducible VT versus in patients without,242 as well as that 
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these abnormal electrograms tended to co-localise with infarction border-zones243 further 

suggested that these electrograms may be abnormal substrate conducive to catheter ablation. CA 

of the substrate responsible for VT using three-dimensional EAM was first proposed by 

Marchlinski et al. in their seminal paper in 2000 whereby linear ablation lesions were performed 

in areas of scar with low voltage for patients with haemodynamically unstable VA.19 Since, there 

has been rapid accumulation of data and studies establishing the role of substrate guided CA of 

VT.  

The first RCT to compare limited ablation guided by traditional arrhythmia mapping versus 

substrate homogenisation that targeted all abnormal electrograms in scar was published in 2015.244 

In the VISTA trial, 118 patients were randomised to clinical ablation guided by entrainment, 

activation and pace-mapping for clinical and stable induced VTs vs identification of abnormal 

electrograms including low voltage regions with subsequent extensive ablation for complete 

homogenisation. In this study, there was a higher rate of VT recurrence in the clinical arrhythmia 

ablation arm versus scar homogenisation (48.3% vs 15.5%). A follow up study randomised 48 

patients to substrate ablation with scar de-channelling (without upfront VT induction)  compared 

with traditional VT induction, arrhythmia mapping and then subsequent scar de-channelling, and 

demonstrated that ablation guided primarily by substrate mapping can reduce procedural duration 

and radiation exposure without cost to acute or long term success.229 In the following section we 

will describe the various approaches, strengths and caveats of substrate mapping for VT.  

1.5.4.1 Peak to peak voltage  

Three-dimensional EAM to identify ventricular scar through abnormal bipolar peak to peak 

voltage was established by seminal work by Marchlinski and colleagues 25 years ago, where 

healthy human ventricles were mapped with a standard 4mm electrode tipped ablation catheter 
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(with a 2mm ring electrode and 1mm interelectrode spacing).19 A healthy bipolar voltage cutoff 

(> 1.5mV) was established as the 5th percentile of all sampled healthy subject electrograms. An 

ablation strategy targeting low bipolar voltage areas (<1.5mV) as defined by this cutoff in a cohort 

of patients with SHD (44% of enrolled patients had non-ischaemic cardiomyopathy) using linear 

ablation lesions within the scar resulted in an impressive 75% VT free survival at median 8 month 

follow up. Subsequently, this technique was also used to define abnormal LV unipolar voltage (< 

8.3mV),245 endocardial RV voltage (<5.5mV),246 and epicardial voltage (<1.0mV) by the same 

group.247  

1.5.4.1.1 Validation in of voltage mapping and scar – the role of whole heart histology 

Attempts to validate these voltage thresholds in large-animal studies have been met with 

variable results. In an early study, endocardial and epicardial low voltage scar as collected by a 

4mm tipped ablation catheter seemed to correlate well with macropathologic scar area assessment 

in swine with healed myocardial infarction.57 Tschabrunn et al. performed a histological and CMR 

validation of voltage mapping using both standard 4mm ablation catheters and a modern multi-

electrode catheter (Pentaray) in a swine study, finding that the total area of low bipolar voltage 

scar (defined as <1.5 mV) was 22.5% smaller using the 1-mm multielectrode catheters (21.7 versus 

28.0 cm2; P=0.003), suggesting the impact of electrode size and spacing on voltage.248 When there 

was discordance between the conventional and multi-electrode voltage maps, CMR and histology 

tended to demonstrate less transmural scar and more heterogenous sub-endocardial scar, 

suggesting the complex interplay between scar substrate, scar depth, catheter characteristics and 

peak-peak voltage. The limitation of these micropathological assessments however is that precise 

co-registration of intracardiac electrograms with abnormal tissue, as well as understanding the 

underlying composition of this tissue is limited with gross scar area measurements. Glashan et al. 
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describe a technique of whole-heart histological co-registration whereby excised animal or human 

hearts are filled to maintain chamber dimension, fixed and then sectioned.249 Photographs of the 

pathological sections can then be reconstructed using custom software into three-dimensional 

histology maps which can then be re-integrated into imaging and EAM studies. Further staining 

of these sections can then be used to identify viable myocardium, fibrosis and adipose tissue.  

Using this technique, Glashan et al. demonstrated that bipolar voltage amplitudes are 

dependent on the amount of viable myocardium present and further, that the ideal bipolar voltage 

cutoff for abnormal viable myocardium is 1.27mV (rather than 1.5) for conventional electrode 

configurations, and then 2.84mV for closely space micro-electrodes on the QDOT catheter.59  

These micro-electrodes (0.167mm2) tended to generate larger bipolar voltage amplitudes with the 

ability to detect discrete local activation separate from the far-field EGM. These techniques have 

also been applied in NICM, whereby Glashan et al. co-registered 8 NICM hearts (obtained either 

after death or transplantation) with EAM.70 They found a wide variety of NICM scar patterns and 

furthermore, demonstrated the impact of wall thickness on both endocardial bipolar and unipolar 

voltage with an increase of 0.23mV (P=0.009) and 0.28mV (P=0.010) for every 1mm increase in 

wall thickness in transmural biopsies. Indeed, viable myocardium in the intramural or epicardial 

layers was shown to obscure bipolar voltage detection, with a 1mm2 increase in the amount of 

viable myocardium beyond the 4mm sub-endocardium on transmural biopsy associating with a 

0.05mV increase in bipolar voltage of 0.05mV (P=0.046). In a more recent post-infarction swine 

study, this group have also investigated whether there is a correlation between bipolar and unipolar 

voltage and scar geometric patterns, demonstrating in an ischaemia reperfusion model that unipolar 

voltage tends to better associate with transmural viable myocardium quantity than bipolar voltage 

when using a modern Octaray catheter.250 Here, in contrast to previous validated thresholds for a 
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standard tipped ablation catheter, cutoff values of 3.7 mV (unipolar) and 1.0 mV (bipolar) in the 

LV tended to best associate with viable myocardium, suggesting the need for catheter specific 

voltage cutoffs. Most interestingly, bipolar electrogram morphology, frequently identified 

transmural biopsies with 2 layers of surviving myocardium (with interspersed scar).  

EAM-CMR correlation studies further demonstrate the complexity of interplay between 

voltage and ventricular scar. Wijnmaalen et al have further demonstrated the limitations of 

traditional voltage thresholds in a cohort of 15 post-infarct patients with co-registered CMR and 

EAM.251 They found that a median bipolar voltage <1.5mV obtained with a 3.5mm tip ablation 

catheter was only seen in scar that had more than 75% transmurality (which may be of less clinical 

applicability in modern early reperfused infarcts and NICM). Most importantly, Tung et al. 

demonstrated in a porcine infarct study with co-registered ex-vivo cardiac magnetic resonance 

imaging (CMR) that post-infarction scar is not only endocardial but has mid-myocardial and 

epicardial components.252 They found modest sensitivity and specificity of voltage amplitudes to 

CMR-defined scar (57% sensitivity, 79% specificity for endocardial bipolar voltage < 1.5mV 

(2mm electrode spacing) and 81% sensitivity, 58% specificity for unipolar voltage <8.3mV). This 

was attributed to three dimensional spatial averaging, whereby low voltage may be the result of 

scar at a greater depth vs adjacent scar on the same surface. Furthermore, even within post 

infarction scar, the underlying cardiomyopathy can affect voltage. Sramko et al correlated EAM 

with a 4mm tip ablation catheter in 27 post-infarct patients, approximately half of whom had 

evidence of ventricular remodelling (abnormal left ventricular EF or volume).253 The 5th percentile 

endocardial bipolar and unipolar voltage values in non-infarcted myocardial segments in non-

remodelled patients were 3.0mV and 6.7mV respectively. In contrast, patients with remodelled 

LVs had lower bipolar and unipolar threshold values of 2.1mV and 6.4mV. 
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Given these data, which taken together demonstrate the impact of multi-electrode catheter 

composition, underlying scar substrate and cardiomyopathy and validation methodology (e.g. 

whole heart histology, macropathology or CMR), Campbell et al. investigated in an ovine infarct 

model with whole-heart histopathological and CMR correlation the accuracy of unipolar and 

bipolar voltage recorded on various multielectrode mapping catheters.254 This study found that 

although grid array, multi-spline and linear electrode arrangements all have similar accuracy for 

the detection of viable myocardium, each catheter had unique voltage thresholds to best identify 

viable myocardium and compared with traditional voltage thresholds, use of catheter-specific 

thresholds significantly improved each catheter’s accuracy for correctly identifying underlying 

viable myocardium on both LGE-CMR and histology by up to 20% for bipolar voltage and 75% 

for unipolar voltage.  

It is still unknown how voltage or other bipolar or unipolar electrogram characteristics may 

perform to better describe histological post-infarction scar patterns and depth. Improved 

demarcation of ventricular scar topography (including its depth and location) would be 

advantageous, and it is plausible that electrogram features beyond voltage (given the complexity 

of interaction) may be useful to identify this topography.  

1.5.4.1.2 Voltage channels 

Given multiple studies that suggested that zones of slow conduction are frequently located 

within abnormal myocardium in dense scar,103,255 Arenal et al. hypothesised that “conducting 

channels” of surviving bundles must have a larger voltage than the surrounding “dense” scar tissue 

and that careful step by step adjustment of the upper and lower bounds of 3D EAM bipolar voltage 

cutoffs for scar and dense scar could identify such bundles.256 These authors correlated such 

voltage channels, which required a reduction of the dense scar voltage threshold from ≤0.5mV to 
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≤0.1mV with late potentials and VT circuits identified by pace-mapping. In a similar study, Hsia 

et al. soon afterwards interrogated voltage channels in humans with monomorphic VT and SHD, 

finding that VT isthmus sites reside predominately in the “dense scar,” with voltage <0.5mV 

whereas most exit sites are located in the border zone (0.5-1.5mV).257 Conducting channels 

colocalised with 56% of VTs with entrainment data, and again, hand-raking of voltage thresholds 

were required to identify these channels, whereby the optimal voltages used ranged from 0.1-

0.7mV. Subsequently, in an important study mapping, Haqqani et al. demonstrated that ventricular 

substrate mapping of patients with sustained monomorphic VT demonstrated a 100% chance of 

identifying voltage conducting channels versus 59% chance of channels in patients without VT 

(P=0.015).258 Based on these data, Berruezo and colleagues have demonstrated that CA targeting 

these voltage conducting channels, which they deemed “scar de-channelling,” can lead to VT non-

inducibility of VT in 54.5% of patients, with acute success increasing to 78% when combined with 

traditional arrhythmia mapping, with long term VT free survival of 80%.259 Identification and 

ablation of CMR LGE channels have largely been predicated on the findings of these scar-de-

channelling approaches.  

1.5.4.2 Local abnormal ventricular activities 

We have described foundational studies that established abnormal electrogram 

characteristics beyond voltage (described variously as “fragmentation” or “fractionation”) as key 

markers of arrhythmogenesis,239-243 and postulated to be caused by heterogenous activation of 

myocardial fibres interspersed amongst fibrosis103,226 and fat.128  Cassidy et al. established the 

bipolar electrogram characteristics of structurally normal hearts with endocardial mapping of 15 

patients without evidence of SHD (3 of whom had idiopathic VT), showing that normal 

electrogram duration is less than 70 milliseconds with amplitude more than 3mV and  no evidence 
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of splitting, fractionation or late potentials.260 In comparison, in canine infarction studies Dillon et 

al. demonstrated that these fractionated electrograms are associated with sites of turning points at 

the entrance or exit of an isthmus during VT.261 This concept, that fractionated, long electrograms 

in sinus rhythm correlate well with the isthmus barriers has also been shown by others,262 though 

it should be noted that isthmus borders can just as often by functional rather than fixed, and hence 

obscured by only sinus rhythm mapping.27 Furthermore, de Bakker et al. confirmed the co-

localisation of late and/or fractionated electrograms with the diastolic pathway of induced VTs255  

and Stevenson et al. have demonstrated with pace-mapping in human post-infarction patients that 

sites with fractionation associated with slowed conduction (longer stimulus to QRS duration).263 

Given these translational and mechanistic studies, it could be asked how often fractionated 

or late electrograms co-localise with critical sites of VT. Miller et al. demonstrated in human 

intraoperative studies that most abnormal electrograms at the site of mapped VTs were eliminated 

by resection of 2 to 3 mm of subendocardial tissue, with subsequent normalisation of half of nearby 

electrograms.264 In 2006, Bogun et al. showed in a cohort of 19 patients with post-infarction VT 

that isolated late potentials were seen during sinus rhythm to co-localise with 40/41 distinct VT 

isthmii.265 Follow up studies have demonstrated that these late potentials tend to co-localise with 

the mid-isthmus (89%) compared to entrance (57%) and exit (20%) sites.266 In contrast however, 

Harada et al. found that these late potentials could also co-localise with bystander sites in the re-

entrant circuit and that further, late potentials are found in only half of sites with successful 

termination of VT during ablation.267  This is probably partially attributable to activation wave-

front dependence of bipolar electrograms, as substrate mapping in this study was only performed 

in sinus rhythm. In contrast, in a mixed cohort of SHD patients with VT, Arenal et al. demonstrated 

that  late potentials were uncovered in 96% of patients with pacing from the right ventricular apex, 
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compared with 55% with sinus rhythm mapping (P<0.01).268 We also now know that abnormal 

electrograms can be unmasked not only with differing wavefronts of activation but also with earlier 

coupled extrastimuli, which will be covered in a later section.  

A universal description of fractionated electrograms and late potentials was established by 

Jaïs et al who described them with the overarching term of local abnormal ventricular activities 

(LAVA).20  Importantly in their description of fractionation, they also incorporated sharp buried 

potentials within otherwise normal large amplitude far field activation  and further clarified their 

presence when there was uncertainty with pacing to separate the local and far field components.  

In this non-randomised study, complete elimination of LAVA in addition to abolishment of 

inducible VT demonstrated improved arrhythmia free survival (adjusted hazard ratio 0.49, 95% 

confidence interval 0.26-0.95, P=0.035).  

1.5.4.3 Functional mapping 

Given re-entry is the mechanism for the majority of VTs in SHD, and this phenomenon is 

predicated on regions of slowed conduction susceptible to unidirectional block, mapping of this 

“functional” substrate by characterising the underlying conductive properties of the myocardial 

tissue offers potential to improve VT CA.208,269 This can be performed either through interpretation 

of sinus or paced rhythm activation maps or through assessing response of the myocardium to 

extra-stimulus pacing manoeuvres. From these strategies, multiple functional mapping techniques 

have been described which include identification of zones of slowed conduction (deceleration 

zones – DZ),270-272 regions with wavefront discontinuities,273  repolarisation and re-entry 

vulnerability mapping,274,275  regions with cumulative activation slowing in multiple wavefronts,276  

measures of electrogram duration277 and finally identification of decrement,26 hidden slow 

conduction,278  or hidden substrate279 with extra-stimulus pacing manoeuvres.  
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1.5.4.3.1 Isochronal late activation mapping to identify deceleration zones 

In 2015, Irie et al. (2015) challenged the assumption that the latest potentials during 

activation mapping in sinus or paced rhythm marked areas with the slowest conduction or with 

highest specificity for re-entry.270 In a mixed cohort of 33 patients (with 47 critical sites of VT 

where VT termination could be appreciated during ablation), they created retrospective isochronal 

late activation maps (ILAM). Here they annotated the local activation time on the EAM system to 

the offset of the bipolar EGM, chosen to represent completion of local activation by encompassing 

late potentials, and due to inter-observer reliability. Hawson et al. (2024) very recently compared 

ILAM maps with annotation at the earliest bipolar electrogram, peak of the bipolar electrogram 

voltage, latest bipolar electrogram and steepest −dV/dt (with or without a dynamic window of 

interest to better identify latest potentials) and demonstrated the validity of the Irie et al. approach 

(though annotating to earliest and peak had similar performance).280 For the Irie et al. study, the 

activation map was binned into 8 coloured isochrones (whereby 12.5% of the activation map was 

encompassed by a single isochrone).270 They found that only 11% of critical sites were localised 

to the latest isochrone of activation, whilst the majority were in the second and third latest 

isochrones (36% and 28% respectively). Isochronal crowding with 3 or more isochrones within a 

1cm distance (deemed DZs) were found at critical VT sites.  

This preliminary work was then validated by this group in a prospective cohort of 128 

patients with SHD where the definition of DZs was further refined to require presence of LAVA 

or split electrograms in addition to isochronal crowding.271 In almost half of cases, 3 or more 

discrete DZs were observed. Ablation of this functional substrate in addition to targeting clinically 

induced VT resulted in long term freedom from recurrence in 70% of patients in this mixed cohort 

of NICM and ICM. More recently, this group has demonstrated with differential pacing at sites of 
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DZs that most VT isthmus boundaries have lines of block identifiable in baseline rhythm, primarily 

supporting a predominantly fixed rather than functional nature of circuit boundaries.272 When 

combined with simultaneous endocardial and epicardial mapping, the authors demonstrated that 

these elicited lines of block act as depth boundaries for intramural isthmi in cases of three-

dimensional VT. Based on these data, the two-dimensional concept of the re-entrant VT circuit 

was revised into a three-dimensional hyperboloid shape.  

ILAM has been rapidly adopted into clinical practice and was used in the PAUSE-SCD 

clinical trial,208 which has helped to establish the role of early VT ablation in SHD. It has been 

adopted into mechanistic work to understand the drivers of atrial arrhythmias.281,282 Our 

understanding of the interplay between anatomy and physiology for establishment of 

arrhythmogenic substrate for VA has also been further advanced with multiple imaging studies, 

which have shown co-localisation of DZ with CT wall-thinning283 and LGE-CMR channels.284 In 

the latter study, Vázquez-Calvo et al. demonstrated that DZs are highly correlated with CMR 

conducting channels, and that further, remapping of the ventricle after ablation of primary DZs 

can unveil new, hidden zones, the abolishment of which offers improved VT free survival.284 These 

authors have also demonstrated that this same annotation technique can be applied to extra-stimuli 

maps (both a first and second extrastimulus) with further unmasking of DZs co-localising with 

CMR channels.285   

There are still some unanswered questions with regards to the ILAM approach. First, in the 

establishment of this methodology, the authors described 13 cases where ILAM was performed 

with two distinct wavefronts, and in these cases, there was concordance of DZ locations in 86%. 

A systematic comparison of the effect of sinus rhythm, RV pacing and LV pacing on DZ 

identification has not been performed. Second, there has been no histopathological assessment of 
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tissue characteristics at sites with DZs. In the context of multiple hypotheses for the driver of 

slowed conduction (myocyte disarray due to fibrosis, or lipomatous metaplasia), a co-registered 

EAM to histopathological model would further advance our knowledge of this knowledge gap.  

1.5.4.3.2 Wavefront discontinuities 

Canine and human non-contact and contact mapping studies by Ciaccio et al. have 

demonstrated that discontinuities in the sinus rhythm activation map co-localise to VT isthmus 

boundaries.286-288 This is readily appreciable on the CARTO proprietary mapping system with the 

early meets late module, which has been deemed to allow wavefront discontinuity line (WADL) 

mapping.273 The automated module can be used to visually delineates regions where adjacent 

points are separated by a custom annotated timing difference, which in their validation study 

Maher et al, set as 25-35% of the total mapped activation time. Similar to DZs, 74% of critical VT 

sites co-localised with WADL, the ablation of which afforded freedom from VT recurrence in 69% 

of patients at 12 months of follow-up. 

1.5.4.3.3 Extrastimulus pace-mapping 

 
Beyond examining activation wavefront, an alternative physiological functional substrate 

mapping approach can be to assess myocardial tissue response to electrophysiological stress with 

closely coupled extrastimuli, which can identify regions with decrement and conduction block. In 

an early study of superfused rabbit atria, Lammers et al. demonstrated that a single premature 

stimulus with significant decrement could correlate with initiation of tachyarrhythmia.289 In a study 

of patients with hypertrophic cardiomyopathy, Saumarez et al. found prolongation of the 

ventricular electrogram with increased prematurity of the extra-stimulus beat, associating with 

tendency for clinical VF.290 Subsequently Jaïs et al. demonstrated that with pacing, local sharp 
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potentials could be separated from the far-field ventricular electrogram and that abolishing such 

sites improved VT free survival.20 This method was further refined by work by Jackson et al. who 

leveraged intraoperative post-infarction mapping in 6 patients to demonstrate in elegant 

electrophysiological studies progressive delay of late potentials with delivery of an earlier coupled 

extra-stimulus, until block, reversal of the activation wavefront and then initiation of re-entrant 

sustained monomorphic VT.26 These were deemed decrement-evoked potentials (DeEP) and 

regions with DeEP had higher specificity for the VT diastolic pathway than late potentials, with a 

specificity of 95% when assessing points with greatest decrement. In a prospective clinical 

validation study of 20 patients with ICM, this team showed DeEP guided ablation led to a 75% 

freedom from VT recurrence at 6 months.291 Most recently, Bhaskaran et al. have demonstrated in 

an ischaemia reperfusion swine model with whole chamber DeEP mapping that DeEP sites co-

localise with CMR channels early post-infarction (58 days), with significantly greater decrement 

within vs outside channels (115 ± 31 ms vs 83 ± 29 ms; P < 0.001).292 Alternative approaches to 

extra-stimulus functional mapping have been described including introducing an extrastimulus 20-

60ms above ventricular refractoriness after an RV paced drive train to assess for conduction delay 

greater than 10ms or block, deemed evoked delayed potentials.279 Finally, early coupled extra-

stimulii during sinus rhythm have also been interrogated, which may avoid priming of the 

myocardium with the RV drive train.278,293  

1.5.5 Intracardiac echocardiography 

A creative approach to substrate mapping is the use of intracardiac echocardiography 

(ICE), which was traditionally used for assessment of cardiac anatomy live during CA as well as 

to monitor catheter location/contact and ablation lesions. Certain proprietary softwares allow 

integration of ICE created model anatomy into the EAM. In post-infarction swine models, ICE has 
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been used to delineate infarction scar.294 Echogenicity, wall-thinning and regional wall motion 

abnormalities can be used in ICE to determine scar219 and its depth.235 Hussein et al. demonstrated 

in a mixed cohort of 22 patients that scar by voltage criteria had increased signal intensities 

compared to border zones (149 signal intensity units vs 104, P < 0.0001) and normal myocardium 

(88 signal intensity units, P < 0.0001).295 Signal intensity ≥137 SIU differentiated scar from non-

scar zones (area under curve 0.91, P < 0.0001). Further, in a cohort of 38 ICM patients in the 

SOUNDSCAR study, ICE-defined scar parameters such as end-diastolic and end-systolic wall 

diameter, end-systolic wall thickening, slope (end-diastolic to end-systolic wall thickening), and 

wall motion scoring all correlated strongly with EAM-defined scar (voltage <1.5 mV).296 These 

authors showed in a further prospective cohort of 21 patients, ICE-guided ablation was associated 

with shorter procedure times and comparable VT-free survival.  

1.5.6 Computational analyses of the intracardiac electrogram 

With improved computational speed, accuracy and cost, our understanding of mechanisms 

of VA with in-silico modelling and the ability to process electrograms and integrate these analyses 

live into the EAM have improved. Some examples of such techniques include omnipolar mapping, 

multipolar mapping and peak frequency analyses. These techniques help to address some of the 

current limitations to invasive EAM.  

1.5.6.1 Omnipolar mapping 

We have discussed the impact of wavefront on conventional bipolar mapping previously. 

Masse et al. (2016) established an alternative computational technique of calculating an 

“omnipolar” electrogram. Local unipolar electrograms are obtained from a group of 3 electrodes 

(cliques) from which the myocardial electric field is derived along the myocardial surface.297,298 

This technology allows for determination of the wavefront direction and conduction velocity under 
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the recording electrodes (without need for isochronal activation maps). Further, omnipolar voltage 

is not susceptible to wavefront direction like bipolar mapping. The utility of omnipolar mapping 

versus conventional bipolar mapping for VT substrate identification during clinical CA has been 

assessed recently.299  These authors found that omnipolar technology unveiled higher voltages in 

both ventricular chambers and in the epicardium, with significantly smaller low voltage areas 

(<1.5mV). Importantly, without histological validation, it is difficult to know what the optimal 

voltage thresholds should be for omnipolar mapping. Furthermore, omnipolar mapping performed 

better to identify abnormal electrograms, with less false positive automatic annotation of 

omnipolar electrograms (21.9% bipolar vs 6.8% omnipolar) and greater specificity of omnipolar 

late potentials to diastolic VT pathways (79% vs 63% bipolar). Functional mapping of DZ was 

also better to identify VT critical sites compared to the same mapping with bipolar electrograms.  

1.5.6.2 Multipolar mapping 

A novel computational approach to improve signal resolution and attenuate far-field 

electrograms is multipolar mapping. This strategy leverages the concept that with multi-electrode 

catheter mapping, each activation beat gives multiple electrograms recorded at relatively close yet 

unique locations. Theoretically near field local potentials will demonstrate spatiotemporal 

propagation whilst the far-field activated myocardium will be detected by all closely spaced 

electrodes at a relatively similar time. Using principal component analysis, a dimensionality 

reduction and machine-learned method, unipolar electrograms from adjacent electrode clusters are 

compared, with far field components subtracted such that the multipolar electrogram demonstrates 

the local unipolar waveform. This also allows assessment of wavefront direction. Using a grid 

catheter, Anter et al. demonstrated better annotation of electrograms to local activation and 
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histopathology compared to bipolar electrograms. This technique has not been validated in any 

large clinical cohorts of VA CA.300  

1.5.6.3 Peak frequency analyses 

Recent clinical studies have highlighted the importance of frequency analyses in 

identifying VT regions of interest using the Ensite X Omnipolar technology's near-field algorithm, 

which employs wavelet transform to automatically identify peak frequency. Using this algorithm, 

low voltage area peak frequency >220Hz has been shown to have 91% sensitivity and 85% 

specificity for detecting late potentials and LAVA and could predict deceleration zones in 9 out of 

10 patients.301 However, a further study by Mayer et al. demonstrated that low voltage area peak 

frequency >200Hz showed lower performance in identifying the VT isthmus (sensitivity 69%; 

specificity 64%).302 Further, peak frequency analyses of VT activation maps indicated that sites 

with peak frequency >405Hz during VT predicted VT termination within 5 seconds during ablation 

(AUC 0.811), likely due to higher peak frequencies identifying near-field VT circuitry.303 Given 

these conflicting results, likely more study is needed to identify the role of frequency analyses in 

understanding VA substrate. In fact a recent study by Tonko et al. (2024) found that peak frequency 

analyses alone could not differentiate the dominant VT site from low-voltage bystander sites.304 

1.5.7 Artificial intelligence and machine learning  

Throughout this review, the complexity of the cardiac electrophysiological mechanisms 

underpinning ventricular arrhythmogenesis are clear. Also important to understand is the volume 

and variety of multi-modality data that is available to the cardiac ablationist treating VA. EAM, 

pre-procedural imaging (including MDCT, CMR and echocardiography), ECGs and the electronic 

health record generate many gigabytes worth of data for a single patient which must be readily 

interpreted to identify who is suitable for which treatment and determine, live, where and how the 
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electrophysiologist wants to treat VA with CA. There is a rapidly evolving recognition that with 

improved computational power, novel strategies can be used to answer these fundamental 

questions. Excitingly, artificial intelligence (AI) offers a new frontier in understanding and 

delineating the arrhythmogenic substrate responsible for VA. 

AI despite its current exponential popularity, is not a novel concept, and defines the 

capability of computational systems to solve and perform cognitive tasks originally deemed to 

require human minds (such as learning, reasoning, problem-solving, perception, communication 

and decision making).305 Within this broad field of AI, machine learning is a sub-field aimed at 

the study of statistical algorithms and models that can independently learn to make predictions on 

new data based on data it has previously analysed.306 Machine learning allows systems to improve 

their performance on tasks without being explicitly programmed for each specific task. More 

specialised still is deep-learning, whereby specialised neural networks (inspired in part by 

biological neural networks) can process data to perform classification, regression and generative 

tasks from either labelled (supervised) or raw unstructured (unsupervised) data. Here, features of 

interest are learned directly by the algorithm and are not defined by the computer scientist.  

The role of these approaches in addressing the fundamental problems of cardiac 

electrophysiology have been extensively reviewed,306-309 including in a recent state of the art 

scientific statement co-authored by the European Heart Rhythm Association, Heart Rhythm 

Society and European Society of Cardiology working group in e-Cardiology 310 As it is not feasible 

in this review to extensively document advances in AI approaches to cardiac electrophysiology, 

here we will review the role of AI, machine learning and deep learning in ECG analyses, 

electroanatomic mapping and VA management and finally in imaging studies pertinent to VA.  
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1.5.7.1 Machine learning of 12 lead electrocardiograms 

Many applications of AI have been applied to processing of ECGs including single lead 

rhythm strips, multi-channel telemetry recordings and formal 12 lead ECGS.307  In a landmark 

study in 2019, Attia et al. demonstrated using a convolutional neural network (CNN) trained on 8 

ECG leads (lead I, II, V1-V6) in 180,922 patients with 649,931 normal sinus rhythm ECGs to 

predict atrial fibrillation from the normal sinus rhythm ECG (with an AUC of 0.87).311 Subsequent 

studies demonstrated that ECGs could also predict mortality at 1 year.312 Yao et al. demonstrated 

in a cluster RCT that AI enabled processing of 12 lead ECGs would lead to earlier diagnosis of 

reduced ejection fraction compared to standard screening.313 Pertinent to VA, Lampert et al. 

demonstrated in a 14,241 patient cohort using a pretrained ResNet neural network machine 

learning model (ResNet-152) that the 12-lead ECG alone can accurately predict new-onset 

cardiomyopathy in patients with PVCs independent of PVC burden.314 Importantly, explainability 

analyses of this model using GradCAM showed that the QRS complex and ST-segment in sinus 

rhythm rather than the PVC morphology itself was most useful for model performance, suggesting 

that abnormal excitation-contraction coupling, calcium handling, or autonomic dysregulation 

preceding the PVC may portend cardiomyopathy development.  

Despite these exciting results, there are important caveats to AI assisted ECG technologies 

that need mention. First, for generalisability, these models should best be validated in external 

datasets in diverse populations.310 Second, prediction for predictions sake will not improve patient 

outcomes and these translational discoveries need to be linked to actionable changes in 

management that are shown, preferably in RCTs to improve patient outcomes. Third, risk of 

perpetuating bias with such technologies needs to be remembered.315 
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1.5.7.2 Machine learning for treatment of ventricular arrhythmias 

Machine-learning approaches offer an avenue to better understand and predict risk of 

sudden cardiac death,316 which may be abrogated with use of an ICD. Through the use of multiple 

custom neural sub-networks incorporating CMR and clinical covariates such as age, sex, EF, 

cardiovascular risk factors, medication use and ECG measurements, Popescu et al. demonstrated 

that individualised patient survival curves could be generated, with a concordance index of 0.74 

in an independent test set.317 This same group has demonstrated the efficacy of using multimodality 

imaging (positron emission tomography and CMR) and clinical biomarkers in a supervised 

multivariable classifier to predict sudden cardiac test with testing results of 60% sensitivity [95% 

confidence interval 57-63%], 72% specificity [95% confidence interval 70-74%], and 0.754 AUC 

[95% confidence interval 0.710-0.797] in a cohort of 45 patients with cardiac sarcoidosis.318 

Alternatively, Rogers et al. have tackled the prediction of sudden cardiac death with machine 

learning interpretation of invasively obtained ventricular monophasic action potentials. These 

signals were processed using the tsfresh (Time Series FeatuRe Extraction on basis of Scalable 

Hypothesis, version 0.20.3) Python package to identify features that could be processed by support 

vector machine and CNN algorithms to predict sudden death.319 They found in patient level 

predictions in independent test cohorts an AUC of 0.90 for sustained VT/VF (95% confidence 

interval 0.76-1.00) and 0.91 for mortality (95% confidence interval 0.83-1.00). This process to 

date has not been applied to intracardiac electrograms.  

An obvious application of machine learning techniques for management of VA is to help 

localise the VT isthmus and sites of origin of PVCs. Yokokawa et al. attempted to solve this 

problem in post-infarction VT, with input of 12 lead ECG pace-mapping in low voltage scar to 

correctly identify VT exit in a 10 segment model.320 Performance of this model was only moderate 
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with validation in 33 patients demonstrating an accuracy of 71% for localising a VT exit site to a 

15cm2 region, which may have been due to small input data size and the complexity of post-

infarction ventricular scar. More recently, Sapp et al. created a software platform to 

intraprocedurally process endocardial LV pace-mapping to localise exit of scar-related VT, 

validating prospectively that such a model could localise a VT exit site with a mean error of 

approximately 9 mm.321,322  

As these approaches can be applied to ECG and monophasic action potentials, it is 

plausible to consider the application of similar strategies to bipolar and unipolar electrograms to 

identify arrhythmogenic substrate. Wavelet and Fast Fourier transformation of epicardial unipolar 

electrograms derived from multielectrode plunge needles in an ovine model suggest that higher 

frequency spectra are associated with myocardial tissue heterogeneity and increased propensity to 

ventricular tachycardia.323 Machine learning aided frequency analyses of unipolar electrograms 

derived from an ablation catheter had an average within patient AUC of 0.841 for mid-myocardial 

fibrosis in non-ischaemic cardiomyopathy (0.591 for unipolar voltage alone).324 It is therefore 

plausible that a CNN applied to electrogram time series could further extract hidden features to 

better delineate substrate. The only study to assess individual intracardiac electrograms using deep 

learning was performed by Ntagiantas et al. 325 They applied a feed forward CNN with an Encoder-

Decoder architecture to assess the performance of computer-simulated atrial electrograms to 

identify tissue conductivity and fibrosis and showed that an array of concurrent simulated unipolar 

electrograms can identify underlying atrial scar, supporting, the plausibility that deep learning 

networks can infer the structural properties of tissues (albeit in an in-silico model). Importantly, 

these analyses did not incorporate bipolar electrograms, and further, did not utilise biologically 
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obtained electrograms with ground-truth histology. Whole-heart histological reconstructions in 

animal and human hearts with co-registered EAM offers the potential to extend this work.  

1.6 Non-invasive assessment of ventricular arrhythmogenic substrate 

Whilst invasive EAM allows for detailed electrophysiologic assessment of the substrate 

that can give rise to VA, in the previous section we have identified significant limitations and 

caveats that need to be acknowledged including the impact of electrode size and spacing, angle of 

wavefront to recording electrodes, catheter contact, filtering and wall-thinning.27 The integration 

of cardiac imaging with EAM allows for the opportunity to co-register anatomic and imaging 

defined scar substrate live during the case (image integration) to guide substrate delineation. Multi-

modality imaging can be harnessed to this end including CMR, MDCT, positron emission 

tomography (PET) and echocardiography.  

1.6.1 Cardiac magnetic resonance imaging 

1.6.1.1 Late gadolinium enhancement 

Early animal and human studies have established that in post-infarction cardiomyopathy, 

late gadolinium enhancement (LGE) in CMR can be used to identify the “peri-infarction” or border 

zone of myocardial scar which has been deemed to contain viable myocardium326,327 and predict 

the presence of inducible VT.328 In 2006, Yan et al. found that in post-infarction patients, the extent 

of the peri-infarct zone characterised by LGE CMR provides incremental prognostic value for 

survival beyond left ventricular systolic volume index or EF.329 Early studies validating LGE-

CMR were performed with side-by-side comparison to gross macropathological scar area with the 

LGE CMR segmented into binary (scar, no scar)330-332 definitions based on various full-width half 

maximum, percentage signal intensity or standard deviation segmentation methods. Though there 
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can be differences in scar areas based on the quantification method to identify enhancing vs non-

enhancing myocardium,333 differences in their performances to identify functional tissue have not 

been shown to be significantly different.334 More recently, Pop et al compared ex vivo LGE and 

diffusion-weighted imaging CMR in an infarct swine model (n=5) with picrosirius red stain-

identified collagenous fibrosis.335 Using n=9 short-axis slices, they found that a ternary 

classification of LGE into scar, borderzone, and normal tissue demonstrated a good correlation 

between imaging-defined scar and borderzone area with histology. Unfortunately, this study was 

performed with ex-vivo CMR limiting generalisability to clinical cases and without whole-heart 

histological co-registration. Taken together these data establish the possibility that LGE scar could 

be of use in VT CA for SHD.  

Ashikaga et al. were the first to integrate ex-vivo and in-vivo LGE CMR obtained on a 

1.5T machine with invasive EAM (activation maps of VT).336 Hyper-enhanced regions on the ex-

vivo CMR (which had sub millimetre slice thickness) were identified as regions with LGE signal 

intensity more than 6 times the standard deviation and then extracted using custom software. These 

studies showed that epicardial re-entry isthmii were characterised by a small channel of viable 

myocardium bound by the scar tissue at the infarct border zone or over the infarct.  

Based on their work describing voltage conducting channels,256 Perez-David et al. 

hypothesised that LGE-CMR conducting channels (CMR-CCs) could be identified non-invasively 

by thresholding LGE signal intensity (SI). 18 post-infarction patients  with sustained VT and 

without ICD were recruited and LGE-CMR performed on a 1.5 Tesla scanner. Delayed 

enhancement imaging was performed 10-15 minutes after gadolinium administration at 5mm slice 

thickness. Dense scar was quantified to have SI greater than 3 standard deviations and borderzone 

(which authors deemed heterogenous tissue) 2-3 standard deviations. In this prototypical study, 
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CMR channels were identified by expert operators on visual inspection and defined as corridor of 

borderzone tissue in consecutives slices surrounded by scar and connected to normal myocardium 

by at least one side. Perez-David found that compared to a matched control group, a significantly 

higher proportion of patients with VT had these channels (88% vs 33%, P=0.0006). Within CMR-

CCs fractionated potentials were noted, with more delayed activation in the centre of these 

channels compared with the entrances (167±33 msec vs 118±28 msec, P<0.0001).  

Concurrently, Andreu et al. published their experience with CMR integration in 10 patients 

(again without ICD implantation) with post-infarction cardiomyopathy and sustained VT who 

underwent LGE CMR in a 3 Tesla machine a mean 3 days prior to VT CA. The CMRs were 

performed at very fine slice thickness (1.4mm). The scar was segmented with custom software 

(that eventually led to the development of the proprietary ADAS 3D software (Barcelona, Spain) 

,which is now used clinically for VT CA).  The authors post-processed LGE sequences using the 

full-width, half-maximum method and compared dense scar voltage area against voltage scar, 

finding that a 60% threshold of the peak SI to denote core scar and 40% threshold for borderzone 

yielded the highest correlation to traditional voltage scar definitions (r2=0.827, P<0.001) and the 

best agreement, when compared with 50% and 70% thresholds. These thresholds have since 

become the conventional markers for dense scar and border-zone, though they have not been 

validated by histology. In fact, more recent studies have demonstrated large variability in scar 

patterns with adjustment of dense scar and borderzone thresholds,337 emphasising further the need 

for systematic histologically co-registered data to establish the validity of image integrated scar 

and channels.  

Despite these concerns, soon after these findings, this same group validated their approach 

to identifying CMR-CCs, demonstrating in a 21 patients with ICM that CMR-CCs identified 74% 
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of the critical isthmii of clinical VTs and 50% of all the conducting channels identified in EAM.338 

Follow-up observational clinical studies in larger cohorts have demonstrated that ablation targeting 

CMR-CCs could be a valid substrate homogenisation technique. In a larger cohort of 159 patients 

with scar related VT, a substrate homogenisation approach of “de-channelling” scar aided by 

CMR-CC ADAS 3D image integration had lower VT recurrence over a mean follow-up of 20±19 

months compared to standard ablation (18.5% vs 43.8%, P=0.017).339 In a more provocative study, 

this same group went on to demonstrate that a “CMR-guided” approach where upfront ablation of 

CMR-CCs was performed with subsequent traditional mapping and ablation if required led to 

lower VT recurrence rates with associated shorter procedural time and less fluoroscopy.340 Both 

of these studies unfortunately are not randomised and further data is needed to establish clinical 

evidence for image integration with LGE CMR in VT CA.  

Image integration of LGE-CMR can also be performed using custom or other proprietary 

software. Another solution is inHEART (Bordeaux, France), where CMR are shared on a cloud-

based platform for segmentation by the commercial product team. Previous inHEART publications 

have reported a similar trilinear algorithm to ADAS-3D, (35% and 55% of maximum intensity for 

border-zone and dense scar respectively).341 In an early validation of inHEART, Yamashita et al. 

found that 89% of VT termination sites co-localised to image defined scar.342 There are no 

translational or clinical data that compares the two commercially available vendors that are 

commonly used for image integration.  

Finally, some limitations of LGE-CMR image integration need to be acknowledged. 

Firstly, many patients undergoing LGE CMR have ICDs in situ which can cause significant 

artefact, particularly if they have concurrent CRT. Roca-Luque et al. have addressed this with the 

application of wideband cardiac magnetic resonance sequences, which allow adequate VT 
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substrate characterization to guide VT ablation with similar accuracy than conventional LGE-

CMR in patients without an ICD.343 Second these studies cannot be performed in patients with 

significant renal impairment due to risk of adverse events from the gadolinium injection. Third, 

though there are studies which have co-localised functional substrate including extra-stimuli 

mapping with 1 or 2 extrastimulii to CMR-CCs,285 there are no RCTs that have established there 

role as improving VT CA. Voyage (NCT04694079) is a multi-centre study (principal site in Italy) 

seeking to recruit 103 patients. Recruited patients with VT from left ventricular structural heart 

disease with good CMR imaging will be randomized to either CMR guided or CMR aided ablation. 

Patients without CMR or with poor CMR imaging will be included in a third group (standard 

ablation arm). Primary outcome will be VT recurrence at 12 months. The trial protocol for this 

study has been published,344 however, the status of the study is unknown as per ClinicalTrials.gov 

(no updates after expected completion). Finally, studies comparing whole-heart histological scar 

to CMR in NICM have shown that LGE-CMR can easily miss non-confluent scar even in areas 

where there is low amounts of viable myocardium.70 

1.6.1.2 T1 mapping 

Given the above limitations of LGE, an alternative mapping strategy to identify ventricular 

scar and substrate is mapping the T1 relaxation time. Here, extracellular volumes can be 

determined by comparing pre and post contrast T1 times, which can be used to indicate interstitial 

fibrosis.345 Quantitative T1 mapping of the intraventricular septum has been shown to be an 

independent predictor of ventricular arrhythmia in both ICM and NICM in a cohort of 130 patients, 

a finding independent of LGE metrics.346 Similarly T1 mapping has been shown to have excellent 

correlation with endomyocardial biopsy.347 Most recently, Sramko et al. demonstrated in a cohort 

of 18 patients (8 NICM) that whole heart pre and post-contrast T1 mapping to determine 
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extracellular volume, had an inverse relationship with LV endocardial voltage.348 Whilst in this 

study whole heart T1 maps could be registered with the EAM, further validation is required to see 

whether this could lead to more rapid, accurate or complete identification of critical sites of VT. 

1.6.2 Cardiac multidetector computed tomography  

An alternative technology to CMR is contrast-enhanced MDCT which allows multi-

parametric mapping of scar as well as accurate delineation of chamber anatomy, cardiac arterial 

and venous anatomy and extracardiac structures such as the phrenic nerve and oesophagus.  

The first parameter that can be used with MDCT is wall-thinning. Due to submillimeter 

spatial resolution of MDCT (at less than 0.4 second acquisition time), this technology can identify 

wall thinning at high fidelity.349 In their seminal study, Komatsu et al. established that wall 

thinning (in end diastole) less than 5mm had good correlation to endocardial low voltage.350 

Further, 87% of LAVA location within wall thinning regions. Ablation aided by MDCT identified 

wall thinning has been shown to improve acute procedural success and VT free survival, though 

the relative contribution of MDCT vs CMR is difficult to tease out.342 More recently, Maher et al. 

tempered expectations for MDCT assessment of scar in a mixed cohort of SHD, finding that wall 

thinning is sensitive for functional substrate (DZs) in ICM (94.1% of primary DZs were located 

on areas of wall thinning) but not NICM (20% of DZs in NICM). Unfortunately, wall thinning 

channels had modest sensitivity for DZs (59% and 56% co-localisation with ICM and NICM DZs). 

This finding is supported by a study by Jáuregui et al who compared LGE CMR-CCs with wall 

thinning channels which they defined as thicker ridges of myocardial tissue surrounding thinner 

scar.351 The sensitivity of CT wall thickness channels to identify CMR-CCs was 72% in transmural 

scar but fell to 36.4% in non-transmural scar (P=0.004), with CT failing to detect any channels in 

36% of patients with only subendocardial scar. One way to overcome these limitations is to employ 
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computational post-processing of the CT maps to estimate conduction velocity and action potential 

duration.352 Cedilnik et al. describe converting MDCT wall thickness maps into a patient specific 

digital heart twin from which virtual programmed electrical stimulation can be performed to 

simulate VT activation maps. In a cohort of ICM patients they found that 6 of 42 in-silico VTs 

matched patient mapped VT activation patterns. Taken together, these data suggest that wall 

thinning and wall thinning channels in MDCT can be used to guide CA mapping but are not 

sufficient alone for substrate mapping. Results of the InEurHeart RCT (NCT05225935) are 

anticipated soon. In this inHEART study, 119 patients with post-infarction VT have been 

randomised to either MDCT guided or standard no image integration ablation. MDCT image 

integration will be used to identify ablation targets (wall thinning channels and/or simulated VTs). 

The primary outcome is procedure duration. The study has completed enrolment with results 

expected May 2025. 

The second parameter than can be used is hypoenhancement of the cardiac myocardium 

during the CT coronary angiogram phase. Ustunkaya et al demonstrated in a small cohort of 

patients with the aid of ADAS-3D that myocardial conduction velocity (estimated with endocardial 

mapping comparing the mapped point to 5 adjacent point)  was associated with myocardial 

attenuation (2.9% decrease in conduction velocity per 10 Hounsfield unit decrease in attenuation; 

95% confidence interval 2.3%–3.5%; P < 0.001). Hypoattenuated signals were more likely to 

associate with LAVA (odds ratio 0.89 per 10  Hounsfield unit increase; 95% confidence interval 

0.85–0.93; P <0.001). Lead artefact and myocardial calcification limited assessment of the entire 

myocardium. Also, multi-electrode mapping was not used in this study which can affect near field 

resolution and detection of LAVA. Hypoenhancement on MDCT has not been validated in large 
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ablation cohorts. Furthermore, hypoenhancement can be used to identify lipomatous metaplasia 

which has been discussed at length in section 1.3.3.1.  

The third parameter of use with MDCT is delayed hyperenhancement (similar to that seen 

with LGE in CMR). Esposito et al have shown reasonable concordance with hyperenhancement 

(derived from custom software) with low voltage areas on EAM, with better performance 

compared to wall thinning alone (sensitivity 84% vs 41%).30 Further, abnormal electrograms 

localised to CT hyperenhancement scar segments in 79% of patients. More recently, Englert et al. 

have demonstrated a large observational cohort of patients with ablation guided by MDCT wall 

thinning and late enhancement using inHeart proprietary software vs EAM directed arrhythmia 

and substrate mapping. Within the usual caveats of a non-randomised study, they found a trend 

towards lower VT recurrence in the CT guided inHEART group (27% vs. 42%, p < 0.06).  

 

1.6.3 Positron Emission Tomography 

Positron emission tomography (PET) studies offer the potential to allow functional 

metabolic characterisation of myocardial scar tissue, including identification of metabolically 

active tissue,353 active inflammation in cardiac sarcoidosis354 and sympathetic innervation,355 

depending on patient preparation and scanning protocol. Image integration of PET scar assessment 

has been assessed by Ghzally et al. in post-infarction cardiomyopathy patients.356 This group 

identified “metabolic channels” which they defined as corridors of abnormal metabolic activity 

traversing myocardium with less preserved activity (more than 10% lower than the channel itself), 

a similar concept to CMR-CCs and wall thinning channels. Though these channels were 

observable in all patients, only one third corresponded to VT isthmus or exits via EAM. 

Alternatively, areas with significant transition in metabolic activity (more than 50% uptake in PET 
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activity within 15mm) localised well to VT isthmus or exits. More data in larger cohorts are needed 

however to establish the use of this technique in VT CA beyond understanding mechanism.  

1.7 Strategies to abolish ventricular arrhythmogenic substrate 

1.7.1 Radiofrequency catheter ablation 

 RF ablation is the main energy source for CA of VA, with delivery of electrical energy to 

targeted myocardial tissue inducing tissue heating and myocardial necrosis.357 Energy is delivered 

as an alternating current oscillating at 500 kHz. The anode for delivery is a metal electrode located 

at the distal tip of an ablation catheter whilst the cathode is the skin patch which functions as a 

distal grounding electrode for unipolar ablation. This results in direct resistive heating at the tissue 

and electrode interface and progressive conductive heating at deeper myocardial layers. Lesion 

size has been shown to depend on the amount of power, duration and contact force with the 

myocardium. Multiple strategies have been employed to target deeper intramural scar substrate 

responsible for VA.   

1.7.1.1 Saline irrigation 

The multi-centre, Thermocool VT ablation trial evaluated the safety and efficacy of an 

externally irrigated RF ablation catheter, combined with an EAM system, for ablation of recurrent 

VT in post-MI patients.200 In this study acute procedural success was 49% and freedom from 

recurrent VT at 6 months was achieved in 53% of patients. VT episode burden was assessed in 

ICD patients and showed marked improvement after ablation.200 These results were replicated in 

the smaller multi-centre Euro-VT study where in a 66 patient cohort, similar VT recurrence rates 

of 49% were seen at 12-month follow-up.358 Since these studies, irrigated ablation catheters are 
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widely used in CA of VA which tackle the issue of heating at the catheter-myocardial tissue 

interface, leading to char formation with attendant risk of thromboembolism.  

Even though open irrigation catheters offer larger and deeper lesions than solid tip ablation, 

arrhythmogenic substrate critical for re-entry may still be deeper within myocardium and still 

difficult to reach with standard saline irrigated ablation catheters. Half-normal saline (HNS) is a 

higher impedance irrigant compared with the lower impedance blood pool allowing current to be 

further diverted into the myocardial tissue, allowing deeper lesion formation, though at the expense 

of “steam pops” where accumulation of steam bubbles trapped within or nearby myocardial tissue 

can culminate in an explosion with resultant cardiac perforation and damage.359 This strategy was 

investigated in a multi-centre trial by Nguyen et al who used HNS to treat VA refractory to both 

standard unipolar and bipolar ablation.360 Most VAs targeted in this study were in the septum, LV 

summit or intracavitary structures such as papillary muscles. HNS ablation achieved acute non-

inducibility in 83% of patients and 1-year VA-free survival was 89%. In a recent evaluation of 

HNS where lesion delivery was strictly monitored for impedance change and by ICE, Hasegawa 

confirmed that this strategy could have acceptable rates of complication (4 patients with stroke 

and 2  steam pops requiring surgical repair).361 Randomised data comparing normal and half 

normal saline would be beneficial.  

1.7.1.2 Simultaneous unipolar RFA 

Simultaneous unipolar ablation can be performed with separate RF generators and ablation 

catheters to allow a bridged heating effect.362 Yang et al. describe the performance of this approach 

in a small cohort of 6 patients with NICM with septal substrate. Compared to failed sequential 

unipolar ablation, simultaneous ablation resulted in VT non-inducibility in all 6 patients with 67% 

VT free recurrence at 20 months and no acute procedural complications.362  



Chapter 1: Literature Review 

 70 

1.7.1.3 Bipolar ablation 

An alternative method for deeper lesion delivery is bipolar ablation which can be used after 

failed standard sequential unipolar ablation techniques.363 This technique uses two catheters on 

opposite sides of the myocardium (such as endocardial and epicardially placed catheters, or across 

the intraventricular septum). The first catheter (cathode) delivers RF energy whilst the second 

(anode) functions as the return electrode, allowing focussed energy between the two catheters and 

creating deeper lesions.364 This has been studied clinically in small series of patients. For example, 

Della Bella et al. found in a cohort study of 21 complex NICM patients with drug refractory VT 

from the septum, bipolar ablation resulted in termination of the clinical VT in 95% of cases and 

acute procedural success in 71%.365  One patient had tamponade, and no steam pops were reported.  

Recurrence was seen in one third of patients at follow up but these VTs were not from the ablated 

septum.  

1.7.1.4 Intramural needle ablation 

Intramural mapping and ablation with a needle tipped catheter is another alternative to 

standard RF ablation to target deep substrate. RF energy can be delivered through a heparinised 

saline irrigated 27-gauge needle which can be extended between 8–10mm from the dome electrode 

of an ablation catheter.366,367 A recent report of all patients who have been treated by this technique 

has been published by Tedrow et al. who described a total of 114 procedures including 3 second 

procedures was performed in 111 patients.368 Needle ablation abolished the targeted PVC in  33 

of 37 patients (89%), and reduced frequency to less than 5000 in 29 patients (78%). For patients 

with VT, in this complex cohort, improvement or abolition of VT occurred in 47%. One quarter 

of patients required additional RF ablation in addition to needle ablation. Adverse events included 

4 pericardial effusions (3.5%), 3 cases of (anticipated) atrioventricular block (2.6%), and 3 heart 
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failure exacerbations (2.6%). 5 deaths occurred at follow up, but none were procedurally driven. 

Modest success with this approach, though granted in a complex cohort, drives the need for further 

innovation in CA of VA.  

1.7.2 Pulsed field ablation 

Pulsed field ablation (PFA) is an emerging technology designed to cause irreversible 

electroporation of cell membranes, leading to cell death and lesion formation in both healthy and 

diseased myocardium.369,370 Whilst designed to target cardiomyocytes, PFA has also been shown 

to affect the electrical conduction system and eliminate Purkinje fibre potentials, which can reduce 

vulnerability to ventricular fibrillation (VF).371 

Important pre-clinical studies have established the ability for PFA to delivery good quality 

lesions in the ventricle.  No significant differences were seen in lesion depth between the focal and 

basket Farapulse catheters during bipolar PFA in both healthy and infarcted myocardium, though 

the larger footprint catheter invariably led to increased lesion width.369 Depth of lesion formation 

is still dependant on catheter contact in PFA.370 Recently, Nies et al. (2024) delivered lesions to 

intracavitary structures including the papillary muscles and moderator band with ICE guidance 

using a large footprint monopolar lattice tipped catheter, crucially with ICE, fluoroscopy and 

electroanatomic mapping guidance.372 Papillary muscle lesions with good catheter contact had 

greater lesion dimensions (18.3mm x 15.3mm x 5.8mm deep) whilst lesions with intermittent 

contact had similar length and width but significantly less depth (3.9mm, p=0.014).  

There are only small case series or case reports to describe PFA applications for VT. A 

recent review of these cases demonstrated that eight (88.8%) procedures were acutely successful 

with no recurrence on longer term follow up in all cases.373 Further reports of experience with PFA 
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in the ventricle, including description of manoeuvrability of these larger footprint catheters are 

required.  

1.7.3 Stereotactic body radiation therapy 

Stereotactic body radiation therapy (SBRT), widely used in oncology to treat tumours, has 

been innovatively used as a therapeutic modality for VT refractory to CA. After first in-human use 

in 2015,374 a small case series (n=5) demonstrated 99.9% reduction in VT burden after 6-week 

blanking.375 Localised inflammatory lung changes were noted, resolving at 12 months. One patient 

experienced a fatal stroke (although is unclear if SBRT caused the same). Subsequently, a Phase 

1/II clinical trial (n=19 patients) has demonstrated a reduction in VT burden of 94% at 6 months.376 

Longer term, 2-year overall survival was 58%.377 A retrospective case series (n=10) in Ostrava, 

Czech Republic demonstrated a VT burden reduction by 87.5% at 12 months.378  Multiple further 

case series but no randomised studies have been published.379-381 Recently, Das et al. published 

the first Australian experience with SBRT.382 They enrolled 12 patients with drug-refractory VT 

for whom catheter ablation had failed or who were unsuitable for SBRT in 2 Australian centres, 

and found a significant reduction (64.5%; P = 0.011) in VT burden and VT storm (71.7%; P = 

0.027) at 6-month follow-up. Unfortunately, 66.7% (6/9) of these patients experienced VT 

recurrence. There is an urgent and unmet need for randomisation of patients eligible for SBRT to 

establish its role in the toolkit for CA of VA.  

1.8 Conclusion 

In this review we have described the considerable advancements and achievements made 

in our understanding of the pathophysiology and treatment of VA. Many of these achievements 

were made during the birth of cardiac electrophysiology, with (relatively) simpler tools and 

computational ability at hand but by true pioneers in the field. More recently, electroanatomic 
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mapping with novel catheters and systems complimented by multi-modality imaging have allowed 

the acquisition of vast quantities of data which, hand in hand with improved computational 

processing, AI and machine learning techniques and novel ablative technologies offers to address 

the urgent need for improved outcomes for patients suffering from VAs.  

Multiple knowledge gaps have been identified in this review. First, comparative data and 

evidence for CA vs AAD therapy for PVCs are scarce, with only one randomised trial which 

enrolled only PVCs arising from a single site of origin (the right ventricular outflow tract). Second, 

though there has been rapid accumulation of image integration of LGE-CMR into clinical VA CA, 

the optimal thresholding to identify scar and CMR channels are unclear and have not been 

validated by co-registered histology. Further, the tissue histopathology of functional substrate as 

identified by isochronal late activation mapping have not been well characterised. This 

understanding would help to advance our knowledge of the underlying mechanisms of 

arrhythmogenesis in post-infarction scar. Third, multiple vendor platforms (ADAS 3D and 

inHEART) are available for use but no intervendor comparisons have been published to date. 

Fourth, multiple studies have demonstrated the disconnect between voltage and traditional 

electrogram feature analysis (such as LAVA and electrogram duration) against scar depth and 

pattern. Signal processing and machine learning of these intracardiac electrograms offers a solution 

that may better allow the clinician to understand scar geometry, pattern and composition but are 

yet to be systematically applied to biologically obtained electrograms. Fifth, novel ablative 

technologies to abolish VA substrate are needed including further pilot descriptions of PFA in the 

ventricle as well as randomised data for the use of SBRT to treat patients with VA and advanced 

SHD.  
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1.9 Thesis aims 

It is in the context of these knowledge gaps that this thesis has been formulated. The overall 

intent of this doctoral work is to advance the treatment of VA with CA with a particular focus on 

innovative approaches to identify and abolish arrhythmogenic substrate. The specific aims of this 

thesis and the chapters that support them include: 

 

1. To perform a systematic review of the evidence for CA versus AAD therapy for treatment of 

PVCs which will inform design of future randomised controlled trials (Chapter 2, published 

manuscript) 

2. To validate CMR scar, channels and functional substrate with co-registered tissue 

histopathology and high-density electrophysiological mapping in an in vivo ovine model. 

(Chapter 3, published manuscript) 

3. To perform a clinicopathological intervendor comparison of LGE CMR image integration 

technologies with co-registered ovine histopathology as well as in a pilot clinical case series 

(Chapter 4, submitted manuscript) 

4. To identify scar depth and pattern with endocardial substrate mapping using signal processing 

and machine learning which can then be used to create three-dimensional scar depth maps 

readily importable into current CA EAM software (Chapter 5, accepted manuscript) 

5. To describe procedural characteristics and outcomes in a pilot case series of novel PFA 

delivery to target difficult to treat intracavitary PVCs  (Chapter 6, submitted manuscript) 

6. To design, establish and commence a feasible and pragmatic randomised controlled trial of 

SBRT to treat patients with advanced SHD and VT (Chapter 7, operational trial protocol).  
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2.1 Introduction 

Premature ventricular complexes (PVCs) are the most common ventricular arrhythmia.383 

When screened by electrocardiogram (ECG) they occur in 1-4% of the general population, 

however prevalence of PVCs can increase to 50-70% when screened by ambulatory monitoring.384 

Whilst PVCs are generally benign in a structurally normal heart, in some patients they may cause 

ventricular systolic dysfunction (termed PVC-mediated cardiomyopathy),385 may signify 

underlying structural heart disease,386 or may herald life-threatening cardiac arrhythmias (PVC-

medicated ventricular fibrillation [VF]).387 Further, many patients suffer from debilitating 

symptoms including palpitations, chest pain, dyspnoea, dizziness and fatigue.  

There are three pathophysiological mechanisms of PVCs.388 An automatic focus with 

subsequent parasystole is one such cause. Propensity for PVCs to arise from well-established 

anatomical sites (such as outflow-tracts) may be secondary to embryological development and 

localization of specialized conduction tissue capable of increased automaticity at these sites. A 

second mechanism is triggered activity due to increased intracellular calcium load causing early 

or delayed afterdepolarizations. Finally, re-entry (within the bundle branches or scar) can also give 

rise to PVCs.  

PVCs can cause PVC mediated cardiomyopathy and incident heart failure. A putative 

mechanism for this is left ventricular dyssynchrony caused by PVCs causing adverse remodelling 

and worsening systolic function.389 Animal data suggest that high burden PVCs lead to increased 

interstitial fibrosis with LV dyssynchrony and fibrosis persisting even after resolution of left 

ventricular function.390 Furthermore, cellular studies in animal models have demonstrated 

electrical remodelling (increased dispersion of action potential duration, altered calcium signalling 

and changes in ionic currents) in PVC cardiomyopathy.391  
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Alternatively, PVCs may be a sequalae rather than the primary cause of cardiomyopathy. 

PVCs triggering malignant arrhythmia have been described in patients after myocardial infarction, 

possibly due to surviving Purkinje fibres within infarcted borderzone tissue.392,393 Cardiomyopathy 

as the cause for PVCs may often be missed clinically. Cardiac  magnetic resonance imaging (CMR) 

of patients with frequent PVCs but normal screening echocardiography found concealed 

myocardial abnormalities (such as late gadolinium enhancement) in 16% of patients, with these 

patients having worse clinical outcomes (sudden cardiac death, resuscitated cardiac arrest and 

sustained ventricular arrhythmias).394  

These varied presentations of PVCs may explain why the presence and increased burden 

of PVCs in the community portends worse prognosis. Dukes et al. have demonstrated that 

increased frequency of PVCs associate with a 5-year reduction in left ventricular systolic function, 

higher risk of heart failure and lower survival.395 Given the variable morbidity of PVCs, from 

benign to life-threatening complications, risk stratification is complex, particularly as most 

available data is from patients already selected for electrophysiological studies rather than the 

general population. Within these limitations, high burden PVCs, increased PVC QRS duration, 

cardiac abnormalities on cMRI, a family history of sudden cardiac death or cardiomyopathy as 

well as multifocal PVCs without a classic outflow-tract morphology warrant specialized risk 

stratification (with consideration of advanced imaging and/or electrophysiological 

studies).394,396,397 In contrast, recent data and expert consensus suggests that patients with PVCs 

who have been extensively investigated to rule out structural heart disease or cardiomyopathy have 

a prognosis similar to the general population.383,398 

Given this variable patient morbidity, it is unsurprising that management of PVCs in 

routine clinical practice varies considerably. A randomized non-drug lifestyle interventional trial 
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involving abstinence of smoking and caffeine, reduced alcohol and increased physical exercise did 

not reduce the frequency of PVCs at rest or exercise as determined by 24-hour Holter 

monitoring.399 In fact, commonly given clinical advice to reduce caffeine consumption is likely 

incorrect with recent studies incorporating mendelian randomization within the UK Biobank 

refuting the hypothesis that caffeine contributes substantially to increased PVC burden.400 

Standard anti-arrhythmic drug (AAD) therapy include beta-blockers and calcium channel blockers 

as well as class I (flecainide) and III agents (amiodarone, sotalol). When prospectively compared, 

class I and III AADs had superior efficacy to beta blockers, calcium channel blockers or 

conservative therapy though only achieved complete PVC suppression in one-third of patients.401 

Finally, radiofrequency catheter ablation (CA) for PVCs has procedural success rates of 80-95% 

but these approaches are invasive and complications are observed in up to 5% of cases.187 

Recent international guidelines from the Heart Rhythm Society indicate CA as a class I 

recommendation for treatment of frequent symptomatic PVCs originating from the right 

ventricular outflow tract (RVOT) in an otherwise structurally normal heart. Guidelines recommend 

CA is preferable to metoprolol or propafenone and also suggest that CA can be considered when 

other AADs are ineffective, not tolerated or not preferred by patients (22). For PVCs from other 

sites of origin, there are class II recommendations driven by non-randomized studies for CA when 

AADs are similarly ineffective, not tolerated or not preferred.402 

Despite these recommendations, there is limited evidence comparing CA vs AADs. Here, 

we performed a systematic review of the literature comparing AAD and CA strategies for the 

treatment of PVCs of any origin. We subsequently reviewed existing registered trial protocols 

comparing these two strategies to ascertain expected outcomes and insights from upcoming 

studies. This review aims to clarify the evidence base for the role of CA for the treatment of PVCs. 
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2.2 Methods 

For current literature, Medline, Embase and Cochrane Library were searched on 

27/04/2022. Keywords for PVC (“premature ventricular complex” OR “premature ventricular 

contraction” OR “ventricular ectopic”) were combined with keywords for catheter ablation 

(“catheter ablation” or “radiofrequency catheter ablation” or “radiofrequency ablation” or 

“ablation techniques”) or drugs (“drugs” or “medications”). To find registered but yet unpublished 

clinical trials, Australian and New Zealand Clinical Trials Registry, United States National Library 

of Medicine ClinicalTrials database and the European Union Clinical Trials Register were 

searched for “premature ventricular contraction” or “ventricular ectopic” or “ventricular 

arrhythmia” on 27/04/2022. Studies were only included if they described original research data 

where CA and AAD (or control) were directly compared with regards to pre-specified outcomes 

(PVC recurrence, PVC frequency (number of PVCs in 24-hours) or burden (percentage of PVCs 

in 24-hours), left ventricular function as measured by left ventricular ejection fraction (LVEF), 

complications, quality of life (QoL) and/or symptoms or cost effectiveness). Data extracted from 

each study included the study period, centre, demographic characteristics, details of medical and 

procedural therapy, follow-up and outcomes. Where data was only available in figures but not in 

text, it was extrapolated from the provided figure using WebPlotDigitizer (Pacifica, California, 

USA).403 Study quality and risk of bias was assessed by the RoB 2 tool404 for randomized studies 

and ROBINS-I405 for non-randomized studies. 

2.3 Results 

718 records were identified by the primary and secondary search. After excluding 712 

articles (as detailed in the flow sheet, Figure 1), a total of 6 studies188,194,406-409 were identified 

however 2 studies presented retrospective data comparing CA and AADs from the same registry 
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(Rochester Medical Index database of the Mayo Clinic). As such, the study by Yang et al. (2016)409 

which compared outcomes specifically in PVCs associated with mitral valve prolapse was 

excluded leaving a total of five final studies. Further, four prospectively registered and randomized 

clinical trials were identified by the literature search 410-413. 

Of the included completed studies (summarized in Table 1), one study, Ling et al., was a 

randomized controlled trial of CA vs AAD for symptomatic RVOT PVCs.194 There were two 

retrospective studies. Bogun et al. compared 60 consecutive patients who had CA for symptomatic 

PVCs refractory to AADs with a control group of 11 patients with PVC mediated left ventricular 

(LV) dysfunction.188 Zhong et al. presented retrospective data comparing CA and AADs from the 

Rochester Medical Index database of the Mayo Clinic.408 Stec et al. performed a prospective open 

label crossover trial which initially treated patients with three AADs (metoprolol, verapamil and 

propafenone with wash-out in between) and then subsequently offered CA if patient preferred or 

if there was AAD intolerance or inefficacy.406 Finally, Fang et al. performed a prospective 

observational study allocating CA, AAD or control (no treatment) according to patient 

preference.407  Across all studies, there were significant differences in primary outcomes and 

measures of procedural success (with PVC frequency, PVC burden, PVC recurrence and LVEF 

nominated as outcomes of interest in different studies). 

These studies included a total of 1113 patients. The mean age (± standard deviation [SD]) 

of patients in the included studies ranged from 45±11 years to 55±18 years (Table 2) and 58% of 

patients were female. Patients tended to have preserved left ventricular systolic function and the 

mean baseline LVEF of included patients ranged from 52.5%±10.1% to 64.3%±5%. Two of the 

studies included only patients with RVOT PVCs.194,407 Two other studies recruited primarily 

patients with RVOT PVCs (>50% of included patients had RVOT PVCs).188,406 Only one study 
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had a majority of patients with non-outflow tract PVCs.408 Mean patient follow up was 6.3±2.4 

months to 49±39 months. Mean duration of symptoms ranged from 3-8 years.  

The randomized controlled trial that was included in this analysis was assessed to have low 

overall risk of bias (Table 3). There were serious concerns of bias in all other included studies 

related to confounding, intervention classification, deviation from intervention and missing data 

(Table 3). 

2.3.1 AAD choice and techniques 

There was significant heterogeneity in choice of AADs including class I agents, beta 

blockers, calcium channel blockers and class III agents (Table 2). In the only randomized 

controlled trial (RCT) comparing AADs and CA, metoprolol (n=50) and propafenone (n=115) 

were used in an open-label fashion, with selection of either drug not randomized.194  Metoprolol, 

verapamil and propafenone were compared head to head in one study.406 In the retrospective study 

by Zhong et al. of all-comers with PVCs, the most used AAD class was beta-blockers (46%) 

followed by sodium channel blockers such as flecainide, propafenone and mexiletine (18%).408 

Other agents included amiodarone (14%), calcium channel blockers (7%) and sotalol (4%).   

There was also significant heterogeneity in CA techniques (Table 2). Pace-mapping was 

employed in all studies and activation mapping where possible was used in all but one. 

Electroanatomic mapping was used in three of the five studies (60%). There was no documentation 

of use of intracardiac echocardiography (ICE). Irrigated catheters were used in the two most recent 

studies.194,408 Contact-force sensing catheters were not used. Procedural endpoints also varied - 

non-recurrence and non-inducibility of all PVCs were required for two of the five studies188,408 

whilst for the other three, elimination of the clinical PVC only was acceptable. 

2.3.2 PVC recurrence, burden and frequency  
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In available studies, CA was superior to AADs in reducing PVC recurrence, frequency and 

burden (Table 4). PVC recurrence was reported in only one study,194 and recurrence of >300 PVCs 

in 24-hours at 1 year was 88.6% (confidence interval [CI] 82.5-92.8) with AADs and 19.4% (CI 

13.9-26.5) with CA (P<0.001). PVC frequency was similarly lower after treatment with CA 

compared to AADs with Zhong et al. reporting a reduction in mean 24-hour PVC frequency by 

93% (from 23554±18448 to 1755±3375, P<0.001) when treated with CA versus 49% (from 

17259±14512 to 8883±11734, P<0.001) when treated with AADs.408 Finally PVC burden was the 

most commonly reported outcome metric (reported in 3 of 5 studies). Mean PVC burden was 

reported by two studies with superior outcomes for CA (Fang et al.: 19.19%±7.41% to 

0.05%±0.12%, P<0.001 for CA versus 18.89%±5.16% to 6.72%±5.09%, P<0.05 for AAD, Zhong 

et al.: 18.4%±15.2% to 2.8%±5.3%, P<0.001 for CA versus 12.1%±12.8% to 7.2%±10.1%, 

P<0.001 for AAD). Median PVC burden was reported by Ling et al. which similarly showed CA 

improved burden from baseline 14% (interquartile range [IQR] 12-21) to 0.11% (IQR 0.05-0.20) 

(P<0.001) versus 14% (IQR 12-21) to 7% (IQR 6-9) for AADs. Finally, though direct comparisons 

between AADs and CA should not be made for Stec et al. as patients were initially treated with 

AADs prior to offer of CA if AADs failed or were not tolerated, there was a similarly high 

reduction in burden (>90% reduction in burden) in the CA arm (88%) versus only 37% who 

achieved this same reduction with acceptable drug tolerability in the AAD arm. Importantly, in 

this study, metoprolol, verapamil and propafenone were compared head-to-head. Propafenone was 

the most efficacious drug with 90% reduction in burden achieved in 42% of patients, compared to 

15% of patients treated with verapamil and 10% of patients with metoprolol.  

2.3.3 Effect of AADs and CA on ventricular function 
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With regards to ventricular function, Ling et al. demonstrated that PVC burden was 

negatively associated with LVEF and that LVEF tended to increase after treatment in both groups 

though was not influenced by group allocation. In the only study that recruited patients with low 

LVEF (Bogun et al), there was a significant increase in ventricular function after CA with LVEF 

increasing from 34% to 53% (P<0.0001). In contrast there was no change in LVEF in the control 

patients. For the other included studies, where LVEF was preserved prior to recruitment, there was 

at most mild increases in ventricular function after CA compared to AAD (Table 4).  

2.3.4 Adverse effects of AADs versus complications of CA  

With regards to complications, there were no reported mortalities with treatment from CA 

or AADs. Complication rate for CA ranged from 0% to 5.6% (see Table 4), and included vascular 

complications, cardiac tamponade, heart block and allergic reaction to anaesthetic drugs. There 

were approximately 9.5%-21% AAD related adverse events or AAD intolerance in the included 

studies (see Table 4). These adverse events included pro-arrhythmia, general intolerability, sinus 

bradycardia and symptomatic hypotension.  

2.3.5 Symptom management, QoL and health-care cost 

Symptoms at long term follow up was assessed by only one of the five studies and none 

reported data on QoL using a rigorous arrhythmia specific scale. Of the study that reported 

symptom outcomes at long term follow up (Stec et al), 88% of CA patients were symptom free 

after CA (including 8 patients who had repeat procedures). In comparison, 82% of patients who 

chose not to proceed with CA were symptom free. Although symptom severity as assessed by a 

visual analogue scale did not associate with baseline PVC frequency, a greater than 90% reduction 

in PVC frequency due to AAD therapy was shown to associate with a significant reduction in 
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symptom severity as measured by a visual analogue scale. Cost effectiveness analysis was not 

performed in any study included in this analysis.   

2.4 Discussion 

2.4.1 Limited data for non-outflow tract PVCs 

We found that the only available RCT comparing CA and AADs has been for RVOT PVCs. 

For idiopathic outflow tract VAs, recent trends in successful ablation sites suggests that non-

RVOT sites now form the majority of ablations (56%).414 Furthermore, non-outflow tract PVCs 

are associated with poorer outcomes including adverse left ventricular remodelling when 

untreated.415 Both PVC QRS duration and non-outflow tract site of origin have been shown to be 

independent risk factors for left ventricular dysfunction.397 CA of PVCs from non-outflow tract 

left ventricular and epicardial sites were associated with higher complications and further, 

epicardial origin of these PVCs were a predictor of procedural failure.416 From the studies included 

in this systematic review, Stec et al. assessed the efficacy of AADs and CA stratified by outflow 

tract versus non-outflow tract origin and efficacy was similar in either location.406 In contrast, 

whilst there was a similar increase in LVEF between AAD and CA for outflow tract PVCs in the 

observational study by Zhong et al. (the only study to include a majority of patients with non-

outflow tract PVCs), LVEF improved after CA for non-outflow tract PVCs, however it declined 

with AAD therapy suggesting that CA may be an especially superior option for treatment of non-

outflow tract PVCs.408  

2.4.2 What are optimal outcome to define efficacy of AADs and CA?  

The role of AAD and CA have not yet been defined in the treatment of PVCs, particularly 

as the natural progression of PVCs can be variable in patients. In fact, a recent prospective registry 
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examining the natural history of PVCs demonstrated that up to 44% of patients with PVCs had a 

mean reduction to less than 1% after a median of 15-months follow-up without any intervention 

at all, and only 4% of patients developed PVC induced cardiomyopathy (defined as an LVEF less 

than 50%).417 Despite these findings, other studies have shown more clear associations between 

PVCs and systolic dysfunction or symptoms. For example, frequent PVCs (greater than 20%) 

associate with patient fatigue and markers of LV pressure load including increased N-terminal pro-

B-type natriuretic factor and increased circumferential end-systolic wall stress.418 Furthermore 

subtle (and early) markers of left ventricular dysfunction as defined by speckle tracking strain 

imaging are reduced by high burden of PVCs and improve after CA.419 Hence consensus opinion 

on patient selection, optimal measures of efficacy of AADs and CA and goals of therapy for 

treatment of PVCs are yet to be accepted.  

Of the analysed studies, all included a primary outcome of acute procedural success or 

PVC frequency, burden or recurrence, however few assessed the subsequent consequences of 

reduction in these numbers. Concerningly, only one study reported long-term symptoms and no 

study to date has assessed the role of AAD versus CA for improving QoL with rigorous arrhythmia 

specific QoL scales nor have they assessed the cost burden of either strategy to the healthcare 

system 

2.4.3 Techniques for catheter ablation of PVCs are rapidly evolving 

The studies included in this review recruited patients from 1992 to 2012 and techniques 

employed for CA are different from modern practice. Notably, three dimensional electroanatomic 

mapping was only employed in 3 of the 5 studies, and ICE or contact force sensing catheters were 

not used in any study. These techniques could improve the safety and efficacy of CA for PVCs, 

particularly from non-outflow tract sites of origin. For example, for ventricular arrhythmias 
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originating from the papillary muscles, use of contact force sensing catheters and ICE have been 

shown to improve procedural success and reduce risk of recurrence.420,421  

2.4.4 Upcoming clinical trials compared CA and AADs for PVCs 

Upcoming registered clinical trials are summarized in Table 5 and the Central Illustration 

(Figure 2). Of these four studies, all are registered with the Clinical Trials registry of the United 

States National Library of Medicine and only one of the trials (ECTOPIA) has a detailed published 

protocol.422 They were registered between 2013 and 2019 and seek to enrol 80-180 patients with 

a follow up of 6-12 months.  

ECTOPIA is an RCT comparing CA with two different AAD strategies (sotalol or 

flecainide + verapamil) in a 1:1:1 ratio with a cross-over design in the AAD arm. It aims to recruit 

patients with a PVC (outflow-tract or non-outflow tract) or non-sustained ventricular tachycardia 

(NSVT) burden of ≥5% on 24-hour Holter monitoring, without structural or coronary disease. 

Activation and pace-mapping with an electroanatomic mapping (EAM) system will be performed 

with ablation using a non-contact force sensing catheter (MIFI catheter). Procedural endpoint will 

be abolition of target PVC or all PVCs. The primary outcome of interest is >80% reduction in 

PVC/ventricular tachycardia (VT) burden with secondary outcomes including burden, change in 

burden and QoL as identified by the University of Toronto atrial fibrillation (AF) severity scale.  

PAPS Pilot is randomized open label prospective trial comparing CA or AAD (without 

mandating AAD choice though amiodarone use is encouraged) in patients with a PVC burden of 

≥10% burden and underlying impaired LV function (LVEF ≤45%). Both outflow and non-outflow 

tract PVCs will be recruited. CA will be performed using activation and pace-mapping using an 

EAM system. Procedural endpoint will be abolition of all PVCs. ICE will be used as needed. 

Primary outcome will be LVEF and number of patients with an LVEF increase greater than 10%. 
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Secondary outcomes will be a greater than 80% reduction in PVC burden, adverse events and a 

composite arrhythmia burden score (characterized by PVC recurrence, VT and arrhythmic sudden 

cardiac death).  

CAT-PVC is a randomized open label parallel assignment trial comparing CA and 

amiodarone in patients with structural heart disease with or without reduced LVEF and PVC 

frequency greater than 10,000 in 24-hours or biventricular pacing less than 92%. Both outflow and 

non-outflow tract PVCs will be recruited. Technical information of CA strategies is not available. 

Primary outcome will be a change in PVC burden at 6 weeks. Secondary outcomes will include 

QoL scores (EuroQol-5 Dimension [EQ5D] questionnaire), LVEF, six-minute walk test (6MWT), 

New York Heart Association (NYHA) class, N-terminal pro-brain natriuretic peptide (NT-

proBNP), hospitalizations and adverse events at 12-months.  

AVATAR was a randomized parallel open label study comparing CA and AAD (flecainide 

or propafenone or sotalol). This trial was registered in 2013 and terminated due to poor enrolment 

(personal correspondence with primary author).  

2.4.5 Future directions and clinical gaps 

The challenge of trial design for PVCs arises from deciding management of a disease which 

has a high prevalence in the general population but diverse causes, manifestations and patient 

outcomes. Multiple trials in diverse populations are required to establish the role of CA in 

treatment of PVCs. Whilst CAT-PVC and PAPS-Pilot will offer invaluable data on treatment of 

PVCs in the context of cardiomyopathy where treatment goals include reduction in PVC burden 

and improvement in left ventricular function, there will likely remain gaps in our knowledge of 

management of idiopathic PVCs without manifest or concealed cardiomyopathy. In this cohort 

with good long-term prognosis treatment is probably aimed at improving QoL and symptom 
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burden. Given data suggesting resolution of PVC burden to <1% in up to 44% of patients,417 we 

suggest that comparator groups of reassurance and observation or even a surgical-placebo catheter 

ablation control group  would be insightful for a future clinical trial. Such a trial would first require 

pilot data on recruitment barriers and feasibility of adequate blinding of a surgical placebo.  

2.5 Conclusion 

To our knowledge this is the first systematic review of published and ongoing clinical trials 

comparing AAD and CA for the treatment of PVCs. We have made several key findings. Firstly, 

there is limited evidence comparing AADs and CA for non-RVOT PVCs with all such available 

studies having serious concerns of bias. Secondly, from the available published evidence, it 

appears that CA is superior to AAD in reducing the burden or frequency of PVCs however, the 

head-to-head impact of either strategy on patient quality of life, symptoms or cost to the health 

system is unclear. Thirdly, modern technologies that could potentially improve the efficacy and 

safety of CA (including ICE and contact force sensing catheters) have not been used in published 

studies to date and thus safety and efficacy of CA may be under-estimated. Finally, we anticipate 

important insights from upcoming registered trials including the role of CA for low burden PVCs 

(>5%), for PVC-mediated cardiomyopathy and for PVCs associated with structural heart disease.  
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2.6 Figures 

 

 

Figure 2-1 PRISMA flowchart 
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Figure 2-2 Central Illustration 

Abbreviations: AAD – anti-arrhythmic drugs, CA – catheter ablation, ICE – intracardiac 

echocardiography, LVEF – left ventricular ejection fraction, PVC – premature ventricular 

complexes, QoL – quality of life, RVOT – right ventricular outflow tract 
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2.7 Tables 

Table 2-1 Baseline description of selected studies 

Study Study type AAD 
(n) 

CA 
(n) 

Inclusion criteria Exclusion criteria Outcomes measured Mean 
follow-up 
(months) 

Comments 

Bogun 
(2007) 

Retrospective 11 60 CA: symptomatic PVCs 
(>10/hr on 24-hr Holter) 
refractory to AAD 
AAD/control: PVC 
burden >20% and LVEF 
<50% 

Coronary, valvular or congenital 
disease, LV hypertrophy, tachycardia 
induced cardiomyopathy, VT 
(including >1% burden NSVT) 

1. LVEF 
2. Acute procedural 

success 
3. LV end 

systolic/diastolic 
measurements 

49±39 60 consecutive patients with symptomatic 
PVCs refractory to mean 2±1 AADs offered 
CA. Control group of 11 patients with PVC 
mediated LV dysfunction 

Stec 
(2012) 

Cross-over 
open label trial 

84 50 Symptomatic 
monomorphic PVCs 
(>2500 / 24-hr Holter) or 
severe symptoms clearly 
associated with PVCs 
Normal ECG and normal 
echocardiogram 

Injury associated with syncope, 
NSVT or sustained VT, Significant 
cardiac disease or cardiomyopathy, 
Asymptomatic patients 

1. PVC frequency (24-hr 
Holter) 

2. Symptoms as 
determined by detailed 
questionnaire using 
visual analogue scale 

48±10 Randomised open label trial of metoprolol 
vs verapamil vs propafenone. After 
pharmacological testing, CA performed (if 
patient preference, AAD intolerance or 
AAD refractoriness) - n=50 of original 84 
patients. Data on PVC frequency post CA 
not available. 

Fang 
(2013) 

Prospective 
non-
randomised 
study 

44 24 RVOT PVCs with or 
without symptoms (PVC 
burden 10% or >5% + ten 
episodes of VT/day) 

Structural heart disease, endocrine 
disease, arrhythmogenic drug intake 

1. PVC burden 
2. Cardiac chamber 

diameters 
3. Ejection fraction 

6 Three arms (AAD n=26, CA n=24 or no 
treatment=18) up to patient preference. 2 
patients had unsuccessful CA and were 
transferred into AAD arm. 

Ling 
(2014) 

Randomised 
controlled trial 

165 165 Symptomatic RVOT 
PVCs >6000 / 24-hr 

Non-RVOT VT, previous AAD use, 
structural heart disease, 
Hyperthyroidism, electrolyte 
disturbance, diabetes, hypertension 
SBP >165, significant renal 
dysfunction, significant conduction 
disease 

1. Recurrence of RVOT 
PVCs >300 beats per 
day 

2. PVC frequency 
3. PVC burden 
4. LVEF 

12 
 

Zhong 
(2014) 

Retrospective 295 215 PVC frequency >1000 / 
24-Hr Holter  

Inability to tolerate AADs and 
discontinued their use prior to 3-
months 

1. PVC frequency 
2. PVC burden 
3. LVEF 
4. Complications 

6.3±2.4 Patients unable to tolerate 3-months of 
AADs excluded from study. 
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Abbreviations: AAD – anti-arrhythmic drugs, CA – catheter ablation, LVEF – left ventricular ejection fraction, NSVT – non 

sustained ventricular tachycardia, PVC – premature ventricular complexes, RVOT – right ventricular outflow tract, VT ventricular 

tachycardia 
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Table 2-2 Baseline patient and procedural characteristics 

Study Mean age 
(years) 

Female 
(%) 

Mean 
symptom 
duration 
(years) 

PVC 
morphology 

Baseline PVC 
frequency1 / 
burden2 

Baseline 
LVEF 

AAD used Activation 
mapping 

Pace 
mapping 

3D 
EAM 

ICE Irrigated 
catheter 

Contact 
force 
sensing 
catheter 

Procedural 
endpoint 

Bogun 
(2007) 

45±11 63.3% 8±9 RVOT 52%, 
LVOT 15%, non-
outflow tract 
33%. 

21%±17% (range 
0.2-64%) 

N/A 3 N/A Yes Yes Yes No No No Non-recurrence 
and non-
inducibility of 
all PVCs 

Stec 
(2012) 

47±15 71.4% 4.3±6.9 RVOT 51%, non-
RVOT 49% 

13768±9424 61±7 Metoprolol 
tartrate, verapamil 
or propafenone 

Yes Yes No No No No Non-recurrence 
and non-
inducibility of 
target PVC 

Fang 
(2013) 

46.2±14.7 53% 3.1±2.6 RVOT 100% 19.19%±7.41% 64.1±4.94 Amiodarone or 
metoprolol 
succinate 

No Yes No No No No Non-recurrence 
and non-
inducibility of 
target PVC 

Ling 
(2014) 

51.61±11 73.6% N/A RVOT 100% 14% (IQR 12-21) 64.27±5.0 Metoprolol 
tartrate or 
propafenone 

Yes Yes Yes No Yes No Non-recurrence 
and non-
inducibility of 
target PVC 

Zhong 
(2014) 

55±18 44% N/A RVOT 21% 
LVOT 16.1% 
Non-outflow 
48%, unavailable 
14.9% 

19913±16565 
(14.8%±14.2%) 

52.5±10.1 B-blocker, CCB, 
mexiletine, 
flecainide, sotalol, 
amiodarone, 
propafenone 

Yes Yes Yes No Yes No Non-recurrence 
and non-
inducibility of 
all PVCs 

1. PVC frequency: Number of PVCs in 24-hours 

2. PVC burden: percentage of PVCs of total QRS complexes  

3. 22 in CA group had mean EF 34±13, 11 control patients mean EF 28±13. Mean EF for all CA patients not given.  

4. Combination of mean LVEF given for AAD, CA and control arms. Where paired data is available, mean ± SD combined via 

method described by: Altman DG, Machin D, Bryant TN and Gardner MJ. (2000) Statistics with Confidence Second Edition. 

BMJ Books ISBN 0 7279 1375 1. p. 28-31.  
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Abbreviations: 3D EAM – three dimensional electroanatomical mapping, AAD – anti-arrhythmic drugs, CA – catheter ablation, 

CCB – calcium channel blocker, ICE – intracardiac echocardiography, LVEF – left ventricular ejection fraction, LVOT – left ventricular 

outflow tract, NSVT – non sustained ventricular tachycardia, PVC – premature ventricular complexes, RVOT – right ventricular outflow 

tract, VT ventricular tachycardia 
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Table 2-3 Assessment of bias 

A) Non-randomised studies1 
 

Study Pre-intervention At intervention Post intervention Overall 
Confounding Selection Intervention 

classification 
Deviation from 

intervention 
Missing data Measurement of 

outcome 
Selection of reported 

result 
Low, moderate, 
serious, critical 

Bogun (2007) Serious Low Moderate Moderate Low Low Low Serious 
Stec (2012) Moderate Low Moderate Serious Low Low Low Serious 
Fang (2013) Moderate Low Moderate Serious Moderate Low Low Serious 

Zhong (2014) Serious Low Moderate Serious Moderate Low Low Serious 
 
B) Randomised studies2 
 

Study Random sequence 
generation 

Allocation 
concealment 

Blinding of participants and 
personnel 

Blinding of outcome 
assessment 

Incomplete outcome 
data 

Selective 
reporting 

Other bias 

Ling (2014) Low Low Low Low Low Low Low 

 

1. Using Risk of Bias in Non-randomized Studies - of Interventions (ROBINS-I) tool 

2. Using Risk of Bias 2 (RoB 2) tool 
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Table 2-4 Outcomes CA vs AADs for PVCs 

Study PVC recurrence PVC frequency PVC burden LVEF Complications and Adverse Effects Quality of Life 
and/or Symptoms  

Cost 

Bogun 
(2007) 

Not reported Not reported Not reported Patients who received  AAD 
patients had stable EF (28 % to 
29%) (NS). CA patients with 
reduced LVEF had an increase in 
LVEF from 34% to 53% 
(P<0.0001).  

CA – 3.3% complication rate; 1 
complete heart block requiring 
pacemaker, 1 allergic reaction to 
fentanyl requiring intubation.  

Not reported Not 
reported 

Stec 
(2012) 

Not reported Not reported >90% reduction in burden was 
achieved in 37% of patients 
treated with AADs (with 
acceptable drug tolerability) 
and 88% of patients with CA  

Not reported AADs – Pro-arrhythmia in 3.6%. 
Withdrawal of treatment due to 
intolerability in 21% of patients treated 
with metoprolol, 17% treated with 
propafenone and 15% treated with 
verapamil.  
CA – No complications 

AADs - 28/34 (82%) 
symptom free at long-
term follow up vs 
44/50 (88%) who 
received CA   

Not 
reported 

Fang 
(2013) 

Not reported Not reported AAD - Mean 18.9%  ± 
5.2%  to 6.7 % ± 5.1% 
p<0.05.  
CA – Mean 19.2% ± 7.4% to 
0.1% ± 0.1% p<0.001 

AAD - Mean 64.0%±5.5% to 
66.1%±6.8% (NS)  
CA – Mean 63.7%±4.9% to 
66.2%±6.2% (NS) 

Not reported Not reported Not 
reported 

Ling 
(2014) 

Recurrence of 
>300 RVOT PVCs 
in 24-hours at 1-
year  follow up: 
AAD - 88.6% (CI 
82.5-92.8) 
CA - 19.4% (CI 
13.9-26.5) 
(P<0.001) 

Not reported AAD - Median 14% (IQR 12-
21) to 7% (IQR 6-9) 
CA – Median 14% (IQR 12-
21) to 0.1% (IQR 0.05-0.20) 
P<0.001  

AAD – Mean 64.5%±4.9% to 
66.8%±6.1% (P<0.001) 
CA – Mean 64.1%±5.2% to 
66.4%±5.1% (P<0.001) 

AAD – drug related adverse SEs 10.3% 
of patients - 7 sinus bradycardia, 3 
symptomatic hypotension, 2 mild 
fatigue, 2 cold extremity, 3 recurrent 
headache 
CA – 3 complications (2.4%) - 1 patient 
required cardioversion for VF during 
ablation, 1 AV fistula, 2 haematomas 

Not reported Not 
reported 
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Zhong 
(2014) 

Not reported AAD – Mean 
17259±14512 
=>  8883±11734 
(P<0.001) 
CA – Mean 
23554±18448   => 
1755±3375 (P<0.001) 

AAD – Mean 12.1%±12.8% 
=> 7.2%±10.1% (P<0.001) 
CA – Mean 18.4%±15.2% => 
2.8%±5.3% (P<0.001)  

AAD – Mean 52.1%±8.5% => 
52.3%±6.4% (NS) 
CA – Mean 53.0%±11.9% => 
55.9%±11.2% (P<0.001) 
 
  

AAD - 9.5% discontinued drugs 
CA - 5.6% procedure complications. 7 
arterial access complications - femoral 
or abdominal aortic artery 
pseudoaneurysm, bleeding, retro- 
peritoneal hematoma, or type B 
descending aortic dissection. 5 cardiac 
tamponades 
requiring pericardiocentesis. 

Not reported Not 
reported 

 

Abbreviations: AAD – anti-arrhythmic drugs, CA – catheter ablation, CCB – calcium channel blocker, IQR – interquartile range, 

LVEF – left ventricular ejection fraction, LVOT – left ventricular outflow tract, NS – not significant, PVC – premature ventricular 

complexes, RVOT – right ventricular outflow tract 
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Table 2-5 Upcoming clinical trials 

Study Location Year 
registered 

Description Estimated 
enrolment 

Inclusion Exclusion Outcomes 
measured 

Follow-
up 

Estimated 
Completion 
Date1 

Status 

ECTOPIA 
(Haanschoten 
et al.) 

Isala hospital, 
Zwolle, 
Netherlands  

2019 Randomized trial comparing 
CA with two different AADs 
(sotalol vs 
flecainide+verapamil) in a 
1:1:1 ratio with a crossover 
design in the AAD arm. 

180 PVC/NSVT burden 
≥5% on 24-hr Holter 
monitor with no 
structural or coronary 
heart disease 

Age >75, previous 
ablation, LVEF 
<55%, 

Primary outcome 
>80% reduction of 
PVC/VT burden 
after 3 months 
Secondary 
outcomes 
- PVC/VT burden 
- Change in 
PVC/VT burden 
- QoL (University 
of Toronto AF 
severity scale) 

12 
months 

May 2022 Recruiting  

PAPS pilot 
study (Huizar 
et al.) 

McGuire VA 
Medical 
Center, 
Virginia, 
USA 

2017 Randomised, open-label, 
prospective trial comparing 
CA vs AAD (amiodarone 
preferred) 

140 (39 to 
be collected 
in pilot) 

PVCs (≥10% burden) 
and 
cardiomyopathy (LVEF 
≤45%) 

Current AAD use, 
severe symptoms 
unable to complete 
3-month 
observation period, 
severe valvular 
disease, previous 
CA 

Primary outcomes 
- LVEF 
- No. with LVEF 
increase ≥10% 
Secondary 
outcomes 
- >80% reduction of 
PVC burden 
- Adverse events 
- Composite 
arrhythmia burden 
(PVC recurrence, 
VT, arrhythmic 
sudden cardiac 
death 

12 
months 

August 2021 Active, not 
recruiting 

CAT-PVC 
(Hindricks et 
al.) 

Heart Center 
Leipzig, 
Leipzig, 
Germany 

2017 Randomised open label 
parallel assignment trial 
comparing CA and 
amiodarone 

80 Structural heart disease 
with or without reduced 
LVEF PLUS PVC 
frequency >10,000 / 
24-hr or symptoms or 
BiV pacing <92% 

Previous ablation 
or amiodarone use 

Primary outcome 
- Change in PVC 
burden at 6-weeks 
Secondary 
outcomes 
- Change in QoL 
scores (EQ5D 
questionnaire) 
- LVEF 
- 6MWT 
- NYHA class 
- NT pro-BNP 
- hospitalisations 

12 
months 

Actual 
completion 
Date – 
4/3/2021 

Completed 
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- adverse effects at 
12 months  

AVATAR 
(Bolognese et 
al.) 

Ospedale 
S.Donato, 
Arezzo, Italy 

2013 Randomised, parallel, open 
label study comparing CA and 
AAD (Flecainide or 
Propafenone or Sotalol)  

N/A Outflow tract PVC with 
frequency >2000 / 24-
hr or symptomatic VT 
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Structural heart 
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QoL with SF-36 
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6 
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1. Date patient completes final visit 

Abbreviations: 6MWT – six minute walk test, AAD – anti-arrhythmic drugs, CA – catheter ablation, CCB – calcium channel 

blocker, EQ5D – EuroQol- 5 Dimension, ICE – intracardiac echocardiography, LVEF – left ventricular ejection fraction, LVOT – left 

ventricular outflow tract, NSVT – non sustained ventricular tachycardia, NYHA – New York Heart Association, NT pro-BNP – N-

terminal pro-brain natriuretic peptide, PVC – premature ventricular complexes, QoL – quality of life, RVOT – right ventricular outflow 

tract, SF-36 – Short Form 36 Health Survey Questionnaire, VT – ventricular tachycardia 
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3.1 Introduction 

Accurate delineation of ventricular tachycardia (VT) substrate improves success of VT 

ablation. VT circuitry may be difficult to delineate by traditional activation and/or entrainment on 

electroanatomic mapping (EAM), due to haemodynamic instability, non-sustained arrhythmia, 

non-inducibility or conversion to another VT  423. As an alternative strategy, VT isthmii may be 

delineated in sinus or paced rhythm by using substrate mapping 424. Voltage mapping is a 

commonly used technique to identify myocardial scar, however it can be affected by electrode 

spacing, depolarization wavefront and intramural scar location425,426. More recent functional 

mapping strategies include identification of deceleration zones (DZ) through isochronal late 

activation mapping with DZs co-localizing to successful sites of VT termination with catheter 

ablation in 95% of cases 427.  

Image integration of myocardial scar using commercially available software is a rapidly 

adopted complimentary strategy for VT ablation. This allows visualization of VT substrate prior 

to the procedure as well as registration with live EAM data 339,428. ADAS-3D (Galgos Medical, 

Barcelona, Spain) is one such commercially available software which can aid identification of 

arrhythmogenic substrate using late gadolinium enhancement (LGE) cardiac magnetic resonance 

imaging (CMR), post-processed using signal intensity thresholds or by wall thinning as identified 

by multi-detector perfusion computed tomography. Image integration using ADAS-3D has been 

increasingly utilised worldwide to enhance catheter ablation for VT. Non-randomized studies have 

found that CA targeting CMR conducting channels (CMR-CCs) may be superior in reducing VT 

recurrence compared to a standard approach without targeting CMR-CCs.340 Recent data has 

provided a mechanistic link between anatomic conduction channels and pathophysiologic 
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conduction characteristics with the finding that CMR-CCs are highly co-localised to DZs (94% of 

DZs co-localize to CMR-CCs). 429  

 To our knowledge, there has been no systematic gold-standard histological 

validation of ADAS-3D defined scar nor CMR-CCs, according to varying signal intensity scar 

thresholding. No prior study has characterised the histology of DZs. In this study, we investigated 

ADAS-3D defined scar and CMR-CCs in an ovine infarction model and validated them by co-

registered whole-heart histology as well as EAM. Further, we aimed to identify histological 

characteristics of CMR-CCs that co-localised with DZs.  

3.2 Methods 

This study was performed on castrated male merino sheep (weighing 53±7kg). This study 

was approved by the Animal Ethics Committee of Westmead Hospital. The study conformed with 

National Health and Medical Research Council of Australia animal research guidelines. The	data	

that	support	 the	 findings	of	 this	study	are	available	 from	the	corresponding	author	upon	

reasonable	request.	Animals underwent an infarction procedure and a subsequent CMR (116 ± 

20 days, range 86-134 days after infarction) and EAM (129 ± 12 days, range 109-140 days after 

infarction). They were euthanized immediately after EAM. During all procedures (infarction, 

CMR and EAM) sheep were anesthetised with xylazine (0.5mg/kg intramuscular) and induction 

of anaesthesia with propofol (4mg/kg intravenously) before intubation. General anaesthesia was 

maintained with 1–4% isoflurane in 100% oxygen. 0.9% normal saline (100mL/h intravenously) 

was administered throughout the procedures.  

3.2.1 Animal infarct model 

As previously described 430, animals were infarcted by inflation of a 2.75–3.5mm 

angioplasty balloon distal to the second diagonal branch bifurcation for 3 hours, causing an 
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anteroseptal myocardial infarction (MI). Oral sotalol was given pre- and post-infarction to prevent 

ventricular arrhythmias (VAs) and discontinued 7-days after the infarction procedure.  

3.2.2 Cardiac magnetic resonance imaging and post-processing 

LGE CMR was performed with a 3T Prisma system (Siemens, Munich, Germany) with 4 

lead ECG cardiac gating. All sequences were performed with breath-holding in end-expiration. 

Delayed enhancement images were acquired for tissue characterization using a segmented 

inversion recovery fast gradient echo sequence in short axis stack, left ventricle (LV), left atrial 

and 4- chamber planes. TI (time of inversion) scout was performed at 9 minutes post contrast to 

select appropriate inversion time (usually around 300ms) for delayed enhancement acquisitions 

which began at 11 minutes post-injection. The short axis stack was run with 30 contiguous slices 

of 4-5mm thickness, covering the entire heart with in plane  resolution of 1.5mm x 1.5mm. Other 

delayed enhancement parameters were TR (repetition time): R-R interval of individual animal, TE 

(echo time): 1.65ms, flip angle: 20 degrees. 

CMR post-processing was performed using commercially available ADAS-3D 

segmentation software. Manual tracing of the endocardial and epicardial borders were performed 

with subsequent semi-automatic generation of the LV shell, as previously described in the 

literature 431. Based on quantitative analysis of pixel signal intensity (PSI), ADAS-3D created a 

total of 9 maps, each compromising 10% of myocardium from endocardium to epicardium (i.e. 

10% layer, 20% layer, 30% layer etc) whereby LGE PSI is projected onto each map and coded 

according to a trilinear interpolation algorithm using 40% and 60% of the maximum intensity as 

scar thresholds (“6040” threshold). ≥60% PSI was tagged as dense scar (red) and ≤40% as healthy 

(blue) with intermediate (40-60% PSI) labelled border-zone (BZ, intermediate colour range). 

Furthermore, transmural maps were created in similar fashion of the 0-50% layers (henceforth 
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called endocardial) and 50-100% layers (henceforth called epicardial). Finally, to investigate the 

impact of thresholding on scar and CMR-CC identification, 3 alternative threshold categories 

(5545, 6535 and 7030) were also used in addition to the standard 6040 threshold 432.  

CMR-CCs were defined automatically by the system as corridors within BZ that connected 

areas of normal myocardium and were surrounded by dense scar or mitral annulus.338 CMR-CCs 

seen in two consecutive layers in the same myocardial segment and with similar orientation were 

considered as a single channel spanning multiple layers. 

3.2.3 Electroanatomic mapping procedure and map analysis 

Following general anaesthesia and intubation, arterial and venous access was obtained. A 

quadripolar catheter was placed at the right ventricular apex for right ventricle pacing (RVp) or 

into the right atrium for atrial pacing and a decapolar catheter was inserted into the coronary sinus 

for left ventricular pacing (LVp). Catheter stability and contact were confirmed via catheter image 

deformation on EAM software, CARTO3TM (Biosense Webster, Irwindale, California, USA), or 

with intracardiac echocardiography (ICE). EAM was performed with a 20-pole PentarayTM 

(Biosense Webster) 2-6-2 millimetre (mm) electrode spacing. Acquisition settings were tissue 

proximity indication, local activation time difference 3ms, the electrode position change of 3mm, 

point density of 1mm and QRS pattern >90%. Sequential endocardial voltage maps were obtained 

of the LV using three wavefronts: sinus rhythm (4/5 animals) or atrial pacing (1/5 animals), RVp 

(5/5 animals) and LVp (5/5 animals).  

 Mean bipolar and unipolar voltages, bipolar scar (<1.5mV) and dense bipolar scar 

(<0.5mV), unipolar scar (<8.3mV) and dense unipolar scar (<3mV), split potentials (>20ms 

isoelectric period between EGMs) and local abnormal ventricular activities (LAVA) were 

identified. Abnormal EGMs were classified using LAVA definitions433. Isochronal late activation 
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mapping was performed offline 427. Local activation time was defined as the latest deflection of 

the electrocardiogram (EGM) through manual annotation and the whole activation of the chamber 

was then divided into 8 equally distributed activation time isochrones with red being the earliest 

and purple being latest. DZs were defined as regions with isochronal crowding with ≥3 isochrones 

within a 1-cm radius co-localising with LAVA or split potentials272.  

3.2.4 Histopathology analysis and 3D reconstruction 

A cotton filler was inserted into the LV cavity of explanted hearts, conserving natural 

chamber volume before being placed in 10% neutral buffered formalin for 7-days. After fixation, 

hearts were placed into a ballistic gelatine mould and sectioned into 5mm short-axis slices. 

Photography of slices from a fixed distance of 15cm was performed before being stored in 70% 

ethanol. Endocardial and epicardial LV borders were manually traced on the images (Figure 1A). 

Traced images were used to create scaled 3D meshes in MATLAB (Mathworks, R2019b). Wall 

thickness at each endocardial mesh vertex was calculated as the distance between the vertex and 

the endocardial wall along the vertex’s normal vector. 

Sections were embedded in paraffin blocks, and 5µm-thick slices were cut from the basal 

surface (RM2155, Leica Biosystems, Wetzlar, Germany). Picrosirius red staining was performed 

with a Weigert's haematoxylin counterstain to identify collagenous tissue. Image capture was 

performed using an Aperio ScanScope CS2 (Leica Biosystems, Wetzlar, Germany) or Olympus 

VS120 (Olympus Corporation, Tokyo, Japan) with brightfield illumination at 20x magnification. 

Histology images guided scar delineation on previously photographed slice images.   

Biopsies with a width of 3mm (and gap of 3mm between biopsies) were systematically 

marked around the endocardial surface with a 3mm spacing. They were analysed on ImageJ 

(National Institutes for Health, Bethesda, Maryland, USA). For each endocardial (0-50%) and 
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epicardial (50-100%) segments of the biopsies, presence of scar was identified qualitatively. 

Furthermore, quantitative percentage of fibrosis and adiposity as defined by picrosirius red staining 

was determined as described using ImageJ (see Figure 1F). The remaining myocardium was 

deemed “viable” myocardium (VM).  

3.2.5 Image integration and analysis 

Histology and CMR maps were co-registered with the EAM created during right 

ventricular pacing (Figure 1). Registration landmarks included the mitral and aortic annulus, LV 

apex and papillary muscles with cross-validation using intracardiac echocardiography shell 

(CARTOSOUND module, CARTO3TM).  

For scar analysis, each 3mm histological biopsy was compared to the co-registered 

transmurality ADAS-3D maps (of varying thresholds) and determined to correspond to CMR scar, 

BZ or healthy tissue [Figure 1]. Accuracy and agreement for scar in the endocardial and epicardial 

layers were compared (i.e. histological scar corresponding to CMR BZ or dense scar).  

For CMR-CC analysis, each unique CMR-CC was compared to available transecting 

histological biopsies as shown in Figure 2. If the CMR-CC was replicated in different thresholds, 

then only the threshold with the shortest (overlapping) segment of the channel was retained with 

the other similar channels marked as “duplicate”. Biopsies were then interrogated for a 

corresponding channel of viable myocardium surrounded by fibrosis or adiposity within the same 

endocardial-epicardial layer +/- 1 layer as defined by CMR (i.e. for a CMR-CC identified in the 

70-80% layer, histological correlation was deemed correct if viable myocardium was found in the 

60-90% layers of the histological biopsy surrounded by fibrosis) running in the same orientation 

as the CMR-CC (longitudinal or transverse). For each identified “histology confirmed-conducting 

channel” (HC-CC), the channel of viable myocardium (excluding surrounding compact fibrosis or 
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adiposity and excluding any visually identified blood vessels) was traced using ImageJ and then 

fibrosis, adiposity and VM percentages for these “within channel” segments were quantified. Each 

HC-CC was also assessed for presence of DZ in the corresponding EAM and DZ was localised to 

an entrance/exit or mid channel [Figure 2]. Histological analyses were performed blinded to 

absence or presence of DZs.  

3.2.6 Statistical analysis 

Analysis performed with Statistical Package for the Social Sciences for Windows (Version 

27). Continuous variables were expressed as median and interquartile range (IQR). Independent 

data were compared by the Mann-Whitney U test (non-parametric) or Kruskal-Wallis 1-way 

ANOVA (multiple groups). Independent categorical variables were compared by the Chi-square 

test. Volumes created by CMR, EAM and histopathology were compared by repeated measures 

ANOVA. Kappa values were generated to determine agreement. Two-tailed P-values were 

considered statistically significant when 0.05 or less. Authors KD and SK had full access to all 

data in the study and takes responsibility for its integrity and the data analysis. 

3.3 Results 

Six animals had a successful anteroseptal MI created, of which five animals underwent a 

CMR scan and subsequent EAM mapping. CMR could not be performed on the remaining animal 

due to ferrous material in its rumen and was excluded from analysis. LV ejection fraction was 41% 

(39-43%). LV end diastolic volume was 118mls (87–155mls). There were significant differences 

in the volumes generated by CMR post-processing (126.7mls (108.6-142.3mls)), EAM (97.1mls 

(83.5-102.5mls)) and whole-heart histopathology reconstructions (55.1mls (43.6-57.3mls)), 

p<0.001). Surface registration error (comparison of the vertices of each mesh) of the 

histopathology to the EAM was 4.9mm (3.8-6.3mm) and CMR to EAM was 4.7mm (4.2-5.1mm). 
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3.3.1 Gross scar topography and impact of thresholding 

As shown in Figure 3A, using the standard 6040 threshold, CMR had 83.8% accuracy for 

identifying histological scar in the endocardium and 61.4% in the epicardium. There were similar 

values but slightly poorer accuracy for the other thresholds.  For the 6040 threshold there was 

substantial agreement between CMR and histological scar in the endocardium (Kappa 0.666) but 

only fair agreement (Kappa 0.276) in the epicardium (Figure 3B). The 6040 threshold performed 

best in the endocardium, but the 6535 threshold was best for the epicardium. 

As shown in Supplementary Table 1, ADAS-3D defined “normal” tissue using the 6040 

threshold had minimal fibrosis (endocardial - 7.4% (4.9-15.2%), epicardial - 12.2% (6.0-38.6%)), 

some adiposity (endocardial - 19.3% (12.8-25.1%), epicardial - 18.6% (11.7-24.6%)) and majority 

“viable myocardium (endocardial - 70.5% (61.2-78.1%), epicardial - 64.6% (35.8-75.2%)). In 

comparison, 6040 CMR “BZ” and 6040 CMR “scar” had higher fibrosis (BZ endocardial - 44.7% 

(25.4-61.1%), BZ epicardial - 41.8% (19.5-54.3%), “scar” endocardial - 42.5% (32.1-53.8%), 

“scar” epicardial - 42.0% (25.9-52.8%)), similar adiposity (BZ endocardial - 16.8% (10.9-23.8%)), 

BZ epicardial - 22.1% (15.3-31.6%), “scar” endocardial - 22.8% (14.9-32.8%), “scar” epicardial - 

20.6% (14.7-26.1%)) and less “viable” myocardium (BZ endocardial - 27.6% (20.9-43.3%), BZ 

epicardial - 30.4% (23.4-53.5%), “scar” endocardial - 27.6% (20.9-43.3%), “scar” epicardial - 

34.6% (21.2-51.1%)). This was similarly seen in the epicardium and across varying ADAS-3D 

thresholds as shown in Supplementary Table 1.   

3.3.2 Identification of CMR-CCs 

A total of 37 CMR-CCs were identified by varying MRI thresholding. Of these, 23 (62%) 

were unique channels and 14 (38%) were duplicate channels (i.e. the same channel seen on 

multiple ADAS-3D threshold settings). Of these 23 unique CMR-CCs (described in Table 1), 6 
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(26%) were from threshold 5545, 8 (35%) from 6040, 4 (17%) from 6535 and 5 (22%) were from 

the 7030 threshold application.  

Median channel length was 19mm (14-34mm). Threshold 5545 CMR-CCs tended to be 

shorter (12mm, 7-15mm) compared to 6040 (24mm, 17-42mm), 6535 (30mm, 20-33mm) and 

7030 (21mm, 19-37mm) with a trend towards statistical difference between groups (P=0.053).  

10/23 (44%) CMR-CCs were in the endocardial layers and 12/23 (52%) in the epicardial 

layers with 1 (4%) CMR-CC crossing from endocardium to epicardium. Most CMR-CCs were 

confined to a single 10% myocardial layer (15/23, 65%) and this did not differ between threshold 

groups (5545: 5/6 [83%], 6040: 5/8 [63%], 6535: 3/4 [75%] and 7030: 2/5 [40%], P=0.482). 18/23 

(78%) CMR-CCs had a single entrance and exit whilst 5 (22%) had multiple entrances and/or exits.  

3.3.3 Co-localization of DZs with CMR-CCs 

DZs co-localised to 19/23 (83%) of CMR-CCs (Table 1). There were no significant 

differences in identification of DZs co-localising with CMR-CCs when comparing by wavefront 

(18/19 were identified by all three wavefronts, 1/19 was identified by sinus rhythm and RVp but 

not LVp), see Figure 4. The presence of DZ was not different amongst varying threshold groups 

(P=0.320, 5545: 5/6 [83%], 6040: 7/8 [88%], 6535: 3/4 [75%], 7030: 4/5 [80%]). DZs co-localised 

to either the mid channel (9/19, 47%) or entrance/exit (10/19, 53%).  

3.3.4 Histological validation of CMR-CCs 

Of the 23 unique CMR-CCs, 20 (87%) were histologically confirmed (HC-CCs). 

Representative examples are shown in Figures 2 and 5. Of the three histologically discordant 

CMR-CCs i.e. CMR channels which were not validated by histology, one was identified with 5545 

thresholding (10% layer) and was 16mm in length whilst two were identified with 7030 

thresholding and were 19mm (10% layer) and 14mm (70-80% layers) in length, respectively. For 
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one of these channels, histological biopsies were not available as the channel was significantly 

basal and remote from scar and biopsy segments.  

For the 20 HC-CCs, there were 62 biopsies transecting these channels available for analysis 

(3 segments per channel, IQR 1-4). There were 33 entrance/exit segments and 29 mid channel 

segments.  25/62 (40.3%) were in regions with DZs identified by at least 1 wavefront. 22/62 

(35.5%) were in regions with DZ identified by RVp, 18/62 (29.0%) by LVp and 19/62 (30.6%) by 

sinus rhythm or atrial pacing. Intramyocardial blood vessels (Figure 2 and 4) were found within 

or immediately adjacent to 46/62 (74%) of HC-CC segments with a median of 1 (1-2) blood vessels 

per segment. 

Within channel fibrosis did not differ between pooled entrance/exit versus mid segments 

(26.7% (19.0-41.2%) vs 25.3% (13.1-34.7%), P=0.799). Similarly, there were no significant 

differences for within channel adiposity (11.6% (4.6-22.5%) vs 17.3% (9.1-25.6%) P=0.075) or 

“viable” myocardium (54.9% (41.3-65.8%) vs 51.9% (39.1-65.3%), P=0.203) between pooled 

entrance/exit versus mid segments.  

As shown in Figure 6, within channel fibrosis did not differ at sites of DZs (identified by 

at least 1 wavefront) compared to those without DZs (25.0% (16.3-34.1%) vs 28.7% (19.0-41.2%), 

P=0.242). In contrast, there was significantly higher within channel adiposity for segments co-

localizing to DZs compared to those without (24.1% (15.6-34.9%) vs 8.3% (4.6-17.2%), P<0.001).  

There was a trend towards lower remaining “viable” myocardium with presence of DZs (46.8% 

(37.4-59.3%) vs 58.9% (45-66.5%), P=0.054). These findings were largely consistent regardless 

of which wavefront was analysed (Supplementary table 2).  
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3.4 Discussion 

In this study we examined the histologic and electroanatomic characteristics of CMR 

defined scar, CMR-CCs and DZ in an established ovine model of chronic myocardial infarction. 

We have made several important findings which include:  

1. CMR-LGE defined scar has high correlation with the gold standard histological 

assessment of scar with substantial agreement to gold standard histology in the 

endocardium and fair agreement in the epicardium. 

2. CMR-CCs correlate well with co-registered whole heart histopathology in 

identifying surviving myocyte bundles within dense scar or adiposity. 

Furthermore, histology confirms the three-dimensionality and intra-mural 

involvement of chronic ischaemic scar and resultant channels. 

3. CMR-CCs correlate well with DZs, and this correlation appears to be robust when 

systematically assessed by varying activation wavefront. 

4. Varying CMR thresholding beyond the current clinically used 6040 threshold for 

ADAS-3D software may have benefit in uncovering important arrhythmogenic 

substrate (these channels are validated by histology and by DZs). 

5. Histologically validated within channel adiposity rather than fibrosis was 

associated with DZs, further supporting the concept of conduction slowing due to 

lipomatous metaplasia in ischaemic scar. 

6. Small intramyocardial blood vessels co-localise closely with surviving CMR 

tagged CCs, possible supporting surviving myocyte bundles within infarcted 

myocardium. 

3.4.1 Validation of CMR-LGE defined scar with gold standard histology 
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Despite improvements in cardiac imaging and increasing use of post-processed CMR for 

catheter ablation of arrhythmia, few studies have correlated in-vivo CMR defined scar with whole-

heart histology in either animals or humans. In a similar study, Pop et al. (2013) compared ex-vivo 

LGE and diffusion weighted imaging CMR in an infarct swine model (n=5) with picrosirius red 

stain identified collagenous fibrosis. Using n=9 short axis slices, they found that a ternary 

classification of LGE into scar, BZ and normal tissue demonstrated good correlation between 

imaging defined scar and BZ area with histology.335 Other studies have also correlated gross 

histological post-infarct scar area with total CMR-LGE defined scar area 331,434. Our study adds to 

this literature by using a current commercially available and clinically accessible method of CMR 

post-processing of in-vivo imaging to create a ternary definition of scar and describing its 

performance to as best as possible co-registered histology. Furthermore, in this study, the left 

ventricle was segmented to describe performance in the endocardium and epicardium. 

Interestingly, we have showed that performance of the CMR may be poorer in the epicardium than 

the endocardium. This could be because of signal contamination in the epicardial area from the 

nearby tissue, such as pericardial tissues or epicardial fat. Although the performance of alternate, 

less well accepted thresholds (of 6535 and 7030) was incrementally better for delineation of scar 

in the epicardium than the current clinically used 6040 threshold, these differences were small and 

the clinical difference of using differing settings purely for endocardial vs epicardial scar 

delineation is unlikely to be significant.  

3.4.2 Chronic infarction model of anatomical CMR-CCs 

We have validated a large animal chronic infarction model with anatomical CMR-CCs co-

registered to whole-heart histopathology. CMR had reasonable utility in identifying surviving 

myocyte bundles with varying amounts of fibrosis, adiposity and viable myocardium surrounded 
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by dense scar or dense adiposity. 87% of CMR-CCs were validated by histology. Furthermore, 

EAM suggested that, similar to previous data, DZs co-localised to the mid-channel in 47% and 

entrance/exit in 53% (45% and 52% respectively in work by Vasquez-Calvo et al.429).  

HC- CCs in this ovine model appear quite similar to histological specimens at sites of 

human VT as described by de Bakker et al. which also showed fractionation and slowed conduction 

during intra-operative and ex-vivo mapping.255 Whole-heart histology co-registered with EAM has 

been used to describe relationships between EAM myocardial voltage and fibrosis architecture in 

human and animal cardiomyopathy 70,425,426. Furthermore, a ternary (dense scar, BZ and healthy 

tissue) classification of scar topography by CMR LGE has been validated in 5 swine with ex-vivo 

CMR (of explanted hearts) using the same Picrosirius red stain used in this study 335.  

To our knowledge however, this study offers the first application of co-registered whole-

heart histology to identify CMR-CCs. Such a model offers significant promise to investigate 

putative strategies to treat VT. CMR-CCs have been shown to predict arrhythmogenicity and ICD 

therapies in patients undergoing ICDs for primary prevention.435 A randomized trial of upfront 

ablation of CMR-CCs in patients with chronic infarcts without VT to prevent sudden cardiac death 

is planned 436. This ovine model offers opportunities to explore ablative strategies for scar- 

dechanneling as well as unveil possible mechanisms of how modern heart failure drugs such as 

SGLT2 inhibitors may have anti-arrhythmic therapies 437.  

3.4.3 Varying CMR signal intensity thresholding to identify new channels 

Anatomical conducting channels were first defined using EAM, with manual raking of 

bipolar voltage to identify pathways of contiguous electrogram recordings within scar with a 

higher voltage than surrounding areas as determined by voltage map colour differences, with these 

channels subsequently validated by entrainment and activation 438. CMR-CCs were similarly first 
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validated by comparison with EAM voltage maps in 10 patients and a total of 16 CMR-CCs.338 

Until our study, histological validation has been lacking and the CMR fibrosis threshold of 60% 

and 40% has been used (primarily as it identified 13/16 EAM channels compared to 50% and 70% 

dense scar thresholding). Importantly, of the 23 unique CMR-CCs we identified, 15/23 (65%) were 

from alternative thresholds. The presence of DZs did not differ between threshold groups. 13/15 

(87%) of these non 6040 channels were validated by histology. These data suggest that varying 

CMR thresholding may help to uncover further arrhythmogenic substrate.  

3.4.4 Co-localisation of DZs with CMR-CCs are robust despite varying activation wavefront 

To our knowledge, this is the second time that DZs have been assessed with differing 

activation wavefronts. We found that DZs co-localized with CMR-CCs irrespective of activation 

wavefront (18 of 19 co-localized DZs observed in 3 different wavefronts). In the seminal work by 

Aziz et al (2019) 13 cases were assessed with two distinct wavefronts of which 86% of cases were 

conserved.427 In contrast to our series, this original series included variable scar patterns and 

aetiology (ischaemic and non-ischaemic) vs our fixed anteroseptal infarcts, and this heterogeneity 

may explain the slightly differing findings. Interestingly, for the 1 channel in our series where the 

LVp ILAM map did not identify the DZ seen in both SR and RVp, the activation wavefront 

appeared parallel to the CMR-CC (Figure 4). Aziz et al. (2019) present two multi-wavefront ILAM 

maps. In their first, the DZ is conserved across wavefronts despite pacing parallel to the line of 

block (see Figure 4, pp 1390, Aziz et al (2019)).  In their second example however, like our 

findings, an activation wavefront parallel to the original DZ fails to uncover it (see Supplemental 

Figure 3, p8, Aziz et al (2019)). An important limitation of our work is that differential pacing was 

not performed to interrogate the observed DZs to demonstrate overt lines of block and/or delineate 
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the lateral isthmus boundaries of the channel and this would be important to assess in future 

work.272 

3.4.5 Adiposity and not fibrosis is associated with the presence of DZs at sites of CMR-CCs 

This study attempted to identify the histological characteristics of DZs with regards to 

quantification of fibrosis, adiposity and VM. Interestingly, we found that within channels, 

segments co-localising with DZs had higher adiposity but similar fibrosis compared to segments 

without DZs. Differences in VM (remaining myocardium once adipose tissue and fibrosis were 

excluded) was likely driven by the marked difference in adiposity. Using co-registered CT, CMR 

and EAM, Sung et al. (2022) demonstrated that DZs were found primarily in regions with 

infiltrating fat plus scar or infiltrating fat without scar and less so scar without infiltrating fat 439. 

Regions with higher amounts of infiltrating fat associated with more ablated tissue and sites of 

DZs. No such relationship was demonstrated in regions with higher fibrosis. Xu et al. (2022) found 

that 99% of corridors critical for VT either traverse or are adjacent to CT defined lipomatous 

metaplasia. In a similar animal model to our study, Pouliopoulos et al. (2013) demonstrated that 

intramyocardial adiposity correlated with reduced conduction velocity, possibly due to 

lateralization of Connexin-43 430. Longitudinal CMR studies have demonstrated that infarct size 

as defined by CMR progressively decreases over time however up to 24% of patients develop 

lipomatous metaplasia after 9 years 440. In our study, we have shown that within channel regions 

of DZs (which may be considered surrogates for VT corridors) not only traverse near lipomatous 

metaplasia (as suggested by Xu et al. (2022)) but are in-fact composed of more adipose tissue than 

those without DZs. Together, these data suggest against previous hypotheses that post-infarction 

VTs are caused by heterogenous fibrosis and electrical changes over time. Instead, within channel 
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adiposity may be a key contributor to conduction slowing (and possibly arrhythmogenicity) of 

post-infarction substrate.   

3.4.6 Co-localization of intramyocardial blood vessels with surviving CMR-CCs.  

In this study we have demonstrated co-localization of intramyocardial blood vessels with 

surviving CMR-CCs, most of which harbour DZs. In a 6 week swine model of MI, Dhanjal et al. 

(2017) demonstrated vascular enrichment at border zone sites harbouring VT critical isthmii (1.7 

times vessels compared to border zone without VT critical isthmii as defined by pace-mapping).441 

These blood vessels could support the channels of surviving myocardium responsible for VT, and 

in particular, intramyocardial arrhythmogenic substrate. Interruption of vascular supply to these 

territories, abolishing surviving myocardium might be therapeutic. Transcoronary ethanol ablation 

has been shown to associated with a reduced burden of VT in traditional radiofrequency ablation 

refractory cases. 442 

3.4.7 Study Limitations 

This study was designed to validate EAM and CMR scar and CMR-CCs with ground truth 

histology. It involves a small number of animals studied at a single chronic time point. 

Furthermore, VT inducibility was not performed which affects interpretation of the results and is 

a missed opportunity for this dataset. Although DZs were used as a surrogate marker of 

arrhythmogenicity of CMR-CC anatomical channels and many prior studies have demonstrated 

that CMR-CCs and DZs co-localise with critical sites of VT, 339,429,443 this relationship is not 

always 1:1. Thus, although hypotheses can be made regarding the arrhythmogenicity of the 

histological within-channel lipomatous metaplasia observed within CMR-CCs and DZs, absence 

of VT inducibility means that this conclusion cannot be made definitively. Furthermore, although 

this study assessed ovine scar at 4 months post infarction, in humans, development of lipomatous 
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metaplasia is more chronic440. Importantly however, our work suggests that a fair degree of 

adiposity within ischaemic scar can be modelled using sheep in an attainable timeframe, offering 

an attractive large-animal model to further explore mechanisms and treatment for this 

phenomenon.  

Secondly, there were significant differences in volume between the CMR, EAM and 

histopathological reconstructions. Whole-heart histological reconstructions are associated with 

significant tissue shrinkage. In a smaller animal model, Burton et al. (2014) demonstrated 37.2% 

anatomical shrinkage from ex-vivo CMR of Lagendorff perfused rabbit hearts to fixed histology 

sectioned at 10 µm intervals (1853 slices per heart).444 In comparison, on our large animal model, 

there was 56.5% shrinkage compared to an in-vivo CMR with 5mm tissue sectioning. To our 

knowledge, despite multiple important large animal and human whole-heart histopathology vs 

electroanatomic studies, 70,426,445,446 ours is the first to describe and compare volumes between 

modalities. In our study, the average surface registration error of the histopathology mesh to the 

EAM mesh was 4.9mm (3.8-6.3mm), which performed similar to pioneering work by Glashan et 

al. (2019) who had a registration accuracy of 5.4 ± 3.7 mm in 9 swine426 suggesting similar levels 

of shrinkage in either model. In our study CMR and pathology-identified fiducial landmarks were 

used for registrations to EAM landmarks identified with ICE for all cases. Arguably, validation of 

20/23 CMR-CC channels by histology and good histological-CMR scar agreement despite this 

described shrinkage and co-registration error suggests that at worst, the accuracy of CMR is under 

rather than over called.  

Thirdly, this study focused purely on CMR delayed enhancement to recognize fibrosis. 

Other CMR mapping techniques for fibrosis such as T1 mapping for diffuse fibrosis was not 
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performed in a short axis stack and hence could not be reconstructed into a 3D model to be co-

registered with the histology in this study.  

Fourthly, the version of ADAS-3D employed used in this study employed a full-width half 

maximum method to define scar. As has been demonstrated by Glashan et al. (2018), other 

methods of CMR delayed enhancement post-processing such as using standard deviation or 

maximal signal intensity can perform differentially in identifying scar and hence may offer better 

agreement to ground truth histology.70 Furthermore, as this study was done in an infarct model, it 

is not clear whether agreement would be as effective in non-ischaemic cardiomyopathy. Finally, 

alternative commercially available post-processing software such as InHeart (IHU Lyric, Pessac, 

France) may perform differentially and this could be assessed in future work.   

3.5 Conclusions 

In this ovine chronic infarction model, LGE CMR derived scar and channels were validated 

by histology and EAM, offering an attractive model to trial future strategies to treat ventricular 

tachycardia. CMR post-processing and integration with EAM offers accurate delineation of 

histological scar (with better agreement in the endocardium than epicardium). Varying CMR pixel 

intensity thresholds beyond the current clinically used 6040 ADAS-3D threshold unveiled new 

histologically and EAM validated channels. Regions of CMR-CCs at sites of DZs had higher 

within channel adiposity but not higher fibrosis than regions without DZs suggesting a role for 

lipomatous metaplasia contributing to conduction slowing in post-infarction scar.  
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3.6 Figures 

 
 

Figure 3-1 Methodology of cardiac magnetic resonance imaging scar analysis and 

histological reconstruction 

Methodology of cardiac magnetic resonance imaging (CMR) scar analysis and histological 

reconstruction. A. After fixation, explanted hearts were sectioned into 5mm short-axis slices and 

photographed. Endocardial and epicardial borders were manually traced and imported into 

MATLAB to make scaled 3D meshes which could then be imported into Carto mapping software. 

B. A representative histological 3D mesh. Numbers 2-15 demonstrate cross-sectional slices with 

5mm spacing. C. A scaled photograph of cross-section 3 taken at 20x magnification after staining 

with Picrosirius red to identify collagenous tissue. Biopsies were systematically conducted around 

the endocardial border of the short-axis sections – 3mm width with 3mm spacing between biopsies. 

Endocardial (0-50% of wall thickness of the biopsy) and endocardial (50-100% of wall thickness 
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of the biopsy) sections were interrogated. D. ADAS-3D map of the epicardial layers (50-100%) at 

the standard 60-40 threshold whereby blue represents normal tissue (regions with < 40% pixel 

signal intensity), red the dense fibrosis (>60%) and white/yellow the border zone regions (40-

60%). E. Merged 3D histological reconstruction with overlying electroanatomic map (white dots 

represent individual electrograms from the mapping Pentaray catheter). Traced onto the 

electroanatomic map is the ADAS-3D CMR from D, whereby red outlines dense scar (>60% pixel 

signal intensity) and white border zone (40-60%). This allows direct co-registered comparison 

between histological biopsies in C with CMR. F. shows ImageJ analysis of a co-registered biopsy. 

It is taken from a CMR region of dense scar. As seen in the co-registered image, the epicardial 

histological layer has compact fibrosis (dense pink staining) with interspersed adiposity (white) 

and minimal “viable” myocardium (yellow). This was converted to a greyscale image before 

subsequent analysis for fibrosis (image panel 3) where the upper threshold limit was decreased to 

180-220 to visually match fibrosis in raw image whereby fibrosis appears black and then adiposity 

(increased lower threshold limit to 245-250) whereby adipose tissue appears black.  
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Figure 3-2 Methodology of CMR channel analysis 

Methodology of cardiac magnetic resonance imaging (CMR) channel analysis. A. Using 

varying pixel signal intensity thresholds, ADAS-3D was used to identify scar topography in the 

endocardium (0-50% layers) and epicardium  (50-100% layers) and identify channels (green). B. 
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Channel (seen in red) was traced onto electroanatomic map (EAM) after co-registration using 

standard fiducial markers i.e. aortic anulus, mitral anulus, apex papillary muscles with cross 

validation from intracardiac echocardiography. Bipolar map (dense scar <0.5mV, border zone 

<1.5mV). C. Isochronal late activation map with manual annotation of each electrogram to offset 

of bipolar electrogram. Deceleration zone (DZ) (crowding of ≥3 isochrones ) at mid channel. 

Bipolar electrogram at site of DZ demonstrates fractionation and splitting D. Co-registered shell 

of histological fibrosis with 3mm transmural biopsy lines spaced every 3mm. E. Zoom of co-

registered shell of histological fibrosis with transmural biopsy lines transecting channel. F. 2D 

photograph of axial slice through which channel passes. Transmural biopsies 3-6 and 3-7 co-

localise to channel at 60% layer as defined by CMR. G. Zoom of histology demonstrating a channel 

of surviving myocytes (pale yellow) at the 60% layer and at the 3-7 transmural biopsy surrounded 

by dense scar (pink) and adiposity (white). Blood vessels in close vicinity.  

 

Abbreviations: Bi – bipolar, EGM – electrogram, LAT – local activation time.  
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Figure 3-3 Performance of CMR stratified by layer (endocardial and epicardial) 
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Accuracy (A) and Agreement (B) of late gadolinium enhanced (LGE) derived cardiac magnetic 

resonance imaging (CMR) fibrosis (by varying thresholds) compared to histological scar. 

Abbreviations: Endo – endocardial 0-50% layers, Epi – epicardial 50-100% layers.  
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Figure 3-4 Representative example of colocalization of CMR-CCs with DZs across 

wavefronts 
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Eighteen of 23 CMR-CCs had agreement across wave fronts (sinus rhythm/atrial pacing, right 

ventricular pacing [RVp], and left ventricular pacing [LVp]). One of 23 CMR-CCs had agreement 

between sinus rhythm and RVp, but this DZ was not seen in LVp. A, CMR-CC is identified by 

7030 pixel signal intensity (50% layer) and validated by histology (red line). It colocalizes with 

DZs at the entrance/exit of the channel in all 3 wave fronts (white dashed circles); atrial pacing: 

dark green, pale green and pale blue isochrones, RVp yellow, dark green, pale green and pale blue 

isochrones, LVp pale green, and pale blue and dark blue isochrones. B, CMR-CC is identified by 

6040 threshold (50% layer) and validated by histology (red line). It colocalizes with DZ at the 

entrance/exit of the channel in sinus rhythm (red, orange, yellow, and dark green) and RVp (red, 

orange, yellow, and dark green) but not with LVp (pale green, pale blue). LAT indicates local 

activation time. 
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Figure 3-5 CMR channel identified by 6040 signal intensity threshold and validated by 

histology 
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A, ADAS-3D identification of channel topography (found in 60% layer). B, Coregistered bipolar 

voltage map (red denotes dense scar <0.5 mV, purple denotes healthy tissue >1.5 mV, and green 

denotes intermediate border zone 0.5–1.5 mV). The CMR channel is traced in red after 

coregistration. C, Deceleration zone (DZ) at mid-isthmus on isochronal late activation map 

(crowding of yellow, dark green, and pale green isochrones) during right ventricular pacing. 

Representative EGM shows fractionation at mid-isthmus. D, Zoom view of DZ. E, Coregistered 

histological fibrosis shell with ADAS-3D channel drawn and 3 mm transmural biopsies spaced 

every 3 mm. F, Histological biopsies are shown. Left, the mid-isthmus of the channel is identified 

on histology with surrounding dense scar and adiposity. Intrachannel fibrosis, myocardium, and 

viable tissue were quantified. Right, the entrance/exit segment of the channel is identified on 

histology with surrounding dense scar and adiposity. Surrounding blood vessels are visualized. 

There is higher adiposity in the mid-channel (where the DZ is located). CMR-CC in cardiac 

magnetic resonance imaging conduction channels; and LAT, local activation time. 
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Figure 3-6 Intra channel composition stratified by presence or absence of DZ identified by 

at least 1 wavefront 

Percentage of channel (traced with surrounding adiposity and fibrosis excluded) that has 

intrachannel fibrosis, adiposity, and viable tissue quantified stratified by presence or absence of 

deceleration zone (DZ) identified by at least 1 wave front. Statistical analysis with the Mann-

Whitney U test, P values <0.05 are considered significant. 
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3.7 Tables 

 
Table 3-1 Description of CMR-CCs identified by various signal intensity thresholding 

Channel ADAS-3D 
threshold 

Layers Channel 
length 
(mm) 

Histological 
confirmation 

SR / Atrial 
paced DZ 

RVp DZ LVp DZ 

1 7030 60 21 Yes Entrance/E
xit 

Entrance/E
xit 

Entrance/E
xit 

2 6040 60,70,80 27 Yes Mid Mid Mid 

3 6040 10,20,30,40 41 Yes Mid Mid Mid 

4 7030 20 37 Yes Mid Mid Mid 

5 5545 10 9 Yes Entrance/E
xit 

Entrance/E
xit 

Entrance/E
xit 

6 5545 20 7 Yes Not present Not present Not present 

7 5545 20 6 Yes Entrance/E
xit 

Entrance/E
xit 

Entrance/E
xit 

8 6040 90 15 Yes Not present Not present Not present 

9 6535 80 28 Yes Entrance/E
xit 

Entrance/E
xit 

Entrance/E
xit 

10 6535 90 12 Yes Not present Not present Not present 

11 7030 10 19 No Not present Not present Not present 

12 5545 10 16 No Entrance/E
xit 

Entrance/E
xit 

Entrance/E
xit 

13 6040 30,40 82 Yes Mid Mid Mid 

14 6040 50 10 Yes Entrance/E
xit 

Entrance/E
xit 

Not present 

15 6040 60 21 Yes Entrance/E
xit 

Entrance/E
xit 

Entrance/E
xit 

16 5545 40,50 15 Yes Mid Mid Exit 

17 6040 50,60,70,90 42 Yes Mid Mid Mid 

18 6040 40 19 Yes Entrance/E
xit 

Entrance/E
xit 

Entrance/E
xit 

19 6535 40,50 34 Yes Mid Mid Mid 

20 6535 90 32 Yes Mid Mid Mid 

21 7030 20,30,40,60 126 Yes Mid Mid Mid 

22 7030 70,80 14 No Entrance/E
xit 

Entrance/E
xit 

Entrance/E
xit 

23 5545 90 15 Yes Entrance/E
xit 

Entrance/E
xit 

Entrance/E
xit 

 
 
Abbreviations: DZ – deceleration zones, LVp – Left ventricular pacing, RVp – Right 

ventricular pacing, SR – sinus rhythm 
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3.8 Supplemental Material 

3.8.1 Supplementary Tables 

Supplemental Table 3-1 Fibrosis, adiposity and viable myocardium in ADAS 3D defined 

tissue stratified by threshold 

Threshold Location ADAS 3D 
definition 

Histological  
fibrosis (%) 

Histological 
adiposity (%) 

Histological remaining 
“viable” myocardium (%) 

5545 Endocardium Normal 8.2 (5.1-19.0) 19.4 (13.3-24.8) 68.7 (59.4-77.7) 
  Borderzone 44.6 (15.2-

66.9) 
14.3 (9.7-22.8) 35.2 (22.7-60.6) 

  Scar 43.2 (32.3-
53.8) 

22.3 (14.7-32.3) 29.3 (21.3-42.2) 

 Epicardium Normal 12.6 (5.9-
38.7) 

19.0 (12.0-25.4) 63.4 (34.3-74.2) 

  Borderzone 41.6 (22.0-
53.7) 

20.7 (14.3-27.4) 30.4 (21.8-59.7) 

  Scar 42.9 (26.5-
53.7) 

20.0 (14.5-26.1) 33.8 (21.0-51.1) 

6040 Endocardium Normal 7.4 (4.9-15.2) 19.3 (12.8-25.1) 70.5 (61.2-78.1) 
Borderzone 44.7 (25.4-

61.1) 
16.8 (10.9-23.8) 32.4 (23.9-57.5) 

Scar 42.5 (32.1-
53.8) 

22.8 (14.9-32.8) 27.6 (20.9-43.3) 

Epicardium Normal 12.2 (6.0-
38.6) 

18.6 (11.7-24.6) 64.6 (35.8-75.2) 

Borderzone 41.8 (19.5-
54.3) 

22.1 (15.3-31.6) 30.4 (23.4-53.5) 

Scar 42.0 (25.9-
52.8) 

20.6 (14.7-26.1) 34.6 (21.2-51.1)  

6535 Endocardium Normal 7.4 (5.0-13.8) 19.6 (13.3 – 24.7) 71.1 (62.3-78.1) 
  Borderzone 38.7 (11.6-

59.4) 
17.8 (10.9-24.6) 37.4 (24.5-61.1) 

  Scar 42.5 (32.0-
53.7) 

22.6 (14.7-32.3) 29.1 (21.3-45.1) 

 Epicardium Normal 10.7 (5.3-
29.9) 

18.9 (12.0-24.7) 66.8 (45.4-76.3) 

  Borderzone 41.6 (21.5-
55.9) 

20.9 (14.0-30.7) 29.3 (22.5-53.5) 

  Scar 43.9 (28.5-
53.7) 

19.4 (12.2-25.2) 34.6 (21.2-51.1) 

7030 Endocardium Normal 7.6 (5.0-15.2) 19.3 (12.3-24.2) 71.1 (61.3-78.1) 
  Borderzone 38.4 (11.1-

56.1) 
18.3 (11.2-24.7) 37.8 (24.5-62.3) 

  Scar 42.5 (31.8-
53.2) 

24.1 (16.2-34.0) 27.1 (20.3-42.6) 

 Epicardium Normal 11.4 (5.6-
32.1) 

18.4 (11.6-24.6) 65.8 (43.1-76.1) 
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  Borderzone 41.4 (19.1-
53.9) 

20.5 (14.0-28.9) 31.0 (23.0-58.1) 

  Scar 44.4 (28.2-
53.7) 

21.3 (14.9-27.4) 30.9 (20.4-49.4) 

 

All data presented are medians with interquartile range.  
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Supplemental Table 3-2 Channel composition stratified by presence or absence of DZ and 

activation wavefront 

Wavefront Within channel 
composition 

No DZ DZ P value 

Any wavefront1 Fibrosis (%) 28.7 (19.0-41.2) 25.0 (16.3-34.1) 0.242 
Adiposity (%) 8.3 (4.6-17.2) 24.1 (15.6-34.9) <0.001 
Viable myocardium 
(%) 

58.9 (45.0-66.5) 46.8 (37.4-59.3) 0.054 

Sinus rhythm / atrial 
pacing 

Fibrosis (%) 25.6 (17.2-41.2) 27.9 (16.3-35.6) 0.840 
Adiposity (%) 8.8 (4.8-20.3) 24.1 (15.6-34.9) <0.001 
Viable myocardium 
(%) 

58.0 (43.6-66.5) 45.2 (37.4-54.2) 0.024 

Right ventricular pacing Fibrosis (%) 26.5 (17.2-41.2) 25.5 (16.3-34.7) 0.566 
Adiposity (%) 8.5 (4.5-17.2) 24.2 (16.5-34.9) <0.001 
Viable myocardium 
(%) 

59.2 (44.3-67.0) 46.0 (37.4-54.8) 0.021 

Left ventricular pacing Fibrosis (%) 26.5 (16.6-42.3) 25.5 (17.2-34.1) 0.545 
Adiposity (%) 9.0 (4.9-19.0) 24.2 (15.6-36.8) <0.001 
Viable myocardium 
(%) 

58.0 (44.3-66.7) 43.6 (36.3-54.2) 0.021 

Wavefront agreement2 Fibrosis (%) 24.6 (16.6-41.2) 26.8 (17.3-35.2) 0.913 
Adiposity (%) 8.4 (4.5-17.5) 24.4 (17.5-38.3) <0.001 
Viable myocardium 
(%) 

60.7 (45.4-68.2) 40.5 (35.1-51.5) <0.001 

 

1. Presence of deceleration zone (DZ) was scored if a DZ was co-localised to channel 

biopsy in at least 1 wavefront 

2. Presence of DZ was scored if a DZ was co-localised to a channel biopsy in a majority of 

tested wavefronts (i.e. present in at least 2 of the 3 wavefronts) 

All data presented are medians with interquartile range. Statistical analysis with Mann-Whitney U 

test, p value less than 0.05 considered significant. 
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4.1 Introduction 

The success of catheter ablation (CA) for ventricular tachycardia (VT) is predicated on the 

precise identification of the arrhythmogenic substrate and scar. Invasive electroanatomic mapping 

identifies myocardial scar by collecting an “electrical biopsy” of ventricular tissue at the site of the 

recording catheter electrodes, however, such electrograms are influenced by the direction of 

activation wavefront, interelectrode size and spacing, filtering settings and tissue contact.27 Image 

integration of late gadolinium enhancement (LGE) cardiac magnetic resonance imaging (CMR) is 

an alternative and non-invasive way to identify the scar location and topography.447 At present 

there are two commonly used commercial solutions to integrate CMR scar into VT CA - ADAS-

3D (Barcelona, Spain) and inHEART (Bordeaux, France). Observational studies have shown an 

improvement in CA outcomes using these technologies.339,340,448 It remains unclear, however, if 

there are differences in the performance of inter-vendor technologies to identify histological scars 

and also how such technologies could differentiate endocardial from intramural and epicardial 

scar. Furthermore, there are no direct comparisons of these vendors in humans for the identification 

of scar, critical VT circuit sites or functional substrate with CMR LGE. 

We recently described a method for panoramic assessment of electrophysiologic substrate 

for VT in an ovine chronic infarct model whereby high-density electroanatomic data can be merged 

with CMR and explanted whole heart histology using in-house custom-designed software.449 We 

demonstrated that CMR LGE border-zone “channels” correlate with deceleration zones (DZs) and 

histological channels of viable myocytes with associated lipomatous metaplasia at these sites of 

conduction slowing. Using this model, we now describe a clinicopathologic study whereby we 

sought to validate two commonly used vendor systems (ADAS-3D and inHEART) to integrate 
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CMR LGE to electroanatomic mapping (EAM) in CA of VT, firstly in an in vivo post-infarction 

ovine model and subsequently, in a series of human patients with VT undergoing catheter ablation.  

4.2 Methods 

This study was performed on castrated merino sheep and human patients undergoing VT 

CA. All animal experiments were approved by the Animal Ethics Committee of Westmead 

Hospital and the study conformed with the animal research guidelines of the National Health and 

Medical Research Council of Australia. Human data for this study was collected as a part of the 

VA-West registry, with ethics approved by the Western Sydney Local Health District Human 

Research Ethics Committee. Data from this study is available for sharing on reasonable request 

for the purposes of replicating the results. 

4.2.1 Ovine infarct experiment 

The animal experiment from which the data for this study originated has been described in 

our previous publications.254,449 In brief from this experiment, of the 10 sheep available (6 infarcted 

distal to the second diagonal branch for 3 hours, 4 controls without infarction), 5 sheep (weighing 

53±7kg) went on to have a CMR and EAM and were included in this study.  

4.2.1.1 CMR acquisition 

 For the animals, LGE CMR was performed with a 3T Prisma system (Siemens, 

Munich, Germany) with 4-lead ECG cardiac gating and all sequences were performed with breath-

holding in end-expiration. Delayed enhancement images were acquired using a segmented 

inversion recovery fast gradient echo sequence in short-axis stack (4-5mm slice thickness with in-

plane resolution of 1.5x1.5mm). The time of inversion scout was performed at 9 minutes post 
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contrast to select appropriate inversion time (usually around 300 milliseconds) for delayed 

enhancement acquisitions, which began at 11 minutes post injection.  

4.2.1.2 CMR post processing 

 CMR post-processing was performed using two commercially available software. 

For ADAS-3D, manual tracing of the endocardial and epicardial borders was performed by the 

study team with subsequent semiautomatic generation of the left ventricle (LV) shell. So that direct 

comparison could be made with inHEART, ADAS-3D was used to create a total of three maps 

(endocardial - inner third, intramural - middle third and epicardial - outer third) whereby LGE 

pixel signal intensity is projected onto each map and coded according to a trilinear interpolation 

algorithm using 40% and 60% of the maximum intensity for border-zone and dense scar 

respectively. For inHEART, the CMR was shared on a cloud-based platform for segmentation by 

the commercial product team. Previous inHEART publications have reported a similar trilinear 

algorithm to ADAS-3D, (35% and 55% of maximum intensity for border-zone and dense scar 

respectively).341 Endocardial, intramural and epicardial scar maps were exported. For the purposes 

of this analysis, CMR scar was defined to encompass both borderzone/gray zone and dense scar. 

Segmented models were merged into the EAM (CARTO 3, version 7, Biosense Webster) using 

the CARTOMERGE module. They were co-registered using >3 fiducial points (e.g. coronary 

arteries, aortic root, mitral annulus and LV apex) identified by 3-dimensional intracardiac 

echocardiography (ICE) using the CARTOSOUND module.  

4.2.1.3 Electroanatomic mapping 

For the EAM, multiple-wavefront mapping was performed (4/5 sinus rhythm, 1/5 right 

atrial pacing, 5/5 right ventricular (RV) pacing, 5/5 LV pacing). Standard bandpass filtering was 

performed at 16-500 Hertz for bipolar electrograms and 2-240 Hertz for unipolar electrograms. 
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Mapping was performed with the multielectrode Pentaray catheter (Biosense Webster). Bipolar 

scar (<1.5 mV), unipolar scar (<8.3 mV), split potentials (>20 milliseconds isoelectric period 

between EGMs), and other local abnormal ventricular activities (LAVA) classified using 

previously published LAVA definitions, were identified.20  

 Whole-heart histological reconstruction and co-registration was performed as 

shown in Figure 1. Hearts were filled with cotton filler to maintain shape and fixed in 10% neutral 

buffered formalin (7 days) prior to being placed in a ballistic gelatine mould and sectioned at 5mm 

intervals along the short axis. Photographs of these sections were underwent endocardial and 

epicardial borders tracing to create three-dimensional meshes in MATLAB (Mathworks, 

R20196b) using a custom algorithm which were also imported into the EAM (CARTOMERGE). 

Furthermore, the 5mm slices were embedded in paraffin blocks and then 5µm-thick slices were 

cut from the basal surface (RM2155, Leica Biosystems, Wetzlar, Germany). Collagenous tissue 

was identified with Picrosirius red staining performed with a Weigert's haematoxylin counterstain. 

Stained sections were imaged with brightfield illumination at 20x magnification. Biopsies with a 

width of 3mm were systematically marked around the endocardial surface with a 3mm spacing. 

For each endocardial (inner third of myocardium), intramural (middle third of myocardium) and 

epicardial (outer third of myocardium) segments of the biopsies, scar was identified by the 

presence of collagenous tissue (pink with picrosirius red staining). The ADAS-3D and inHEART 

CMR scar was matched to whole heart histology as shown in Figure 1. Further, biopsies were 

analysed on ImageJ (National Institutes for Health, Bethesda, Maryland, USA) to identify fibrosis, 

adiposity and remaining “viable myocardium” as previously described.449  

4.2.2 Clinical experiments 
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Human patients with structural heart disease who underwent CMR with LGE, LV 

(endocardial ± epicardial) mapping and had both ADAS-3D and inHEART CMR scar maps 

available for analysis were recruited retrospectively. These studies were selected due to availability 

of both inHEART and ADAS-3D post processing from the VA-West Registry as well as the 

presence of complete LV ± RV ± epicardial substrate mapping.  

4.2.2.1 CMR acquisition and processing 

CMR studies for human patients were not obtained specifically for image integration and 

hence no standardised protocol was observed. Slice thickness of the delayed enhancement short 

axis stack ranged from 4-8mm and studies were performed on both 1.5 and 3 Tesla machines. 

Wide-band sequence was not available for any of these selected studies. For 1 of the 5 patients, 

both ADAS 3D and inHEART maps were available during CA, 2 of the 5 were guided by 

inHEART and the remaining 2 by ADAS 3D. For the latter 4, post-processing with the alternative 

vendor was performed off-line and these maps were retrospectively co-registered. 

4.2.2.2 Electroanatomic mapping 

 Our approach to VT CA has been described previously.450 In brief, non-invasive 

programmed stimulation was performed under light conscious sedation prior to general 

anaesthesia. Epicardial access was obtained (at operator discretion), guided by those who had 

previously had unsuccessful endocardial ablation and/or cardiac magnetic resonance imaging that 

suggested epicardial delayed enhancement. If VT was not induced with non-invasive programmed 

stimulation, VT induction was performed with a quadripolar catheter advanced into the RV apex, 

with an 8 beat 400ms drive train and up to 4 extra stimuli, with each introduced at 300ms and 

decrementing by 10ms down to ventricular refractoriness. If VT was not inducible with 

programmed electrical stimulation, burst RV pacing and repeat programmed electrical stimulation 
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with/without isoprenaline challenge up to 40 microg/min was performed. The LV was accessed 

via transeptal approach with ICE guidance after systemic anticoagulation with intravenous 

heparin. ICE was also used to define anatomical landmarks and ventricular scar and to facilitate 

CMR integration.  

 High density substrate mapping in all cases was performed with CARTO 3 using a 

multi-electrode catheter (DecaNav, Biosense Webster) with sinus rhythm, atrial pacing or RV 

pacing depending on haemodynamic tolerability. Bipolar (<1.5mV) and unipolar (<8.3mV) scar 

as well as late potentials and LAVA were identified. DZs were identified by isochronal late 

activation mapping (3 or more isochrones with associated LAVA or split potentials).271  Critical 

sites (VT isthmus, entrance or exit) were identified primarily by pace-mapping (PM) using a 

deflectable, 3.5 mm, open irrigated-tip contact force sensing ablation catheter (ThermoCool 

SmartTouch SF, Biosense Webster). PM (usually at a cycle length of 600ms) was performed from 

the tip of the ablation catheter using strict criteria: (1) contact force greater than 10 grams and (2) 

10 milliAmps and 2 ms output (or 10 mA and 9 ms if no capture with former).235 The correlation 

score using the CARTO 3 proprietary algorithm (PASO, Biosense Webster) was displayed on a 

colour coded map. The PM colouring was displayed as a 30% range using the best PM score as 

the upper limit to identify  two patterns; abrupt change - PM correlation difference of at least 30% 

across two PM points within 10 mm; or centrifugal attenuation - a gradual attenuation of paced 

QRS correlations seen as a centrifugal correlation reduction outward from the best pace map 

point.235 At sites of best pace-match, the isthmus was confirmed by entrainment or activation but 

haemodynamic intolerance limited this approach.  

 Critical sites determined by PM  were identified by PM score >90%. A critical site 

isthmus was defined as PM score >90% with stim-QRS >40ms451 and with abrupt change pattern. 
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If no abrupt change was seen, or best PM was <90%, the VT was deemed to be three-dimensional 

(from the intramural or contralateral surface of the LV).452 In this case, the exit of the VT was 

determined at the site with PM score >90% with centrifugal attenuation pattern. If no PM score 

>90% was found, the VT was determined to be from an intramural circuit with passive breakout 

into the PM-mapped endocardial and/or epicardial surface.  

Radiofrequency ablation was delivered using the same ablation catheter as used for PM. 

Radiofrequency energy was delivered at a power of 30-50 Watts, aiming for an impedance drop 

between 10-20 ohms. ICE was used for real-time visualization of the catheter tip to monitor contact 

and lesion formation. CA targeted VT critical sites, DZs, and LAVA/late potentials. The 

procedural endpoint was the non-inducibility of VT with programmed stimulation (4 extra-

stimuli).  

 Scar areas were measured (total CMR and voltage scar, i.e. including dense scar 

and borderzone) as well as relationship of critical VT sites and DZ to imaging scar were measured 

retrospectively.  

4.2.3 Statistical analysis 

Analyses were performed using Statistical Package for the Social Sciences for Windows 

(Version 27) and Graphpad Prism (Version 9). Continuous variables were expressed as median 

and interquartile range (IQR). Independent continuous data were compared by non-parametric 

Mann-Whitney U test. For multiple groups either Kruskal-Wallis 1-way ANOVA or Friedmans 

test (for matched/repeated measures) was performed with subsequent Dunn’s multiple comparison 

test if the former was significant. Independent categorical variables were compared by the Chi-

square test. For the CMR - histological comparisons, accuracy, AUC, sensitivity, specificity and 

agreement (Cohens Kappa, κ) were calculated. Scar sizes were correlated with linear regression 
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and then agreement was determined using Bland-Altman plots to describe mean difference (MD), 

limits of agreement (LOA) and any proportional bias. Two-tailed P-values were considered 

statistically significant when 0.05 or less.  

4.3 Results 

4.3.1 Ovine post infarction model 

Five sheep (weighing 53±7kg) had CMR (at a median 116 days IQR 86-134) and EAM (at 

median 129 days IQR 109-140). As previously reported, for the infarcted animals, LV ejection 

fraction and LV end-diastolic volumes were 41% (39-43%) and 118mls (87–155mls) 

respectively.449 A total of 399 biopsies were sampled with layer-specific information available for 

the endocardium, intramural and  epicardium (totalling 1197 biopsy segments). 

Histology in all infarcted animals demonstrated complex three-dimensional scar that was 

not only sub-endocardial at region of infarction but often transmural, demonstrating intramural 

and epicardial involvement, and also sparing at the endocardium at scar border. Of the 399 

biopsies, 223 (56%) contained endocardial scar, 247 (62%) intramural scar and 251 (63%) 

epicardial scar. Importantly, scar composition differed between the three layers. In the 

endocardium, 170/223 (76%) scar segments had compact scar and 53/223 (24%) had non-compact 

(patchy, interstitial or diffuse scar). In the intramural space, 212/247 (86%) had compact vs 35/247 

(14%) non-compact scar. In the epicardium, 174/251 (69%) scar segments were compact and 

77/251 (31%) were non-compact.  

4.3.2 Human subjects 

Five patients were recruited (5/5 male, median age 44 (IQR 50-54). Their characteristics 

are described in Table 1. One had post-infarction cardiomyopathy and four had non-ischaemic 
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cardiomyopathy (NICM). Of these, one was gene elusive arrhythmogenic cardiomyopathy, one 

was recurrent myocarditis and two were undifferentiated NICM. CMR was performed median 140 

days (IQR 13-265) prior to CA. Two of the five patients had a device in situ at time of the scan 

(ICD n=1, dual chamber pacemaker n=1).  

4.3.3 Validation of ADAS-3D and inHEART with whole-heart histology 

As shown in Figure 2A, ADAS-3D and inHeart had comparably similar performance to 

identify histological scar (all scar types). Both ADAS-3D and inHeart had high accuracy to identify 

endocardial (75.6% and 76.5% respectively) and intramural scar (76.9% and 73.3%). There was 

poorer accuracy in the epicardial layer (68.1% and 59.7%) respectively. Poor performance of both 

vendors to identify epicardial scar was driven by low sensitivity (59.8% for ADAS-3D and 49% 

for inHEART). Agreement between CMR and histology for ADAS-3D and inHeart was moderate 

for the endocardial layers (κ 0.502 and 0.523 respectively), moderate for the intramural layers (κ 

0.543 and 0.565 respectively) and fair for the epicardium (κ 0.381 and 0.238 respectively).  

 When stratified by compact versus non-compact scar (patchy, interstitial or diffuse 

scar; Figure 2B and 2C), ADAS-3D and inHEART were seen to have high sensitivity, specificity 

and accuracy for compact scar but poorer performance for non-compact scar with appreciable low 

sensitivity for non-compact scar in all three layers and with both modalities. Agreement between 

CMR and compact scar for ADAS-3D and inHEART was moderate for the endocardial layers (κ 

0.573 and 0.585 respectively), moderate for the intramural layers (κ 0.581 and 0.486 respectively) 

and fair-moderate for the epicardium (κ 0.462 and 0.382 respectively). In contrast, agreement 

between CMR and non-compact scar for ADAS-3D and inHeart was only fair in the endocardium 

(κ 0.235 and 0.296 respectively) and intramural layers (κ 0.351 and 0.280 respectively. Agreement 
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between CMR and non-compact scar was fair in the epicardium for ADAS-3D (κ 0.317) but there 

was no agreement for inHEART (κ 0.002).  

 The histological composition of CMR scar and non-scar segments is shown in 

Table 2. ADAS-3D and inHEART had comparable histological percentage fibrosis, adiposity and 

viable myocardium in both scar and non-scar segments in all three layers. Percentage fibrosis was 

higher and percentage viable myocardium lower in scar vs non-scar segments in all three layers 

for both ADAS-3D and inHEART (Table 2).  

4.3.4 ADAS-3D vs inHeart scar size and agreement 

The ADAS-3D and inHEART scar sizes (pooled for animal and human subjects) are 

compared in Figure 3. They were significantly correlative for the endocardial (R2 = 0.949, P < 

0.001), intramural (R2 = 0.932, P < 0.001) and epicardial layers (R2 = 0.776, P < 0.001). Bland-

Altman analyses demonstrated that there was no systematic bias between ADAS-3D and 

inHEART for the endocardial (MD -0.39 cm2, P=0.842, LOA -12.27-11.48 cm2) and epicardial 

(MD -1.17 cm2, P=0.663, LOA -17.33-14.98 cm2). In the intramural layer however, inHEART 

measurements were systemically lower than ADAS-3D (MD -6.92 cm2, P=0.01, LOA -20.12-6.28 

cm2). Figure 3 also demonstrates that in the intramural layer there was significant proportional bias 

(b=-0.261, P=0.02) being that as scar size increased, there were larger differences between ADAS-

3D and inHEART for the intramural layer. 

4.3.5 Relationship between critical sites and CMR scar in humans 

In total, 24 VTs were induced with a median of 5 VTs (IQR 3-7) per patient. All VTs had 

LV endocardial pace-mapping and 17/24 (71%) had mapping of the contralateral ventricular 

surface (i.e. RV septum or LV epicardium) so that their three-dimensional circuitry could be 

determined. As shown in Table 3, a critical site (either isthmus or exit) was determined for 18/24 
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(75%) by pace-mapping. The remaining 6/24 (25%) were determined to be intramural circuits 

without endocardial and/or epicardial exit (1/6 had 76% best pace-match in LV endocardium with 

paucity of points and without mapping of the contralateral epicardium, 5/6 had < 90% pace-match 

on either endocardium or contralateral RV septum/LV epicardium). One critical site was excluded 

as it arose from the right ventricular outflow tract (not encompassed by ADAS-3D or inHEART 

CMR segmentation) leaving a total of 17 critical sites. These consisted of endocardial isthmii 

(4/17, 24%), epicardial isthmus (1/17, 6%), endocardial exits (5/17, 29%) and epicardial exits 

(7/17, 41%).  

For both ADAS-3D and inHEART, 15/17 (88%) of critical sites were within at least one 

layer of scar. Scar was 10mm adjacent to but not encompassing 1/17 (6%) and 2/17 (12%) of 

critical sites using ADAS-3D and inHEART respectively. A representative example of VT critical 

sites and ADAS-3D and inHEART scar is shown in Figure 4.  

For ADAS-3D, there was scar on the ipsilateral surface of the critical site in 13/17 (76%), 

intramural to the critical site in 14/17 (82%) and on the contralateral surface of the critical site in 

12/17 (71%). For isthmus critical sites, 5/5 (100%) had ipsilateral surface scar, 5/5 (100%) 

intramural scar and 3/5 (60%) contralateral surface scar. For exit critical sites, 7/12 (58%) had 

ipsilateral surface scar, 9/12 (75%) intramural scar and 9/12 (75%) contralateral surface scar.  

For inHEART, there was scar on the ipsilateral surface of the critical site in 13/17 (76%), 

intramural to the critical site in 15/17 (88%) and on the contralateral surface of the critical site in 

12/17 (71%). For isthmus critical sites, 5/5 (100%) had ipsilateral surface scar, 5/5 (100%) 

intramural scar and 3/5 (60%) contralateral surface scar. For exit critical sites, 8/12 (67%) had 

ipsilateral surface scar, 10/12 (83%) intramural scar and 9/12 (75%) contralateral surface scar.  



Chapter 4: Submitted manuscript – Inter-vendor CMR validation 

 148 

Of all critical sites, 14/17 (82%) had ADAS-3D scar in more than one layer and 15/17 

(88%) had inHEART scar in more than one layer.  

4.3.6 Relationship between functional substrate and CMR scar  

Isochronal late activation mapping was performed on the 5 human subjects (5 LV 

endocardial EAMs, 2 epicardial EAMs, median 1241 points (IQR 927-2321 points). A total of 7 

DZs were identified (Table 4). 6/7 DZs co-localised with critical VT sites (1/7 co-localised with 

the best endocardial PM of an intramural circuit, PM 84%). 4/7 (57%) of DZs were in bipolar low 

voltage scar (<1.5mV in endocardium or <1.0mV in epicardium) and 7/7 in unipolar car (7/7). All 

DZs (7/7) were encompassed in ADAS-3D and inHEART scar.  

4.4 Discussion 

Here we have described the results of a multi-vendor clinic-pathological validation of CMR 

LGE image integration to guide substrate delineation for CA of VT. We have made several 

important findings: 

1. ADAS-3D and inHEART have comparably high accuracy with moderate agreement to identify 

endocardial and intramural scar compared to gold-standard whole-heart histology but poorer 

performance (modest accuracy and fair agreement) in the epicardial layers.  

2. Performance of both vendors was excellent for compact scar but poor for detection of non-

compact scar subtypes.  

3. ADAS-3D and inHEART scar sizes are comparable in the endocardial and epicardial layers. 

There is a significant mean difference in intramural scar size with proportional bias. 

4. Critical sites of VT co-localise reliably with ADAS-3D and inHEART scar (88% falling within 

one scar layer). Importantly more than 80% of VT critical sites demonstrated CMR LGE scar 

in more than 1 layer (reinforcing the three-dimensional nature of VT circuits).  

5. Functional substrate (DZs) in humans undergoing EAM co-localize comparably with ADAS-

3D and inHEART scar. 

4.4.1 Multi-vendor validation of CMR by gold-standard histology   
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Few studies have validated the performance of CMR image integration software against 

gold-standard histopathology with most available studies comparing CMR-LGE scar areas to that 

of gross macropathological post-infarction scar area.331,434 One such study to do so was by Pop et 

al. (2013) found that imaging defined scar (from ex-vivo CMR LGE and diffusion weighted CMR) 

and borderzone area correlated well with histology.335 In contrast, in our study we report results of 

more clinically reproducible in-vivo CMR (performed as would be done for scar assessment in 

human subjects). Furthermore layer-specific performance is not available which is of interest to 

the VT ablationist. We have previously reported that when the ventricular wall is divided into two 

layers (an endocardial 0-50% vs epicardial 50-100%) there is similarly high accuracy for 

endocardial ADAS-3D scar and only modest accuracy for the epicardium.449 A limitation of that 

work was that the intramural space was not separately considered (important as more than 61% of 

VTs are estimated to have three dimensional circuits)15 and it is unclear if the inaccuracy of CMR-

image integration was purely in the epicardium or also in the intramural space. This study extends 

the previous findings by using multi-vendor commercially available and clinically accessible 

methods of CMR post-processing with segmentation of the left ventricle to describe performance 

in the endocardium, intramural space and epicardium as well as by evaluating CMR LGE with 

consideration of scar sub-type. The poorer performance of both ADAS-3D and inHEART in the 

epicardium may be due to signal contamination from nearby tissue in the epicardium or may be a 

reflection of scar pattern, with more non-compact vs. compact scar in the epicardium of this post-

infarct model.  

 Although non-compact scar formed a minority of sampled segments (14-31% of all 

histological scar segments in this analysis), the relatively poorer performance of both ADAS-3D 

and inHEART to identify this scar pattern was a novel observation. Glashan et al. (2018) have 
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performed the first definitive whole-heart histological analysis of NICM patients with sustained 

monomorphic VT and found that fibrosis architecture in such patients are often patchy or diffuse 

with compact scar only seen rarely (55% and 34% vs 3% of examined transmural biopsies).70 In 

their study they present a single NICM patient with co-registered CMR and histology, 

demonstrating a transmural histological biopsy with greater than 50% diffuse (non-compact) 

fibrosis that was not detected by CMR LGE. Our findings of poorer performance in the epicardium 

(which had more non-compact scar vs the endocardium/intramural layers) and poorer performance 

for non-compact scar is consistent with data from Glashan et al’s study and may suggest a limit to 

performance of LGE CMR. Whether different thresholding methods such as those based on 

standard deviation applied to the CMR to identify such scar may be more beneficial is unclear. 

Notably however, Glashan et al. found that this scar segment was missed irrespective of the 

segmentation method for the CMR.  

4.4.2 Agreement between ADAS-3D and inHEART scar size 

Differences in scar size between the two modalities are not unexpected given differing 

signal intensity scar thresholding of the CMR LGE by vendor. ADAS-3D allows the operator 

discretion to alter the thresholds for dense scar (standard 60%) and borderzone (standard 40%) 

whereas inHEART currently provides processed and segmented CMR to the end-user. Previous 

publications suggest that inHEART has similar thresholding (dense scar 50% and borderzone 

35%).341 The difference in scar size of the intramural layer (with proportional bias, suggesting that 

inHEART intramural scar tends to increase in size compared to ADAS-3D as overall scar size 

increases) may be an artefact of the small sample size (n=10) of this study or may be due to 

different processing techniques of the CMR. Nevertheless, despite scar size differences, there was 

no discernible difference in either modality to identify histological scar or critical sites.  
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4.4.3 ADAS-3D and inHEART to identify critical sites and functional substrate 

One of the first studies to investigate the relationship between CMR LGE and critical sites 

of VT found that 31/31 (100%) of critical VT re-entry sites (predominantly identified by PM) co-

localised with CMR LGE segmented by standard deviation (SD) approach (borderzone 2SDs 

above mean signal intensity, dense scar 3SDs above mean signal intensity).453 Using a 17 segment 

model, Andreu et al. (2014) demonstrated that CMR LGE by visual assessment co-localised to 

sites of successful VT CA in 96.3% of cases in an 80 patient cohort.454 CMR LGE maps have also 

been used to identify “channels” of borderzone or heterogenous tissue which co-localise with 

electroanatomic conducting channels and sites of the VT critical isthmus, the first such validation 

of which was done in 2011.29 Since this, in early validation studies of ADAS-3D, critical sites for 

VT as identified by PM or entrainment were seen to localise with CMR channels in 74-79% of 

cases.338,455 In an early validation of inHEART, Yamashita et al. found that 89% of VT termination 

sites co-localised to imaging defined scar.342 Our results in a small human cohort are the first to 

compare the two technologies and have found that similarly, 15/17 (88%) of critical sites co-

localised to ADAS-3D and inHEART scar (at any layer). Of the two remaining identified critical 

sites, the first had ADAS-3D scar within 10mm and the second had inHEART scar within 10mm 

of best PM. In this small series, with either technology between 94% and 100% of VT critical sites 

can be found within or near CMR scar.  

 The primary method of localizing critical sites of VT in this study was PM which 

is well-validated in both post-infarction and NICM CA.452 We used a strict criteria of >90% PM 

to identify sites of interest and, as we have previously reported, inferred the presence of an isthmus 

vs. exit site by the spatial pattern of high-density PM (abrupt change to suggest isthmus vs 

centrifugal attenuation to suggest exit from a deeper isthmus site).235 Our results, finding scar on 
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the ipsilateral surface of PM sites with abrupt change vs. centrifugal attenuation (5/5 (100%) for 

both vendors vs. 7/12 (58%) for ADAS 3D and 8/12 for inHEART (75%) respectively) support 

the use of spatial patterns of high-density PM to surmise the three-dimensional structure of the VT 

isthmus.452 The majority of critical sites (>80%) had multi-layer scar suggesting once more the 

complex three-dimensional architecture of the VT circuit.  

 Finally, functional substrate (DZs by isochronal late activation mapping) have been 

shown to colocalise with ADAS-3D CMR channels,284 though to our knowledge there has been no 

similar validation in inHEART CMR scar. Our results are in keeping with these studies and we 

have shown that functional substrate identified by isochronal late activation mapping comparably 

correlates with both ADAS-3D and inHEART scar.  

4.4.4 Limitations 

This study has several limitations worth considering. First, although it systematically 

evaluated CMR by precisely co-registered histology in animal subjects prior to further validation 

in humans, the recruited numbers of both were small. Furthermore, in the clinical series, EAM was 

guided by one or the other technology which could have biased results (though we note this was 

balanced in the included dataset). Given the small numbers and clinical question, we do not report 

outcome data in this cohort. The majority of human patients in this dataset had NICM expanding 

the role of these technologies beyond the animal infarction model. Even with this small dataset 

several novel findings have been elicited including a quantitative description of scar pattern type 

on performance of multi-vendor CMR LGE segmentation to identify histological scar. Secondly, 

we have predominantly used a PM approach to identify critical sites of VT as, in our experience, 

the majority of VTs induced were not hemodynamically tolerated to permit activation or 

entrainment mapping. Thirdly, this study focused purely on CMR LGE. Other CMR mapping 
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techniques such as T1 mapping for diffuse fibrosis were not performed in a short axis stack and 

hence could not be reconstructed into a 3D model to be co-registered with the histology in this 

study. Finally, as this was a comparative study between ADAS-3D and inHEART and as the 

identification of CMR channels is not currently available in the latter, we have not reported data 

on CMR channels and histology or critical sites. We and others have explored this in our previous 

work.284,339,449  

4.5 Conclusion 

In this multi-vendor clinico-pathologic study of CMR LGE image integration we have 

found that two available technologies, ADAS-3D and inHEART perform comparably to identify 

endocardial and intramural scar with comparatively poorer performance in the epicardium and for 

non-compact scar types. Despite this, critical sites of VT and functional substrate co-localise with 

CMR LGE scar, suggesting that these technologies can be useful to guide VT CA. Randomised 

data are required to establish the role of image integration in VT CA and this study establishes that 

perhaps both multiple vendors should be incorporated in such a study to maintain generalisability.  
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4.6 Figures 

 
 
Figure 4-1 Study workflow to identify agreement between  ADAS-3D and inHEART cardiac 

magnetic resonance imaging (CMR) scar segmentation  and whole heart histological scar. 

A. Explanted hearts were filled, fixed and then sectioned into 5mm short-axis slices. Endocardial and epicardial 

contours were traced and imported into Matlab to create a custom three-dimensional histopathological shell. B. 

Representative example of a histopathological shell that was imported into mapping software. Numbers 2-15 denote 

5mm cross-sectional slices and coloured lines represent 3mm biopsy tracings. C. A scaled photograph of cross-section 

3 from Figure 1B, taken at 20x magnification after staining with Picrosirius red to identify collagenous tissue. Biopsies 
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were systematically conducted around the endocardial border of the short-axis sections – 3mm width with 3mm 

spacing between biopsies. D.  ADAS-3D and inHEART were segmented into endocardial (inner third), intramural 

(middle third) and epicardial (outer third) layers and co-registered with whole-heart histology. A representative 

example of good agreement between ADAS-3D and inHEART and whole heart histology in the endocardial layer is 

shown here. In the histology, pink represents  fibrosis, yellow healthy (viable) myocardium and white intramyocardial 

adiposity. Three  virtual biopsies (yellow, pink and red lines) are matched in the histology to the CMR showing CMR 

and histological scar. E. A representative example of poor agreement between ADAS-3D and inHEART in the 

epicardial layer. Three biopsies (white, yellow, orange lines) show epicardial non-compact scar. Co-registered ADAS-

3D and inHEART demonstrate no CMR scar at corresponding biopsy sites.  
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Figure 4-2 Performance of ADAS-3D and inHEART CMR segmentation to identify whole-heart co-registered histological scar 

stratified by scar subtype 

In panel A the sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV) and accuracy of ADAS-3D and 

inHEART to identify all histological scar patterns is shown. Panel B and C demonstrate the performance of both technologies to identify 

compact (B) and non-compact (C) scar. Representative examples of each scar type are shown in the histological biopsies (stained with 

picrosirius red such that healthy myocardium is pale yellow, fibrosis is pink and fat is white).  
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Figure 4-3 Scar size comparison between ADAS-3D and inHEART stratified by layer 

The left panels demonstrate correlation (linear regression) between scar types and the right panel 

demonstrates Bland-Altman plots. ADAS-3D and inHEART scar were correlated (P<0.001 in all 

comparisons). There was no significant bias between ADAS-3D and inHEART for the endocardial 

and epicardial layers but a significant bias was seen in the intramural layer (beta = -0.261, p-0.02). 

UL (upper limit) and LL (lower limit) demonstrate the limits of agreement.  
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Figure 4-4 Representative example of correlation between critical site of VT with ADAS-3D 

and inHEART Scar. 

A demonstrates pace mapping identification of an epicardial VT isthmus with 94% pace match 

and abrupt change spatial pattern. This site correlates well with the primary epicardial deceleration 

zone identified by isochronal late activation mapping (B). In panel C, the ADAS-3D and 

inHEART scar is presented overlying this critical site demonstrating transmural scar at this site 

with both technologies. In panel D we confirm that the site of best pace-match is an epicardial 

isthmus. Here we show pacing from DN 5,6 which likely overlies critical isthmus (mid-diastolic 

signals during VT). The first paced beat accelerates the following QRS (VT CL 470, pacing CL 

460ms, first CL after first paced beat is ~410msec). Mid-diastolic signals on DN 5,6 are advanced 

and subsequent pacing stimulus falls on last component of the local EGM suggesting downstream 

entrainment (where activation has been advanced without changing the actual sequence. Note that 

first QRS complex after first paced beat is similar to VT – likely orthodromic conduction down 

isthmus and through the same exit.  However, second stimulus results in termination (less likely 

to be loss of capture since there is still a small signal after pacing artefact on DN3,4). This is likely 

due to termination of the VT due to antidromic conduction through the isthmus and wavefront 

collision with the incoming activation wavefront of the previous beat through the circuit entrance. 

This is then followed by consistent local capture and different VT morphology (notably negative 

vector in inferior leads and positive I) with long S-QRS, suggesting exit through the circuit 

entrance.  
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4.7 Tables 

Table 4-1 Baseline patient characteristics 

Patient Age Sex Cardiomyopathy LVEF Device at time of CMR Days from CMR to ablation 
 

1 64 Male Post-infarction 44 ICD 13 

2 43 Male Gene elusive arrhythmogenic 
cardiomyopathy 40 Nil* 140 

3 42 Male Recurrent myocarditis 30 Dual chamber Pacemaker* 265 
4 72 Male NICM 59 Nil* 1 
5 74 Male NICM 54 Nil* 333 

 
 
Abbreviations: CMR – cardiac magnetic resonance imaging, LVEF – left ventricular ejection fraction, NICM – non-ischaemic cardiomyopathy   
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Table 4-2 Composition of ADAS-3D and inHEART scar by layer 

  Fibrosis (%) Adiposity (%) Viable myocardium (%) 

  Scar No scar Scar No Scar Scar No scar 

Endocardial 
ADAS-3D 40.66 (16.53-56.02) 8.00 (4.61-17.06) 19.28 (11.99-27.46) 20.67 (13.85-26.89) 33.7 (24.23-57.46) 68.22 (58.67-77.84) 

inHEART 38.55 (16.51-55.10) 8.36 (4.86-19.46) 20.22 (12.33-28.35) 19.75 (12.94-26.32) 33.95 (24.23-59.19) 67.42 (55.64-77.24) 

Intramural 
ADAS-3D 47.54 (27.60-65.19) 10.77 (4.96-

24.28) 18.46 (9.11-29.08) 19.11 (11.81-26.68) 23.84 (14.22-43.82) 68.68 (52.54-78.05) 

inHEART 44.36 (22.30-61.55) 11.37 (5.42-
25.42) 20.03 (10.18-30.16) 17.66 (11.13-25.79) 26.4 (15.38-52.18) 67.67 (43.45-76.99) 

Epicardial 
ADAS-3D 28.31 (16.07-40.26) 9.52 (4.78-23.22) 32.50 (15.48-45.24) 19.66 (8.72-35.92) 32.25 (21.79-48.66) 65.77 (33.69-81.63) 

inHEART 28.65 (16.31-40.37) 11.92 (5.61-
24.21) 30.23 (14.99-45.15) 21.17 (9.31-38.54) 32.95 (21.42-49.47) 59.74 (29.97-79.91) 
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Table 4-3 Characterisation of critical sites of VT by pace-mapping and their relationship to CMR LGE scar (ADAS-3D and inHEART) 

V
T 

Patie
nt 

VT 
descriptio

n 
Best PM LV endocardium Best PM Epicardium/RV 

septum Critical site ADAS-3D scar at best 
PM site 

inHEART scar at best 
PM site 

1 1 
LB trs V3 
LI axis, 

CL380ms 

97% (abrupt) stim-QRS 
51ms - Endocardial isthmus Endocardial-Intramural Endocardial-Intramural 

2 1 
RB trs V2 
RS axis, 

CL 290ms 

95% (abrupt) stim-QRS 
57ms - Endocardial isthmus Transmural Transmural 

3 1 
RB trs V6 
RI axis, 

CL 333ms 

94% (insufficient), stim-
QRS - Endocardial exit Transmural Transmural 

4 1 
LB trs V5, 
LS axis, 

CL 397ms 

90% (abrupt), stim-QRS 
61ms - Endocardial isthmus Transmural Transmural 

5 1 
RB trs V6, 
RS axis, 

CL 411ms 

73% (insufficient), stim-
QRS 32ms - Nil (paucity of pace-

mapping) NA NA 

6 2 
RB trs V5 
LS axis, 

CL 309ms 

91% (centrifugal), stim-QRS 
70ms 

86% (centrifugal), stim-QRS 
47ms Endocardial exit Transmural Intramural-Epicardial 

7 2 
RB trs V5, 
RS axis, 

CL283ms 

84% (centrifugal), stim-QRS 
24ms 

73% (centrifugal), stim-QRS 
48ms Nil (intramural circuit) Intramural-Epicardial Intramural-Epicardial 

8 2 
RB trs V5 
RS axis, 

CL337ms 

80% (centrifugal), stim-QRS 
59ms 

87% (centrifugal), stim-QRS 
45ms Nil (intramural circuit) Transmural Intramural 

9 2 
LB trs V2 
LS axis, 

CL 228ms 

76% (centrifugal), stim-QRS 
63% 

93% (centrifugal), stim-QRS 
41ms Epicardial exit Transmural Transmural 

10 2 

RB trs V5 
horizontal 
axis, CL 
552ms 

94% (centrifugal), stim-QRS 
45ms 

76% (insufficient), stim-QRS 
76ms Endocardial exit Epicardial Intramural-Epicardial 
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11 2 

RB trs V5 
horizontal 
axis, CL 
237ms 

79% (centrifugal), stim-QRS 
33%) 

61 (insufficient), stim-QRS 
60ms Nil (intramural circuit) Epicardial Intramural-Epicardial 

12 2 
RB trs V4 

LS axis 
CL 708ms 

85% (centrifugal), stim-QRS 
33ms 

96% (centrifugal), stim-QRS  
44ms Epicardial exit No scar* No scar* 

13 3 

RB -ve 
concordan

ce RH 
axis CL 
277ms 

45% (insufficient), stim-
QRS 49ms 

43% (insufficient), stim-QRS 
30ms Nil (intramural circuit) NA NA 

14 3 

RB +ve 
concordan
ce RI axis, 
CL 475ms 

95 (centrifugal), stim-QRS 
28ms 

95% (abrupt), stim-QRS 
86ms Epicardial isthmus Transmural Transmural 

15 3 
LB trs V2 
LS axis, 

CL 281ms 

40% (insufficient), stim-
QRS 45ms 

91%  (insufficient), stim-
QRS 74ms Epicardial Exit Transmural Transmural 

16 4 

RB +ve 
concordan

ce, LS 
axis CL 
330ms 

84% (centrifugal), stim-QRS 
47ms 

67% (centrifugal), stim-QRS 
33ms Nil (intramural circuit) Transmural Transmural 

17 4 
LB trs V4 
LI axis, 

CL 275ms 

50% (centrifugal), stim-QRS 
27ms 

90% (centrifugal), stim-QRS 
43ms Epicardial exit Transmural Transmural 

18 4 
LB trs V5 
LI axis, 

CL 253ms 

49% (centrifugal), stim-QRS 
30ms 

96% (centrifugal), stim-QRS 
57ms Epicardial exit Transmural Transmural 

19 4 
LB trs V5 
LI axis, 

CL 275ms 

61% (centrifugal), stim-QRS 
23 

95% (centrifugal). stim-QRS 
54ms Epicardial exit Endocardial-Intramural Transmural 

20 4 
LB trs V4, 

RI axis, 
CL 257ms 

58% (centrifugal), stim-QRS 
28 

93% (centrifugal), stim-QRS 
61ms RVOT No scar No scar 

21 4 RB 
pattern 

93% (insufficient), stim-
QRS 32 

66% (centrifugal), stim-QRS 
55ms Endocardial exit No scar No scar1 
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break V2, 
RI axis, 

CL 237ms 

22 4 

RB +ve 
concordan

ce LS 
axis, CL 
358ms 

80% (centrifugal), stim-QRS 
60ms 

91% (centrifugal), stim-QRS 
48ms Epicardial exit Transmural Transmural 

23 5 
LB trs V2 

LI axis 
CL382ms 

97% (abrupt) stim-QRS 
53ms - Endocardial Isthmus Endocardial-Intramural Endo-Intra 

24 5 
LB trs V3 
LI axis, 

CL 346ms 

91% (centrifugal), stim-QRS 
46ms 

 Endocardial Exit Endocardial-Intramural Endo-Intra 

 
1. Scar seen within 10mm of critical site 

 

Abbreviations: +ve concordance – positive concordance, LB – left bundle branch block morphology, LI – left inferior, LS – left superior, ms – 

milliseconds, RB – right bundle branch block morphology, RI – right inferior, RS – right superior, trs – transition, RVOT – right ventricular 

outflow tract 
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Table 4-4 Association of Deceleration zones with LGE CMR scar 

D
Z 

Patie
nt Map ADAS-3D scar inHEART scar Bipolar voltage scar (<1.5mV for endocardium, 

<1mV for epicardium) 
Unipolar voltage scar 

<8.3mV 
Critical site co-

localising with DZ 

1 1 
LV 

endocardiu
m 

Transmural Transmural Yes Yes Yes 

2 2 
LV 

endocardiu
m 

Transmural Transmural No Yes Yes 

3 2 
LV 

endocardiu
m 

Intramural-
Epicardial 

Intramural-
Epicardial No Yes Yes 

4 2 LV 
epicardium Transmural Transmural Yes Yes Yes 

5 2 LV 
epicardium Epicardial Intramural-

Epicardial No Yes Yes 

6 3 LV 
epicardium Transmural Transmural Yes Yes Yes 

7 4 
LV 

endocardiu
m 

Transmural Endocardial-
Intramural Yes Yes No1 

 
 
1. Co-localised with the best endocardial PM of an intramural circuit, PM 84% 

 

Abbreviations: DZ – deceleration zone, LV – left ventricle, mV millivolt
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5.1 Introduction 

Accurate delineation of arrhythmic ventricular substrate and scar is important for 

successful catheter ablation (CA) of ventricular tachycardia (VT). VT circuits are often three-

dimensional15,272 and ventricular scar can be similarly complex.235 Improved demarcation of 

ventricular scar topography (including its depth and location), prior to epicardial mapping, would 

be advantageous.  

Traditionally, bipolar and unipolar electrogram amplitude have been used to localize scar 

using foundational thresholds established by Marchlinski and colleagues.19,245,247 However, 

electrogram characteristics can differ based on wall thickness, inter-electrode spacing, contact 

quality, electrode orientation and wavefront direction.27 High density mapping with a multi-

electrode catheter demonstrates only modest sensitivity and specificity of voltage scar to ex-vivo 

cardiac magnetic resonance imaging (CMR) scar.252 Therefore, efforts have been made to assess 

electrogram features beyond voltage. Within the time domain, electrogram characteristics 

including duration and fractionation relate to transmural and mid-wall scar identified by CMR in 

post-infarction VT.456 Recent data suggest that frequency domain analysis of unipolar 

electrograms can identify mid-myocardial fibrosis.324  

Signal processing into multiple frequency and time domains, combined with supervised 

machine learning therefore offers the potential to improve the discriminative capacity of individual 

electrograms. Further, deep learning, using convolutional neural networks (CNNs), has shown 

promise in analysing body surface electrocardiograms but has yet to be systematically applied to 

ventricular intracardiac electrograms. We have recently published our experience with an ovine 

model of infarction with high density multi-electrode mapping and co-registered 

histopathology.449 Using this model, we hypothesized that scar pattern can be delineated from 
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modern multielectrode catheters using both time and frequency domain features. Here we explore 

the relationship between intracardiac electrograms and scar topography, modulated by signal 

processing and deep-learning, and assess whether such novel features are superior to traditional 

voltage criteria to identify scar. 

5.2 Methods 

This study was performed on castrated merino sheep. All animal experiments were 

approved by the Animal Ethics Committee of Westmead Hospital and the study conformed with 

the animal research guidelines of the National Health and Medical Research Council of Australia. 

Code used for generating these analyses will be made publicly available on publication in an online 

Github repository (https://github.com/Sydney-Informatics-Hub/PIPE-4779-Intracardiac-

Electrograms). The data used is also available for sharing on reasonable request for the purposes 

of replicating the results. 

5.2.1 Infarction 

The infarcted sheep used in this study (n=5, weighing 53±7kg) have been described in our 

previous publication.449 In brief, animals were infarcted by inflation of a 2.75–3.5mm angioplasty 

balloon distal to the second diagonal branch bifurcation for 3 hours. They were pretreated with 

oral sotalol (continued for 7 days post infarction). Sheep underwent a CMR (116 days post 

infarction, IQR 86-134) and EAM (129 days post infarction, IQR 109-140).  In addition, a single 

control sheep was also included. 

5.2.2 Electroanatomic mapping 

Following general anaesthesia and intubation, multiple-wavefront mapping was facilitated 

using a quadripolar catheter at the right ventricular apex for right ventricle pacing (RVp) or right 
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atrium for atrial pacing. A decapolar catheter in the coronary sinus allowed left ventricular pacing 

(LVp). Electroanatomic mapping (EAM) was performed using a 20-pole PentarayTM (Biosense 

Webster) 2-6-2-millimetre (mm) electrode spacing using standard electrode configuration. 

Acquisition settings were tissue proximity indication, local activation time difference 3ms, the 

electrode position change of 3mm, point density of 1mm and QRS pattern >90%. Standard 

bandpass filtering was performed at 16-500 Hertz for bipolar electrograms and 2-240 Hertz for 

unipolar electrograms. Catheter stability and contact were confirmed via catheter deformation on 

EAM software, CARTO3TM (Version 6, Biosense Webster, Irwindale, California, USA), or with 

intracardiac echocardiography (ICE). EAM was performed sequentially across three wavefronts: 

sinus rhythm (4/6 animals) or atrial pacing (1/6 animals), RVp (6/6 animals) and LVp (6/6 animals) 

such that 18 EAMs (three wavefronts per animal) were obtained). Intracardiac electrograms were 

individually assessed, and electrograms from catheter-induced or spontaneous ectopic beats 

occurring within the complete 2.5-second electrogram acquisition period were excluded. For each 

animal and wavefront, a window of interest (WOI) around the ECG reference was manually 

determined to exclude pacing artefact and include late potentials. Mean bipolar and unipolar 

voltages, bipolar scar (<1.5mV) and dense bipolar scar (<0.5mV), unipolar scar (<8.3mV), split 

potentials (>20ms isoelectric period between electrograms). Abnormal electrograms were 

classified using traditional local abnormal ventricular activities (LAVA) definitions20 by two 

authors (KD and TC, if there was disagreement this was adjudicated by a third investigator, [SK]). 

Neither programmed stimulation nor extrastimuli were used to  clarify LAVA sites.  

5.2.3 Whole-heart histological reconstruction and co-registration 

Hearts were packed with cotton filler to maintain shape and fixed in 10% neutral buffered 

formalin (7 days) prior to being placed in a ballistic gelatine mould and sectioned at 5mm intervals 
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along the short axis. Slices were photographed from a fixed distance, with endocardial and 

epicardial borders traced to create three-dimensional meshes in MATLAB (Mathworks, R20196b) 

using a custom algorithm. The 5mm slices were embedded in paraffin blocks and then 5µm-thick 

slices were cut from the basal surface (RM2155, Leica Biosystems, Wetzlar, Germany). 

Collagenous tissue was identified with Picrosirius red staining performed with a Weigert's 

haematoxylin counterstain. Image capture was performed using an Aperio ScanScope CS2 (Leica 

Biosystems, Wetzlar, Germany) or Olympus VS120 (Olympus Corporation, Tokyo, Japan) with 

brightfield illumination at 20x magnification.  

 Histology images guided scar delineation on previously photographed slice images. 

Biopsies with a width of 3mm were systematically marked around the endocardial surface with a 

3mm spacing. They were analysed on ImageJ (National Institutes for Health, Bethesda, Maryland, 

USA) as previously described to identify fibrosis, adiposity and remaining “viable 

myocardium.”449  

For each endocardial (inner third of myocardium), intramural (middle third of 

myocardium) and epicardial (outer third of myocardium) segments of the biopsies, scar was 

identified by the presence of collagenous tissue (pink with picrosirius red staining). In this way, 

scar pattern for each 3mm biopsy could be categorised as having “no scar” (no scar in any of 

endocardial, intramural or epicardial layers), “scar” (scar in any of the endocardial, intramural ± 

epicardial layers), “at least endocardial scar” (scar in endocardial layers ± scar in intramural ± 

epicardial layers), “at least intramural scar” (no scar in endocardium, scar in intramural layer ± 

scar in epicardium) and “epicardial only” (no scar in endocardial or intramural layer with scar in 

epicardial layers only). Representative examples are shown in Figure 1E.  
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 Whole-heart histological and CMR reconstructions were co-registered with the 

EAM. Registration landmarks included the mitral and aortic annulus, LV apex and papillary 

muscles with cross-validation using intracardiac echocardiography anatomy (CARTOSOUND 

module, CARTO3TM). All electrograms corresponding to the co-registered histological biopsy (or 

within 1.5mm of the edge of the biopsies) were assigned to their respective biopsy as shown in 

Figure 1D to enable the determination of histological characteristics specific to each electrogram.  

5.2.4 Electrogram Analysis and Signal processing  

Whole data exports were performed on the CARTO3TM mapping system. A continuous 2.5 

second period was acquired at each electrogram location of the electroanatomic map, sampling 

electrograms at 1000 Hertz (Hz). Using a custom Python (v3.13.0) script, the positional co-

ordinates, bipolar and unipolar voltages, local activation time (LAT), WOI and the bipolar and 

unipolar time series (2.5 second output) were extracted. Both bipolar and unipolar electrograms 

(restricted to the WOI, hereafter referred to as “windowed”) were reconstructed as a time series 

(Figure 1). Similarly, the complete 2.5 second acquisitions were also reconstructed as time series. 

These will be hereafter referred to as “complete” bipolar and unipolar time series. These extracted 

time series were matched to underlying histological scar categories.  

 As shown in Figure 2, first, automatically calculated voltages from the EAM 

(bipolar, unipolar or combined bipolar and unipolar voltages) were used to train a Gradient Boost 

machine-learning algorithm (using gradient boost, sci-kit learn (Python) package, 100 trees, 

learning rate 0.100, depth limit of individual trees 3) against the four scar patterns. Class imbalance 

was addressed with synthetic minority oversampling technique.457 Data was divided into 80% 

train, 20% test sets. Receiver operating characteristics (area under the curve (AUC)), accuracy, 

Matthews Correlation Coefficient (MCC) were calculated. These were compared to performance 
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of traditional scar voltage cut-offs (bipolar scar <1.5mV, bipolar dense <0.5mV, unipolar scar 

<8.3mV) using logistic regression (with balanced classes).  

Secondly, signal processing of the extracted windowed bipolar electrograms was 

performed using the automated tsfresh (Time Series FeatuRe Extraction on basis of Scalable 

Hypothesis, version 0.20.3) Python package to extract 794 time series features.458 Features were 

imported into Orange Data Mining (version 3.37.0). The top 20 and top 100 features were selected 

using a fast correlation-based filter.459 The top 100 and top 20 features were in turn interrogated 

with the same Gradient Boost machine-learning algorithm described above. Permutation feature 

importance was used to evaluate performance of the model and rank features. 

 Finally, a CNN was trained using windowed bipolar electrograms, as well as 

complete bipolar and unipolar time series data. This training was conducted using tsai 

(timeseriesAI), an open-source deep learning platform built on PyTorch. The tsai package employs 

InceptionTime, an ensemble of five deep learning models specifically designed for time series 

classification.460 Each model within the ensemble utilizes inception modules, which apply filters 

of varying lengths simultaneously to extract relevant features from the time series data. The 

architecture of this CNN is depicted in Figure 2. The dataset was divided into training and testing 

subsets, with 80% allocated for training and 20% for testing. The training process spanned 100 

epochs, with class weighting applied to balance the distributions of the classes. The CNN was 

trained separately for the three wavefront classes: ‘LVp’, ‘RVp’, and ‘sinus rhythm’. Model 

performance was evaluated using AUC, accuracy, and MCC on the test data. 

5.2.5 Statistical analysis 

In addition to the machine learning algorithms described above, further analyses were 

performed using Statistical Package for the Social Sciences for Windows (Version 27) and 
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Graphpad Prism (Version 9). Continuous variables were expressed as median and interquartile 

range (IQR). Independent continuous data were compared by non-parametric Mann-Whitney U 

test. For multiple groups either Kruskal-Wallis 1-way ANOVA or Friedmans test (for 

matched/repeated measures) was performed with subsequent Dunn’s multiple comparison test if 

the former was significant. Independent categorical variables were compared by the Chi-square 

test. Two-tailed P-values were considered statistically significant when 0.05 or less. Authors KD 

and SK had full access to all data in the study and takes responsibility for its integrity and the data 

analysis. 

5.3 Results 

For the infarcted animals, LV ejection fraction and LV end-diastolic volumes were 41% 

(39-43%) and 118mls (87–155mls) respectively. Surface registration error (comparison of the 

vertices of each mesh) of the histopathology to the EAM was 4.9mm (3.8-6.3mm), and CMR to 

EAM was 4.7mm (4.2-5.1mm).  

 A total of 20,091 electrograms were collected across three wavefronts (after 

excluding electrograms collected during ectopy), with a median of 1108 (IQR 986-1259) per map. 

Median bipolar electrogram voltages were 2.22mV (IQR 2.16-2.64mV) for infarcted animals and 

2.96mV (IQR 2.89-3.02mV) for the non-infarcted control animal. Median unipolar electrogram 

voltages were 6.25mV (IQR 5.90-7.32mV) for infarcted animals and 8.75mV (IQR 8.45-8.93mV) 

for the control animal. There was a median of 238 LAVAs (IQR 175-326.5) and 36 split potentials 

(IQR 23-103) per infarcted animal map versus 94 LAVAs (IQR 88.5-101) and 3 split potentials 

(2-3) per control animal map. Scar areas are described in Supplementary Table S1.  

 Of the total electrograms, 11,551 were matched to 421 transmural biopsies divided 

into thirds for endocardial, intramural and epicardial regions. Each biopsy was matched to 24 (IQR 
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16-35) electrograms. For each biopsy 8 (IQR 5-15) matched electrograms were sinus or atrial 

paced, 7 (IQR 4-11) RVp  and 7 (IQR 3-11) LVp. There was less viable myocardium by layer in 

regions containing scar (Figure 3). Median transmural biopsy wall thickness was 8.8mm (IQR 

5.45-11.75mm) for infarcts and 12.15mm (10.78-14.78mm) for control. 

5.3.1 Discriminative performance of bipolar and unipolar voltage to identify scar 

Median bipolar voltage was lower for electrograms colocalizing with at least endocardial 

(1.11mV IQR 0.50-1.98mV), at least intramural (1.58mV IQR 0.93-2.48mV) and epicardial only 

scar (1.62mV IQR 0.70-2.55mV) compared to no scar (1.89mV IQR 0.98-3.12mV, ANOVA 

P<0.0001 for all between group comparisons to no scar, Figure 4A). Median unipolar voltage was 

lower for electrograms colocalising with at least endocardial (5.04mV IQR 3.67-7.35mV) 

compared to no scar (6.45mV IQR 4.79-8.37mV, ANOVA P<0.0001, between groups P<0.0001) 

but not significantly different for at least intramural (6.50mV IQR 4.65mV-9.44mV, P=0.456) or 

epicardial only (5.96mV IQR 4.49-7.72mV, P=0.183, Figure 4B).  

 The AUC, accuracy, MCC, sensitivity and specificity for a gradient boost model 

using bipolar voltage alone, unipolar voltage alone or combined bipolar and unipolar voltages 

together is reported in in Supplementary Table S2. The model incorporating both bipolar and 

unipolar voltage together performed best, with respective AUCs and accuracy of 0.703 and 0.640 

for no scar, 0.706 and 0.632 for at least endocardial scar, 0.593 and 0.860 for at least intramural 

scar and 0.586 and 0.710 for epicardial only scar (Figure 4C and 4D). Sensitivity and specificity 

were better for no scar (45.9%, 78.0% respectively) and at least endocardial scar (41.8%, 81.6% 

respectively). In contrast sensitivity was very poor for at least intramural or epicardial only scar 

(19.8% and 31.6% respectively). Nevertheless, this model performed better than a multinomial 

logistic regression model incorporating traditional dichotomous voltage cutoffs (dense bipolar scar 
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<0.5mV, bipolar scar <1.5mV or unipolar scar <8.3mV) which had AUCs ranging from 0.574-

0.656 and accuracies 0.586-0.800) (see Supplementary Table S3).   

5.3.2 Signal processing and feature selection of windowed bipolar electrograms  

A total of 794 signal processing features were extracted from the windowed bipolar 

electrograms. Using gradient boost machine learning, these features were used to classify 

intracardiac electrograms by scar type. The top 100 features (sorted by group) are shown in Figure 

5A and summarized in Supplementary Table S4. Of the top 100 features, 39 (39%) involve 

transformation into the frequency domain (predominantly Fourier transformation), with the 

remaining 61 (61%) being time domain features. 9 (9%) can be readily identifiable by visually 

inspecting the electrogram (Figure 5B). These features resemble traditionally used markers of 

fractionation such as the number of peaks with a duration of more than 50ms (rank 2) or times 

crossing a specific voltage (-1mV (rank 36) and 1mv (rank 58)), electrogram length (rank 29) and 

voltage characteristics (length of electrogram with voltage higher than mean (rank 4), number of 

points above mean voltage (rank 33), range i.e. bipolar voltage (rank 49), minimum voltage (59) 

and maximum voltage (97).  

Of the 20 highest ranked features (Table 1, Figure 5C), 14 (70%) involve transformation 

of the electrograms into the frequency domain. Fourier transformation encompassed high (>100 

Hertz), mid (50-100 Hertz) and low (less than 50 Hertz) frequencies. 1 (5%) of the top 20 features 

can be readily identified by visual inspection (number of peaks greater than 50ms in duration).  

 Using the top 20 features to classify the electrograms (gradient boost), higher 

AUCs, accuracy and MCCs were achieved compared with voltage criteria alone (Figure 5C). 

Performance was stronger for no scar (AUC 0.815, accuracy 0.728, MCC 0.455, sensitivity 73.4%, 

specificity 72.4%) or at least endocardial scar (AUC 0.810, accuracy 0.680, MCC 0.381, 
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sensitivity 38.1%, specificity 93.1%) with relatively worse performance for at least intramural 

(AUC 0.704, accuracy 0.832, MCC 0.172, sensitivity 43.6%, specificity 85.3%) or epicardial only 

scar (AUC 0.681, accuracy 0.835, MCC 0.128, sensitivity 34.5%, specificity 86.2%). The 

performance of this model using the top 20 features was similar to a model including all 794 

extracted features (Supplementary Table S5). 

 This Gradient boost model was interrogated using the permutation feature 

importance technique to determine post-hoc the contribution of the top 20 features to performance 

(see Supplementary Figure 1). The most significant feature was energy in the first segment of 10 

versus the entire series followed by the number of peaks greater than 50ms in duration, longest 

consecutive sequence higher than the mean and the time point of 10% of cumulative mass. Further 

frequency domain features: the angle values of the Fourier coefficients at 621Hz and 484Hz and 

skewness of the absolute values of the Fourier Transform were also important contributors to the 

model.  

5.3.3 CNN approach to classify bipolar and unipolar electrogram by scar type 

To improve classification further, a CNN was engineered to classify the windowed and 

complete bipolar and unipolar time series. This was performed with TimeSeries AI (TSAI) using 

the InceptionTime CNN module trained for each input wavefront (sinus rhythm/atrial pacing, RVp 

or LVp).  

Results are shown in Table 2. Compared with windowed bipolar electrograms, both the 

complete bipolar and unipolar time series improved performance. The complete unipolar time 

series performed best. Model performance (averaged across wavefront) was: no scar - AUC 0.977, 

accuracy 0.929, sensitivity 91.7%, specificity 93.4%; at least endocardial scar - AUC 0.970, 

accuracy 0.919, sensitivity 91.3%, specificity 92.0%; at least intramural scar - AUC 0.909, 
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accuracy 0.959, sensitivity 42.9%, specificity 98.8%; epicardial only car - AUC 0.926, accuracy 

0.961, sensitivity 52.4%, specificity 98.4%. Performance of the CNN across wavefronts (when 

averaging the scar patterns) appeared similar ( Supplementary Figure 2).  

5.3.4 Creation of a three-dimensional scar pattern prediction map 

From the above data, the complete unipolar time series was selected as the input for a 

prediction model of scar pattern using the InceptionTime algorithm. With custom code, a three-

dimensional anatomic reconstruction readily importable into the EAM system was created using 

input electrograms from an entire left ventricular electroanatomic map to predict scar location and 

pattern. In Figure 6 we show a sample scar prediction map of a single infarcted sheep. 

Predominantly anterior, anteroseptal and apical infarction involving the endocardium was 

identified with the intramural and epicardial substrate at the border of the scar. 

5.4 Discussion 

This study created an atlas of ventricular electrogram characteristics that matched the co-

registered histological scar pattern. To this, a suite of signal processing features, as well as a CNN, 

was applied systematically to demonstrate that these intracardiac electrograms, derived from a 

multi-electrode catheter, can accurately determine scar pattern. We have made several significant 

findings: 

1. The bipolar and unipolar voltages of individual electrograms performed modestly to determine 

scar pattern even when optimised with a supervised machine learning model without attention 

to traditional voltage cutoffs.  

2. Time and frequency domain features extracted through signal processing of the windowed 

bipolar electrogram offered improved performance to voltage alone.  
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3. Many bipolar electrogram features that contributed to determining scar pattern are 

unappreciable with only visual inspection.  

4. Assessment of the complete 2.5s unipolar electrogram acquisition using the InceptionTime 

CNN offered the best-performing delineation of scar pattern.  

5. Using the results from this CNN, a scar pattern prediction map could be generated for EAM 

reintegration.  

5.4.1 Electrogram voltage and scar pattern 

Abnormal bipolar and unipolar voltage thresholds, derived initially with a 95% cut-off 

from mapping human hearts without structural heart disease using a 4 mm tipped ablation 

catheter19,245,247, have been shown to correlate to gross scar area in swine models57 and to epicardial 

bipolar low voltage areas.245 In contrast, Tung et al. (2016) suggested modest sensitivity and 

specificity of voltage amplitudes to CMR-defined scar (57% sensitivity, 79% specificity for 

endocardial bipolar voltage < 1.5mV (2mm electrode spacing) and 81% sensitivity, 58% 

specificity for unipolar voltage <8.3mV) to account for scar in endocardial, mid-myocardial and/or 

epicardial layers. Elegant co-registered whole-heart histological experiments in infarcted swine 

hearts446, remodelled and non-remodelled post-infarct human myocardium253 and non-ischaemic 

cardiomyopathy70 by Zeppenfeld and colleagues demonstrate the complex interaction of wall 

thickness, electrode size and spacing, ventricular remodelling, transmural viable myocardium 

percentage and related voltages, suggesting that single voltage cutoffs may not be appropriate to 

classify scar. Interestingly, in one experiment, by considering multiple voltages of a novel catheter 

(utilising bipolar, unipolar and microelectrode bipolar) rather than a single cut-off value, the 

sensitivity of voltage mapping to identify transmural fibrosis was improved to 93%.446  
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 Ours is one of the first study to compare such voltages to various scar patterns of 

differing “depth” of scar (i.e. scar in the immediate endocardial layer adjacent to the recording 

electrode vs scar remote from the recording electrode with healthy tissue in between (at least 

intramural and epicardial only scar). We showed similar modest sensitivity and specificity when 

using traditional scar voltage cutoffs, with particularly poor performance in the outer layers. Due 

to these findings, we then attempted to use gradient boost to classify scar pattern based on bipolar, 

unipolar or both electrograms without pre-specifying a voltage cut-off. This approach still only 

achieved low to modest AUCs and accuracy in predicting scar pattern beyond the mid-

myocardium. As suggested by Tung et al. (2016) this is could be due to 3-D spatial averaging 

where the catheter tip fails to identify scar at greater depth vs width.252 Whilst voltage thresholds 

continue to be a standard of clinical practice, our results confirm that the complexity of underlying 

scar tissue is underappreciated by reducing electrograms to purely an amplitude dimension.  

5.4.2 Feature analysis of electrograms to identify scar pattern 

If voltage criteria alone are inadequate, then how do alternative visual and hidden 

electrogram features perform to identify areas of interest in the ventricular myocardium? We found 

that using the top 20 (of 794) ranked signal processing features improved the discriminative 

classification ability of electrograms for scar pattern substantially compared to voltage alone. 

Visually appreciable and commonly reported electrogram features such as fractionation, 

electrogram duration and voltage performed poorly compared to more complex features in the 

frequency and time domains.  

 Notably, two-thirds of the top 20 features involved transformation of the bipolar 

electrogram into the frequency domain. Previous frequency analysis of unipolar electrograms 

support the importance of such analyses. Wavelet and Fast Fourier transformation of epicardial 
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unipolar electrograms derived from multielectrode plunge needles in a similar ovine model suggest 

that higher frequency spectra are associated with myocardial tissue heterogeneity and increased 

propensity to ventricular tachycardia.323 Frequency analyses of unipolar electrograms derived from 

an ablation catheter had an average within patient AUC of 0.841 for mid-myocardial fibrosis in 

non-ischaemic cardiomyopathy (0.591 for unipolar voltage alone).324 Importantly, as our data 

suggests, analyses of a single (or few) electrogram features from the frequency domain alone are 

likely insufficient to identify ventricular sites of interest. Campos et al. (2015) found that using a 

ratio of high to low bipolar electrogram frequency (derived from Fast Fourier Transformation), 

only 60% of VT circuits could be identified.461 This is compared with 100% of VT circuits 

identified when incorporating electrogram fractionation (a time domain feature). We found that 

novel time domain features with limited application to electrograms to date, such as 

autocorrelation, absolute energy and linear trend of the electrogram time series, were also 

important for scar pattern classification and may warrant future study.  

Recent clinical studies have highlighted the importance of frequency analyses in 

identifying VT regions of interest using the Ensite X Omnipolar technology's near-field algorithm, 

which employs wavelet transform to identify peak frequency. Using this algorithm, low voltage 

area peak frequency >220Hz has been shown to have 91% sensitivity and 85% specificity for 

detecting late potentials and LAVA, could predict deceleration zones in 9 out of 10 patients.301 

However, low voltage area peak frequency >200Hz showed lower performance in identifying the 

VT isthmus (sensitivity 69%; specificity 64%).302 Peak frequency analyses of VT activation maps 

indicated that sites with peak frequency >405Hz during VT predicted VT termination within 5 

seconds during ablation (AUC 0.811), likely due to higher peak frequencies identifying near-field 

VT circuitry.303 Nonetheless, a study by Tonko et al. (2024) found that peak frequency analyses 
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alone did not differentiate the dominant VT site from low-voltage bystander sites.304 Perhaps 

incorporating other novel time and frequency domain analyses, as explored in this manuscript, 

could enhance the identification of the VT isthmus from the substrate map. 

5.4.3 Deep learning CNN to classify electrograms into scar pattern 

To our knowledge, this is the first study to apply deep learning using a CNN trained on raw 

biologically obtained electrogram time series. Such a classifier substantially improved electrogram 

performance to identify scar pattern suggesting further hidden features within the electrogram 

beyond even signal processing techniques. Importantly, compared to all previous approaches, with 

a CNN, there were much better sensitivity and specificity to identify at least intramural (42.9%, 

98.8%) and epicardial only scar (52.4%, 98.4%).   

Intriguingly, the CNN performed better when trained on complete bipolar or unipolar 

electrograms (2.5s recording) compared to the manually windowed bipolar electrograms that is 

used clinically. One possible reason for this may be because time series classification is more 

effective if all data is of the same length462 (compared to the windowed bipolar electrograms where 

each animal and wavefront had a specific WOI). Alternatively, it could also be that repetition of 

the electrogram features on multiple heartbeats preceding the last captured beat allowed an 

assessment of catheter contact (i.e. poor contact would suggest variable electrogram morphology 

in preceding beats) and artefact. Furthermore characteristics of activation and repolarization463 

may also be more appreciable with multi-beat recordings. The better performance of the unipolar 

electrograms compared to bipolar could be due to improved field of view, providing more 

information of the far field which may have been of use to the CNN. Wavefront dependence of the 

bipolar electrograms could be another reason for this finding.  
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The only other study to assess individual intracardiac electrograms using deep learning was 

performed by Ntagiantas et al. (2024).325 They applied a feed forward CNN with an Encoder-

Decoder architecture to assess the performance of computer-simulated atrial electrograms to 

identify tissue conductivity and fibrosis. Their results showed that an array of concurrent simulated 

unipolar electrograms can identify underlying atrial scar, supporting, like our data, the plausibility 

that deep learning networks can infer the structural properties of tissues (albeit in an in-silico 

model). These analyses did not incorporate bipolar electrograms, and most importantly, did not 

utilise biologically obtained electrograms with ground-truth histology. Our work extends that of 

Ntagiantas et al. (2024) by systematically comparing simpler machine learning feature selection 

(on tsfresh extracted features) to more complex-deep learning methods (InceptionTime CNN). It 

shows the capability of deep learning to utilise data from a single electrogram acquisition to 

reliably predict scar pattern.  

5.4.4 Clinical Implications 

Based on the above findings, we have written code to automatically read an entire EAM 

export, extract unipolar electrogram time series and then use the trained CNN to predict scar 

pattern and topography. These predictions are then automatically projected onto a coloured 

importable three-dimensional mesh. This will allow future work to validate these electrogram 

definitions in human patients. Although an alternative to this approach is image integration of 

CMR or MDCT, we have recently shown that the co-registered CMR can miss epicardial substrate 

using this same model.464 Furthermore, not all patients with VT needing CA can access good 

quality CMR due to the emergent need for ablation, cost, implantable cardioverter-defibrillator 

contraindications, and artefact.  
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 It should be noted that functional substrate mapping may offer improved sensitivity 

and specificity to identify VT circuits compared to fixed scars, as identified by our algorithm. 

Some currently used approaches rely on the annotation of the bipolar electrograms in the time 

domain to latest deflection (for isochronal late activation mapping)271 or latest sharp component 

after extrastimulus for decrement evoked potential mapping.26 Whether further computational time 

or frequency domain features can identify conduction slowing or functional block with higher 

specificity is unknown, nor do we know whether such areas can be automatically determined by 

deep learning of electrograms obtained in sinus or stable pacing rhythm. Our model serves as an 

important proof of concept that systematic computational analyses of electrograms using signal 

processing and deep learning may be important to identify electroanatomical areas of interest in 

the heart.  

5.4.5 Limitations 

This study has several limitations worth considering. Firstly, it used a small number of 

animals for a model of post-infarction ventricular scar with a single healthy control. Electrograms 

were hence imbalanced and enriched for scar. To address this, we also report MCC, which is less 

sensitive to the distribution of classes and a more rigorous test for imbalanced datasets. MCC 

metrics support the substantial classification improvement of the deep learning CNN, particularly 

for at least intramural and epicardial only scar. Secondly the at least endocardial scar pattern 

encompassed scar from the endocardium to mid-myocardium to complete transmural scar. There 

could be differences in electrograms between endocardial scar with healthy mid-

myocardium/epicardium vs transmural scar. Thirdly, it is unclear if our results would apply to 

human post-infarction hearts or in non-ischaemic cardiomyopathy (where scar is often patchy). 

Due to limited access to human electrograms with co-registered histology, our model is yet to be 



Chapter 5: Published manuscript – Machine learned electrograms and scar depth 

 186 

validated by an external dataset. This is a common issue with current electrogram machine learning 

studies due to paucity of well labelled data. 324,325 To address this, we have chosen to share the 

code to generate our three-dimensional prediction maps upon publication for further independent 

verification. Fourthly, our model does not incorporate wall thickness nor the location of the 

intracardiac electrogram within the left ventricle native Purkinje signals may confound frequency 

domain analyses. We chose not to consider electrogram location nor information from 

neighbouring electrograms as it has not seemed to confound previous frequency unipolar machine 

learning analyses324 and because our intention was to create a simple workflow to interrogate 

whole electroanatomic map exports and then project classified individual electrograms onto 

clinically usable three-dimensional maps. Such Purkinje signals may have been obscured by 

pacing. If these signals significantly impacted the model’s performance, we would have expected 

differences in AUC or MCC across wavefronts using the CNN, which we did not observe. Fifth, 

it is well recognized that filter configurations can dramatically alter both bipolar465 and unipolar466 

electrograms. Although our used filter settings are relatively standard, variability in lab-to-lab 

settings might affect performance of the model. Finally, it is unclear if these results can be 

extrapolated to alternative multielectrode mapping catheters with variable electrode positioning.  

5.5 Conclusion 

In this proof-of-concept study, we have shown that unipolar electrograms generated with a 

multi-electrode catheter with fine inter-electrode spacing can identify post-infarction mid-

myocardial and epicardial scar with excellent AUC and accuracy through use of deep learning. 

This has been leveraged to create custom code of a readily importable scar topography map that 

can be used to automatically interrogate whole LV electroanatomic mapping data and classify 

electrograms into scar pattern labels. Although further studies are needed to validate this prediction 
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model, taken together, these data suggest the importance of novel computational analyses of 

intracardiac electrogram shape to identify areas of interest for ablation. 
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5.6 Figures 
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Figure 5-1 Methodology of electrogram extraction and whole-heart histological co-

registration. 

Methodology of electrogram extraction and whole-heart histological co-registration. A. Explanted 

hearts were filled, fixed and then sectioned into 5mm short-axis slices. Contours were traced of 

the endocardium and epicardium and imported into Matlab to create a custom three-dimensional 

histopathological shell. B. Representative example of a histopathological shell that was imported 

into mapping software. Numbers 2-15 denote 5mm cross-sectional slices and coloured lines 

represent 3mm biopsy tracings. C. A scaled photograph of cross-section 3 from Figure 1B, taken 

at 20x magnification after staining with Picrosirius red to identify collagenous tissue. Biopsies 

were systematically conducted around the endocardial border of the short-axis sections – 3mm 

width with 3mm spacing between biopsies. D. Co-registered electroanatomic map with 

histological shell (made transparent). The colourful lines represent the 3mm biopsies. The red 

circle encompasses all electrograms (within 1.5mm radius of the biopsy) that co-localise with one 

such biopsy. The biopsy on the histological image demonstrates Epicardial only scar (pink 

compact fibrosis affecting only the epicardium and sparing the endocardial and intramural layers). 

A representative corresponding family of electrograms is shown with both the windowed bipolar 

and unipolar electrograms, and the complete 2.5-second acquisitions. The windowed electrograms 

are restricted to the manually determined window of interest (chosen to eliminate pacing artefact 

and maximise capture of late potentials). These electrograms were extracted from whole study 

exports on the CARTO system using custom Python code, and each was matched to a 

corresponding histopathological scar with labelled scar pattern (one of four options, i.e. no scar, at 

least endocardial scar, at least intramural scar or epicardial only scar). E. Representative 
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transmural biopsies of the four scar pattern labels; no scar, at least endocardial scar (scar in 

endocardial layer +/- scar in intramural/epicardial layers), at least intramural scar (scar in 

intramural layer +/- epicardial layer sparing endocardium) and epicardial only scar (sparing 

endocardial and intramural layers). Note the at least endocardial scar pattern encompasses all scar 

with at least an endocardial component i.e. includes endocardial + intramural scar and transmural 

scar. Yellow represents healthy myocardium, pink fibrosis and white adiposity. Panel A-C from 

De Silva et al. (2024).464  
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Figure 5-2 Pipeline for electrogram analyses. 

Labelled electrograms were analysed with three workflows. First automatically calculated bipolar 

and/or unipolar voltages were used to train a supervised gradient boost machine learning 

algorithm. Second, feature extraction of the windowed bipolar electrograms was performed using 

the tsfresh (Time Series FeatuRe Extraction on basis of Scalable Hypothesis, version 0.20.3) 

python package into 794 time and domain features. After feature ranking (using a fast correlation 

based filter), features were used to train a supervised gradient boost machine learning algorithm. 

Finally, a convolutional neural network (CNN) called InceptionTime (an ensemble of five deep 

learning models designed for time series classification where each model utilises inception 

modules to interrogate the time series with filters of different lengths simultaneously to extract 

relevant features) was trained using the windowed bipolar electrograms as well as the complete 

bipolar and complete unipolar electrograms.
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Figure 5-3 Distribution of viable myocardium by scar pattern 

Distribution of viable myocardium within the endocardial, intramural and epicardial layers for each scar pattern category. Viable 

myocardium was determined using ImageJ (total area minus area with fibrosis and adiposity). The scar pattern labels were no scar (no 

visual scar in all three layers), at least endocardial scar (scar in endocardial layer +/- intramural +/- epicardial layers), at least intramural 
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(no scar in the endocardium, scar in the intramural +/- epicardial layers) and epicardial only (no scar in the endocardial or intramural 

layers but scar in the epicardium). Analyses performed using Friedmans test (non-parametric test for multiple groups with repeated 

measures), P<0.0005 for each scar label and subsequent Dunn’s multiple comparison test (*** = P<0.0005, **** = P<0.0001, ns = non-

significant). 
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Figure 5-4 Relationship between automated bipolar and unipolar electrogram voltage and scar pattern label 

A. and B. represent spread of bipolar and unipolar voltage across scar pattern labels. Y axes for bipolar and unipolar voltage have been 

restricted to 4mV and 20mV respectively (clinically meaningful values). For bipolar voltage, standard voltage thresholds of 1.5mV 

(scar) and 0.5mV (dense scar) have been labelled. Similarly for unipolar voltage standard voltage threshold of 8.3mV (scar) has been 

labelled. Analyses performed using Kruskall Wallis non-parametric tests (P<0.0001 for both bipolar and unipolar voltage) and Dunn’s 

multiple comparison test (**** P<0.0001, * P<0.05, ns = non-significant). C. AUCs for bipolar voltage, unipolar voltage and combined 

bipolar and unipolar voltage to identify scar pattern as determined by gradient boost. D. Accuracy for bipolar voltage, unipolar voltage 

and combined bipolar and unipolar voltage to identify scar pattern as determined by gradient boost.  
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Figure 5-5 Signal processed features of the windowed bipolar electrogram 

A. Chart of the top 100 bipolar electrogram features (extracted from tsfresh, python) useful to 

identify ventricular scar pattern classified by feature type. See Supplementary Table S4 for 

individual breakdown of sub-categories. B. 9 visually interpretable bipolar electrogram features 

ranked within the top 100. C. Top 20 bipolar electrogram features classified by feature type. 

Gradient boost model AUC, Accuracy and MCC for these top 20 signal processed features to 

identify various scar patterns.   



Chapter 5: Published manuscript – Machine learned electrograms and scar depth 

 197 

 

Figure 5-6 A sample three-dimensional scar pattern prediction map 

A sample three-dimensional scar pattern prediction map, ready for import into the electroanatomic 

mapping software. Here the final convolutional neural network model was applied to the right 

ventricular paced (RVp) electroanatomic map of one of the infarcted sheep. Panels A-D show 

individual scar pattern maps to describe regions of no scar, at least endocardial scar, at least 

intramural scar and epicardial only scar (see Figure Legends for each individual map). A sample 

histological biopsy is shown for each scar map to qualitatively demonstrate histological agreement 
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with the scar prediction model. In Panel E. standard Bipolar and Unipolar maps during RVp using 

standard thresholds (Bipolar - 0.50mV dense scar, 1.5mV border zone and Unipolar 8.3mV scar) 

are also shown for reference.  
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5.7 Tables 

Table 5-1 Top 20 ranked windowed bipolar electrogram features for scar pattern 

classification. 

Rank Feature Description Category 
1 x__spkt_welch_density__coe

ff_5 
Cross power spectral density at 5 frequencies Frequency 

2 x__number_peaks__n_50 Count of peaks that are greater than 50ms Time 
3 x__fft_aggregated__aggtype

_"skew" 
Skewness of the absolute values of the Fourier 
Transform (asymmetry in distribution of the 

frequency components) 

Frequency 

4 x__longest_strike_above_me
an 

The length of the longest consecutive sequence 
that is bigger than the mean 

Time 

5 x__fft_coefficient__attr_"an
gle"__coeff_89 

Angle value of the Fourier coefficient at 582Hz Frequency 
(High) 

6 x__fft_coefficient__attr_"an
gle"__coeff_74 

Angle value of the Fourier coefficient at 484Hz Frequency 
(High) 

7 x__fft_coefficient__attr_"an
gle"__coeff_95 

Angle value of the Fourier coefficient at 621Hz Frequency 
(High) 

8 x__fft_coefficient__attr_"abs
"__coeff_5 

Absolute value of the Fourier coefficient at 
33Hz 

Frequency 
(Low) 

9 x__fft_coefficient__attr_"abs
"__coeff_6 

Absolute value of the Fourier coefficient at 
39Hz 

Frequency 
(Low) 

10 x__fft_coefficient__attr_"abs
"__coeff_4 

Absolute value of the Fourier coefficient at 
26Hz 

Frequency 
(Low) 

11 x__fft_coefficient__attr_"abs
"__coeff_7 

Absolute value of the Fourier coefficient at 
46Hz 

Frequency 
(Low) 

12 x__spkt_welch_density__coe
ff_8 

Cross power spectral density at 8 frequencies Frequency 

13 x__fft_coefficient__attr_"abs
"__coeff_8 

Absolute value of the Fourier coefficient at 
52Hz 

Frequency 
(Mid) 

14 x__partial_autocorrelation__
lag_2 

Partial autocorrelation at 2ms Time 

15 x__fft_coefficient__attr_"abs
"__coeff_9 

Absolute value of the Fourier coefficient at 
59Hz 

Frequency 
(Mid) 

16 x__index_mass_quantile__q
_0.1 

Time point of 10% of cumulative mass Time 

17 x__fft_coefficient__attr_"abs
"__coeff_10 

Absolute value of the Fourier coefficient at 
65Hz 

Frequency 
(Mid) 

18 x__energy_ratio_by_chunks
__num_segments_10__segm

ent_focus_0 

Energy in first segment of 10 vs. entire series Time 

19 x__fft_coefficient__attr_"abs
"__coeff_3 

Absolute value of the Fourier coefficient at 
20Hz 

Frequency 
(Low) 

20 x__agg_linear_trend__attr_"
stderr"__chunk_len_50__f_a

gg_"var" 

Standard error of the linear trend across the 
variance of all 50ms chunks 

Time 
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Legend: Windowed bipolar electrograms were extracted and transformed using the tsfresh (Time 

Series FeatuRe Extraction on basis of Scalable Hypothesis, version 0.20.3) Python package. Top 

20 features for scar pattern were determined using a fast correlation based filter.  
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Table 5-2 Performance of the convolutional neural network to classify bipolar and unipolar 

electrograms by scar pattern. 

Input Scar pattern 
label 

Wavefront AUC Accuracy MCC Sensitivity 
(%) 

Specificity 
(%) 

Windowed 
Bipolar 

No Scar SR 0.899 0.839 0.630 73.8 88.7 
LVp 0.901 0.834 0.668 81.6 85.4 
RVp 0.915 0.829 0.655 75.8 88.8 

At least 
endocardial 
scar 

SR 0.893 0.810 0.611 85.9 74.6 
LVp 0.917 0.861 0.699 82.9 87.8 
RVp 0.914 0.845 0.688 85.2 83.9 

At least 
intramural 
scar 

SR 0.825 0.948 0.463 38.3 98.5 
LVp 0.847 0.950 0.422 34.1 98.6 
RVp 0.839 0.960 0.377 33.5 98.5 

Epicardial 
only scar 

SR 0.862 0.959 0.483 44.4 98.4 
LVp 0.730 0.932 0.310 30.2 97.1 
RVp 0.842 0.950 0.550 48.9 98.3 

Complete 
Bipolar 

No scar SR 0.920 0.871 0.701 75.8 92.5 
LVp 0.951 0.894 0.787 89.3 89.5 
RVp 0.940 0.869 0.735 84.3 89.1 

At least 
endocardial 
scar 

SR 0.923 0.849 0.694 85 84.8 
LVp 0.933 0.877 0.734 84.5 89.5 
RVp 0.947 0.896 0.789 87.4 91.3 

At least 
intramural 
scar 

SR 0.802 0.952 0.470 31.9 99.3 
LVp 0.917 0.958 0.531 43.9 98.8 
RVp 0.842 0.964 0.474 44.4 98.5 

Epicardial 
only scar 

SR 0.881 0.965 0.550 47.2 98.9 
LVp 0.848 0.945 0.426 37.2 98.1 
RVp 0.850 0.946 0.506 44.7 98.2 

Complete 
Unipolar 

No scar SR 0.984 0.942 0.867 90.1 96.2 
LVp 0.974 0.917 0.834 90.8 92.7 
RVp 0.972 0.927 0.855 94.3 91.4 

At least 
endocardial 
scar 

SR 0.968 0.917 0.831 93.4 89.6 
LVp 0.967 0.902 0.789 89.5 90.5 
RVp 0.976 0.937 0.873 91 95.9 

At least 
intramural 
scar 

SR 0.919 0.956 0.592 57.4 98.1 
LVp 0.916 0.952 0.411 26.8 99.3 
RVp 0.893 0.970 0.530 44.4 99.1 
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Epicardial 
only scar 

SR 0.936 0.965 0.570 52.8 98.6 
LVp 0.931 0.954 0.543 51.2 98.1 
RVp 0.912 0.954 0.593 53.2 98.5 

 

Performance of the InceptionTime (timeseries AI, python) neural network to classify windowed 

bipolar electrograms and complete bipolar and unipolar electrogram time series for scar pattern 

stratified by mapping wavefront.  
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5.8 Supplemental Material 

5.8.1 Supplemental Figures 

 

Supplemental Figure 5-1 Ranking of features contributing to gradient boost model 

performance (area under the curve) based on permutation feature importance 

Permutation feature importance was used to rank the features contributing to performance of the 

Top20 tsfresh feature Gradient Boost model.  

 

Abbreviations: AUC – Area under the curve  
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Supplemental Figure 5-2 Performance of the convolutional neural network to classify 

bipolar and unipolar electrograms by wavefront (averaged across scar patterns) 

Performance of the convolutional neural network (InceptionTime) applied to windowed bipolar 

electrograms, complete bipolar time series acquisition and complete unipolar time series 
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acquisition. A. Area under curve and B. Accuracy. Values provided are an average of the 

performance of InceptionTime model across all four scar patterns (no scar, at least endocardial 

scar, at least intramural scar and at least epicardial scar).  
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5.8.2 Supplemental Tables 

Supplemental Table 5-1 Baseline characteristics of each animal 

 

Abbreviations: LAVA – local abnormal ventricular activities, mV – millivolts 

  

Animal  1 (infarct) 2 (infarct) 3 (infarct) 4 (infarct) 5 (infarct) 6 (control) 
Wavefront SR RVp LVp SR RVp LVp SR RVp LVp SR RVp LVp SR RVp LVp SR RVp LVp 

Number of points 899 1185 1010 1283 1177 497 1625 980 1154 957 1160 1043 1456 1004 1308 874 1062 1417 

Mean bipolar 
voltage (mV) 

2.03
3 

2.18
4 

2.21
6 2.8 2.77

6 
3.01
4 

2.18
2 

2.50
3 

2.41
5 

2.38
9 

2.82
8 

2.18
5 

1.62
1 

2.14
5 

1.84
3 

2.96
3 

3.08
4 2.82 

Mean unipolar 
voltage (mV) 

5.57
5 6.16 5.88

5 
7.38
7 

8.55
6 7.57 5.80

2 
6.10
1 

7.24
7 5.92 7.16

1 6.25 5.50
7 

6.31
8 

20.1
02 

8.75
1 9.1 8.157 

Bipolar Scar 
area <1.5mV 

Area 
(cm2) 25.5 26.2 28.3 18 12.4 11.9 24.4 13.7 15.9 28 21.9 37.4 57.9 42.8 47.3 4.3 4.4 6.6 

% of 
total 
LV 
area  

26.1
8% 

25.9
9% 

30.3
6% 

14.7
4% 

15.4
0% 

15.4
7% 

20.2
3% 

12.7
4% 

15.8
8% 

25.3
4% 

21.4
3% 

36.8
1% 

43.8
6% 

34.2
4% 

39.5
5% 

5.83
% 

6.16
% 

8.44
% 

Bipolar 
Dense Scar 
area <0.5mV 

Area 
(cm2) 5.2 2.5 2.4 5.3 5.2 3.2 3.9 1.7 3.4 1.6 1.8 5.5 19.6 12.1 5.5 0 0.3 0.2 

% of 
total 
LV 
area  

5.34
% 

2.48
% 

2.58
% 

4.34
% 

6.46
% 

4.16
% 

3.23
% 

1.58
% 

3.40
% 

1.45
% 

1.76
% 

5.41
% 

14.8
5% 

9.68
% 

4.60
% 

0.00
% 

0.42
% 

0.26
% 

Unipolar Scar 
area <8.3mV 

Area 
(cm2) 65.6 77.5 64.7 66.9 38.2 47.1 91.6 85 57.8 88.2 69 76 106.

1 97.3 0 24.5 35 41 

% of 
total 
LV 
area  

67.3
5% 

76.8
8% 

69.4
2% 

54.7
9% 

47.4
5% 

61.2
5% 

75.9
5% 

79.0
7% 

57.7
4% 

79.8
2% 

67.5
1% 

74.8
0% 

80.3
8% 

77.8
4% 

0.00
% 

33.2
4% 

49.0
2% 

52.43
% 

Split 
potentials  

N 36 42 31 19 31 10 100 85 118 26 11 17 127 133 105 3 3 1 

% of 
total 
points 

4.00
% 

3.54
% 

3.07
% 

1.48
% 

2.63
% 

2.01
% 

6.15
% 

8.67
% 

10.2
3% 

2.72
% 

0.95
% 

1.63
% 

8.72
% 

13.2
5% 

8.03
% 

0.34
% 

0.28
% 

0.07
% 

LAVA 

N 166 214 150 207 121 35 348 238 305 184 280 243 640 394 489 108 83 94 

% of 
total 
points 

18.4
6% 

18.0
6% 

14.8
5% 

16.1
3% 

10.2
8% 

7.04
% 

21.4
2% 

24.2
9% 

26.4
3% 

19.2
3% 

24.1
4% 

23.3
0% 

43.9
6% 

39.2
4% 

37.3
9% 

12.3
6% 

7.82
% 

6.63
% 
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Supplemental Table 5-2 Performance of bipolar and unipolar voltage in a Gradient Boost 

model to identify scar patterns 

    AUC Accuracy MCC Sensitivity 
(%) 

Specificity 
(%) 

Bipolar voltage 
alone 
  
  
  

No scar 0.634 0.593 0.138 27.1 84.2 
At least endo 0.640 0.591 0.168 37.5 77.8 
At least intra 0.501 0.638 -0.014 31.5 65.4 
Epicardial only 0.550 0.811 -0.010 17.1 84.5 

Unipolar voltage 
alone 
  
  
  

No scar 0.664 0.615 0.196 39.5 78.5 
At least endo 0.667 0.606 0.201 61.0 76.6 
At least intra 0.562 0.830 0.052 22.5  86.0 
Epicardial only 0.486 0.731 -0.014 21.4 75.8 

Bipolar and 
Unipolar voltage 
  
  
  

No scar 0.703 0.640 0.253 45.9 78.0 
At least endo 0.706 0.632 0.258 41.8 81.6 
At least intra 0.593 0.860 0.062 19.8 89.3 
Epicardial only 0.586 0.710 0.023 31.6 73.1 

 

Gradient boost model with an 80% train, 20% test dataset using three input variables (bipolar 

voltage alone, unipolar voltage alone and bipolar and unipolar voltage together.  
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Supplemental Table 5-3 Performance of traditional voltage cut-offs to identify scar patterns 

   AUC Accuracy MCC Sensitivity 
(%) 

Specificity 
(%) 

Dense bipolar scar 
<0.5mV 
  
  
  

No scar 0.611 0.63 0.233 46.4 75.9 
At least endo 0.423 0.535 0 0 100 
At least intra 0.616 0.375 0.105 88.3 35.0 
Epicardial only 0.561 0.949 0 0.0 100.0 

Bipolar scar <1.5mV 
  
  

No scar 0.511 0.563 0 0 100 
At least endo 0.522 0.514 0.045 63.0 41.4 
At least intra 0.572 0..610 0.063 53.2 61.3 
Epicardial only 0.603 0.949 0 0.0 100.0 

Unipolar scar <8.3mV 
  
  
  

No scar 0.545 0.504 0.116 87.0 22.0 
At least endo 0.469 0.535 0 0 100 
At least intra 0.523 0.793 0.026 22.5 82.2 
Epicardial only 0.451 0.949 0 0.0 100.0 

Combination dense 
bipolar (<0.5mV), 
bipolar (<1.5mV) and 
unipolar (<8.3mv) 
scar    

No scar 0.656 0.630 0.233 46.4 75.9 

At least endo 0.574 0.586 0.159 29.4 83.9 
At least intra 0.612 0.800 0.030 22.5 82.9 
Epicardial only 0.586 0.717 0.031 32.5 73.8 

 

Multinomial logistic regression model with an 80% train, 20% test dataset using traditional 

dichotomous voltage criteria for scar (dense bipolar scar <0.5mV, bipolar scar <1.5mV, unipolar 

scar <8.3mV or combination of all three variables).  
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Supplemental Table 5-4 Top 100 windowed bipolar electrogram tsfresh features ranked by 

fast correlation based filter 

Rank Feature Category Subcategory 

1 x__spkt_welch_density__coeff_5 Frequency Domain Features Welch Density 
2 x__number_peaks__n_50 Time Domain Features Peaks and Crossings 
3 x__fft_aggregated__aggtype_“skew” Frequency Domain Features Fast Fourier 

Transformation 
4 x__longest_strike_above_mean Time Domain Features Basic Statistics 
5 x__fft_coefficient__attr_“angle”__coef

f_89 
Frequency Domain Features Fast Fourier 

Transformation 
6 x__fft_coefficient__attr_“angle”__coef

f_74 
Frequency Domain Features Fast Fourier 

Transformation 
7 x__fft_coefficient__attr_“angle”__coef

f_95 
Frequency Domain Features Fast Fourier 

Transformation 
8 x__fft_coefficient__attr_“abs”__coeff_

5 
Frequency Domain Features Fast Fourier 

Transformation 
9 x__fft_coefficient__attr_“abs”__coeff_

6 
Frequency Domain Features Fast Fourier 

Transformation 
10 x__fft_coefficient__attr_“abs”__coeff_

4 
Frequency Domain Features Fast Fourier 

Transformation 
11 x__fft_coefficient__attr_“abs”__coeff_

7 
Frequency Domain Features Fast Fourier 

Transformation 
12 x__spkt_welch_density__coeff_8 Frequency Domain Features Welch Density 
13 x__fft_coefficient__attr_“abs”__coeff_

8 
Frequency Domain Features Fast Fourier 

Transformation 
14 x__partial_autocorrelation__lag_2 Time Domain Features Autocorrelation 
15 x__fft_coefficient__attr_“abs”__coeff_

9 
Frequency Domain Features Fast Fourier 

Transformation 
16 x__index_mass_quantile__q_0.1 Time Domain Features Mass 
17 x__fft_coefficient__attr_“abs”__coeff_

10 
Frequency Domain Features Fast Fourier 

Transformation 
18 x__energy_ratio_by_chunks__num_se

gments_10__segment_focus_0 
Time Domain Features Energy 

19 x__fft_coefficient__attr_“abs”__coeff_
3 

Frequency Domain Features Fast Fourier 
Transformation 

20 x__agg_linear_trend__attr_“stderr”_ch
unk_len_50__f_agg"var" 

Time Domain Features Linear Trend 

21 x__ar_coefficient__coeff_1__k_10 Time Domain Features Autoregression 
22 x__fft_coefficient__attr_“abs”__coeff_

11 
Frequency Domain Features Fast Fourier 

Transformation 
23 x__abs_energy Time Domain Features Energy 
24 x__agg_linear_trend__attr_“rvalue”_c

hunk_len_10__f_agg"var" 
Time Domain Features Linear Trend 

25 x__index_mass_quantile__q_0.2 Time Domain Features Mass 
26 x__fft_coefficient__attr_“abs”__coeff_

12 
Frequency Domain Features Fast Fourier 

Transformation 
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27 x__range_count__max_0__min_-
1000000000000.0 

Time Domain Features Basic Statistics 

28 x__fft_coefficient__attr_“real”__coeff
_6 

Frequency Domain Features Fast Fourier 
Transformation 

29 x__length Time Domain Features Basic Statistics 
30 x__agg_linear_trend__attr_“rvalue”_c

hunk_len_50__f_agg"min" 
Time Domain Features Linear Trend 

31 x__mean_n_absolute_max__number_o
f_maxima_7 

Time Domain Features Basic Statistics 

32 x__partial_autocorrelation__lag_8 Time Domain Features Autocorrelation 
33 x__count_above_mean Time Domain Features Basic Statistics 
34 x__agg_linear_trend__attr_“rvalue”_c

hunk_len_5__f_agg"var" 
Time Domain Features Linear Trend 

35 x__partial_autocorrelation__lag_9 Time Domain Features Autocorrelation 
36 x__number_crossing_m__m_-1 Time Domain Features Peaks and Crossings 
37 x__agg_linear_trend__attr_“rvalue”_c

hunk_len_50__f_agg"var" 
Time Domain Features Linear Trend 

38 x__fft_coefficient__attr_“abs”__coeff_
13 

Frequency Domain Features Fast Fourier 
Transformation 

39 x__fft_coefficient__attr_“real”__coeff
_7 

Frequency Domain Features Fast Fourier 
Transformation 

40 x__partial_autocorrelation__lag_6 Time Domain Features Autocorrelation 
41 x__partial_autocorrelation__lag_7 Time Domain Features Autocorrelation 
42 x__fft_coefficient__attr_“real”__coeff

_5 
Frequency Domain Features Fast Fourier 

Transformation 
43 x__lempel_ziv_complexity__bins_2 Time Domain Features Complexity 
44 x__index_mass_quantile__q_0.3 Time Domain Features Mass 
45 x__fft_coefficient__attr_“real”__coeff

_4 
Frequency Domain Features Fast Fourier 

Transformation 
46 x__agg_linear_trend__attr_“rvalue”_c

hunk_len_10__f_agg"min" 
Time Domain Features Linear Trend 

47 x__fft_coefficient__attr_“abs”__coeff_
14 

Frequency Domain Features Fast Fourier 
Transformation 

48 x__absolute_sum_of_changes Time Domain Features Basic Statistics 
49 x__range_count__max_100000000000

0.0__min_0 
Time Domain Features Basic Statistics 

50 x__spkt_welch_density__coeff_2 Frequency Domain Features Welch Density 
51 x__partial_autocorrelation__lag_5 Time Domain Features Autocorrelation 
52 x__lempel_ziv_complexity__bins_5 Time Domain Features Complexity 
53 x__lempel_ziv_complexity__bins_10 Time Domain Features Complexity 
54 x__fft_coefficient__attr_“real”__coeff

_8 
Frequency Domain Features Fast Fourier 

Transformation 
55 x__fft_coefficient__attr_“real”__coeff

_9 
Frequency Domain Features Fast Fourier 

Transformation 
56 x__fft_coefficient__attr_“abs”__coeff_

15 
Frequency Domain Features Fast Fourier 

Transformation 
57 x__partial_autocorrelation__lag_4 Time Domain Features Autocorrelation 
58 x__number_crossing_m__m_1 Time Domain Features Peaks and Crossings 
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59 x__minimum Time Domain Features Basic Statistics 
60 x__fft_coefficient__attr_“imag”__coef

f_6 
Frequency Domain Features Fast Fourier 

Transformation 
61 x__lempel_ziv_complexity__bins_3 Time Domain Features Complexity 
62 x__sum_of_reoccurring_values Time Domain Features Reoccurring Values 
63 x__range_count__max_1__min_-1 Time Domain Features Basic Statistics 
64 x__fft_coefficient__attr_“imag”__coef

f_7 
Frequency Domain Features Fast Fourier 

Transformation 
65 x__partial_autocorrelation__lag_3 Time Domain Features Autocorrelation 
66 x__variance Time Domain Features Basic Statistics 
67 x__standard_deviation Time Domain Features Basic Statistics 
68 x__root_mean_square Time Domain Features Basic Statistics 
69 x__c3__lag_1 Time Domain Features Autocorrelation 
70 x__fft_coefficient__attr_“abs”__coeff_

16 
Frequency Domain Features Fast Fourier 

Transformation 
71 x__c3__lag_2 Time Domain Features Autocorrelation 
72 x__number_cwt_peaks__n_1 Time Domain Features Peaks and Crossings 
73 x__fft_aggregated__aggtype_“kurtosis

” 
Frequency Domain Features Fast Fourier 

Transformation 
74 x__agg_linear_trend__attr_“rvalue”_c

hunk_len_10__f_agg"max" 
Time Domain Features Linear Trend 

75 x__agg_linear_trend__attr_“rvalue”_c
hunk_len_50__f_agg"max" 

Time Domain Features Linear Trend 

76 x__fft_coefficient__attr_“real”__coeff
_10 

Frequency Domain Features Fast Fourier 
Transformation 

77 x__fft_coefficient__attr_“imag”__coef
f_74 

Frequency Domain Features Fast Fourier 
Transformation 

78 x__fft_coefficient__attr_“imag”__coef
f_5 

Frequency Domain Features Fast Fourier 
Transformation 

79 x__fft_coefficient__attr_“imag”__coef
f_8 

Frequency Domain Features Fast Fourier 
Transformation 

80 x__sample_entropy Time Domain Features Entropy 
81 x__energy_ratio_by_chunks__num_se

gments_10__segment_focus_1 
Time Domain Features Energy 

82 x__agg_linear_trend__attr_“intercept”
_chunk_len_50__f_agg"var" 

Time Domain Features Linear Trend 

83 x__sum_of_reoccurring_data_points Time Domain Features Reoccurring Values 
84 x__lempel_ziv_complexity__bins_100 Time Domain Features Complexity 
85 x__agg_linear_trend__attr_“rvalue”_c

hunk_len_5__f_agg"max" 
Time Domain Features Linear Trend 

86 x__agg_linear_trend__attr_“rvalue”_c
hunk_len_5__f_agg"min" 

Time Domain Features Linear Trend 

87 x__agg_linear_trend__attr_“stderr”_ch
unk_len_50__f_agg"min" 

Time Domain Features Linear Trend 

88 x__fft_coefficient__attr_“abs”__coeff_
17 

Frequency Domain Features Fast Fourier 
Transformation 

89 x__partial_autocorrelation__lag_1 Time Domain Features Autocorrelation 
90 x__autocorrelation__lag_1 Time Domain Features Autocorrelation 
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91 x__fft_coefficient__attr_“imag”__coef
f_10 

Frequency Domain Features Fast Fourier 
Transformation 

92 x__fft_coefficient__attr_“imag”__coef
f_69 

Frequency Domain Features Fast Fourier 
Transformation 

93 x__c3__lag_3 Time Domain Features Autocorrelation 
94 x__approximate_entropy__m_2__r_0.3 Time Domain Features Entropy 
95 x__index_mass_quantile__q_0.4 Time Domain Features Mass 
96  x__fft_coefficient__attr_"imag"__coef

f_9 
Frequency Domain Features Fast Fourier 

Transformation 
97 x__absolute_maximum Time Domain Features Basic Statistics 
98 x__energy_ratio_by_chunks__num_se

gments_10__segment_focus_2 
Time Domain Features Energy 

99 x__friedrich_coefficients__coeff_2__m
_3__r_30 

Time Domain Features Friedrich Coefficient 

100 x__fft_coefficient__attr_“abs”__coeff_
18 

Frequency Domain Features Fast Fourier 
Transformation 
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Supplemental Table 5-5 Comparison of performance of Gradient Boost Model using top 20 

or all 794 tsfresh features. 

  AUC Accuracy MCC Sensitivity (%) Specificity (%) 
Top 20 Features No scar 0.815 0.728 0.455 73.4 72.4 
 At least endo 0.810 0.680 0.381 38.1 93.1 
 At least intra 0.704 0.832 0.172 43.6 85.3 
 At least epi 0.681 0.835 0.128 34.5 86.2 
All features No scar 0.887 0.810 0.615 78.6 83.0 
 At least endo 0.871 0.781 0.558 75.4 80.4 
 At least intra 0.780 0.941 0.353 20.5 98.0 
 At least epi 0.703 0.894 0.130 22.7 93.0 
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6.1 Introduction 

Premature ventricular complexes (PVCs) can arise from complex intracavitary mobile 

structures including left and right ventricular papillary muscles and the right ventricular moderator 

band. PVCs from these sites, though forming only 2-5% of all ablation cases187,467, can be 

extremely challenging to treat. Long term arrhythmia free survival rates can be as low as 60%187,468 

for papillary muscle PVCs and 80% for PVCs arising from the moderator band469, often with the 

requirement for multiple procedures and prolonged procedural times.467,470 Challenges include 

anatomical variations, including differences in the size and position of these structures³, 

radiofrequency (RF)-induced automaticity⁴, deep intramural arrhythmia origins in some cases, 

and, most importantly, the shape and mobile nature of these structures, which can result in poor 

catheter contact and stability during lesion delivery. 468 To address the latter, technologies beyond 

traditional RF ablation have been shown to have promise, including focal  and ballon cryoablation. 

467,471-473 Although these technologies have improved procedural success, ablation is still 

challenging with procedural duration in a recent series exceeding 4 hours.467 

Pulsed field ablation (PFA) is an emerging technology designed to cause irreversible 

electroporation of cell membranes, leading to cell death and lesion formation in both healthy and 

diseased myocardium.369,370 Whilst the depth of lesion formation is still dependant on catheter 

contact in PFA,370 a recent pre-clinical study using a large footprint lattice-tip catheter showed 

good lesion formation in papillary muscles and the moderator band in a swine model with 

preservation of valvular function.372 Whilst designed to target cardiomyocytes, PFA has also been 

shown to affect the electrical conduction system and eliminate Purkinje fibre potentials, which can 

reduce vulnerability to ventricular fibrillation (VF).371 Given the dense Purkinje fibre network and 

propensity for PVC mediated VF from these structures, we hypothesised that PFA would be a 
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useful strategy to target PVCs from these intracavitary structures. Furthermore, it is conceivable 

that such a large footprint system may overcome limits of contact and stability and RF induced 

automaticity which could improve outcomes in these cases.  

Here we present a proof-of-concept case series of ventricular arrhythmia ablation of the 

intracavity structures- namely, the moderator band and right and left ventricular papillary muscle- 

using PFA.  

6.2 Methods 

Between 2023 and 2024, three patients underwent PFA for treatment of intracavitary PVCs 

at a single tertiary referral centre (Westmead Hospital) and were included in this case series. All 

patients provided informed consent to the off-label use of PFA for targeting their arrhythmia prior 

to their procedure. Data for this study was collected as a part of the VA-West registry, approved 

by the Western Sydney Local Health District Human Research Ethics Committee.  

Transthoracic echocardiography ± cardiac multi-detector computed tomography (CT) ± 

cardiac magnetic resonance imaging was obtained on patients during pre-procedural workup to 

assess for structural heart disease and evaluate ventricular function. Holter monitoring for a 

minimum of 24 hours was conducted to evaluate the pre-procedural PVC burden. 

6.2.1 Electroanatomic mapping 

Our approach to mapping PVCs has been described previously.238 Antiarrhythmic drugs 

(AADs) were ceased at least 5 half-lives prior to the procedure, except in the case of an emergent 

indication. General anaesthesia was administered after recording the 12-lead electrocardiogram 

pattern of the clinical PVC.  

Vascular access was obtained under ultrasound guidance. A series of venous sheathes were 

inserted: (1) an SL3 sheath (Abbott Medical, IL) to perform coronary sinus venography and insert 
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a decapolar catheter into the coronary sinus; (2) a short sheath for the insertion of a quadripolar 

catheter into the right ventricular apex: (3) a short sheath for  an ICE catheter (CARTO; Biosense 

Webster, CA) and finally, (4) For the LV; an SL0 sheath (Abbott Medical, IL) for transeptal 

puncture under ICE guidance, exchanged for a large curved Agilis catheter (Abbott Medical, IL) 

for mapping, or, for RV; a small curved Agilis catheter for mapping and ablation of the right 

ventricle. These were subsequently exchanged for the Faradrive steerable sheath (Boston 

Scientific, MA) for PFA.   

ICE was used with CartoSound (Biosense Webster, CA) to create endocardial shells of the 

chamber of interest, with  particular attention given to demarcating intracavitary structures. It was 

also utilised to monitor catheter contact of the activation mapping (DecaNav, Biosense Webster, 

CA), RF ablation and PFA catheter.  

If PVCs were too scarce to permit activation mapping, several provocation manoeuvres  

were employed. Burst RV pacing down to ventricular refractoriness was performed from the RV 

apex. This was then repeated on the highest tolerated dose of isoprenaline (up to 40 μG/min). 

Programmed electrical stimulation was also performed using a 400 ms drive train with 4 

extrastimuli beginning at 300 ms, decrementing by 10 ms down to ventricular refractoriness. 

Sustained VT was defined as monomorphic VA with duration >10 seconds. Activation mapping 

was performed to find site of earliest origin (and position on intracavitary structures was confirmed 

by ICE.  

If there were paucity of PVCs to permit activation mapping even with provocation, bipolar 

pacing from the ablation catheter at a fixed rate of 600 ms (or 10 ms below baseline rate) with an 

output of 10 mA and 2 ms pulse width was performed. Tissue contact was monitored aiming for 
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contact force (CF) of ≥10g. If there was no pace capture, the pacing output was increased to 10 

mA and 9 ms as required. Captured beats were analyzed using the PASO (Carto) algorithm. 

6.2.2 Radiofrequency and pulsed field ablation 

For PFA, a 31mm multielectrode pentaspline Farapulse (Boston Scientific, MA) PFA 

catheter was advanced into RV or LV via a deflectable Faradrive steerable sheath. It was advanced 

into the ventricle over the wire in basket configuration. The catheter was visualised at all times by 

ICE entering into the ventricle to monitor for entanglement with valvular chordae. The 

manipulation of the PFA catheter was guided by ICE. The catheter was predominantly used in 

’basket’ configuration ; however, the 'flower' configuration was attempted if contact was poor. It 

was visualised as a virtual catheter in CARTO 3D mapping system (connection of 3rd electrode of 

every spline to the CARTO system). The contact and stability of catheter with tissue was visualized 

under ICE. Repetitive applications of PFA using standard settings: (2.0-kV output, 5 biphasic and 

bipolar pulses 200 milliseconds (ms) in duration each with 300 ms pause (2.5 seconds per 

application), aiming for suppression of PVCs. Importantly, prior to lesion delivery with PFA, the 

position and contact of the PFA catheter in either “basket” or “flower” configuration was 

confirmed in precise detail with ICE. This safety measure confirmed that PFA splines were not 

inadvertently in contact with and inadvertently ablating surrounding structures.  

Where required, adjuvant RF ablation was performed using a 3.5-mm-tip open-irrigation 

catheter ThermoCool SmartTouch (Biosense Webster, CA). Ablation was delivered aiming for a 

contact force of ≥10 grams. RF energy of up to 50 watts was delivered, aiming for an impedance 

drop of between 10 and 20 ohms. As with PFA, catheter position and stability were determined 

with ICE.  

6.2.3 Follow up  
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All patients underwent a 24-hour period of cardiac monitoring immediately following the 

procedure. After discharge, patients were followed up through a combination of outpatient clinical 

reviews, up to 5-day Holter monitoring and/or device checks to monitor ventricular arrhythmia 

and PVC counter. Hospital medical records and outpatient clinic assessments were used to 

complete clinical follow-up. Follow-up was defined as the time from final ablation procedure to 

the last documented clinical review. 

6.3 Results 

The baseline characteristics of the three patients are summarised in Table 1. The procedural 

characteristics are summarised in Table 2.  

6.3.1 Case 1  

A 55-year-old man, with history of PVC mediated VF arrest presented with recurrent 

implantable cardioverter defibrillator (ICD) shocks. His first episode of VF was at age 29 and at 

that stage an ICD was implanted. An RV biopsy after initial presentation suggested possible right 

ventricular dysplasia (fatty infiltration and fibrosis in RV myocardium), and 12-lead ECGs showed 

frequent left bundle branch block morphology PVCs.  However, gene testing revealed two variants 

of unknown significance that were non-phenotypical of arrhythmogenic right ventricular 

cardiomyopathy (ARVC). An endocardial/epicardial substrate map was within normal limits. He  

underwent four endocardial RF catheter ablations followed by one endocardial/epicardial RF 

catheter ablation, but  PVC-mediated VF and shocks persisted. During his most recent procedure, 

the PVC was mapped to the moderator band, and RF energy was applied without success.  

In view of failure and/or intolerance of multiple anti-arrhythmic drugs, including 

amiodarone, a high PVC burden on Holter (10.13%), and PVC-triggered VF, repeat catheter 

ablation was offered. Three PVC morphologies were identified (summarised in Table 2) however, 
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they were too infrequent for activation mapping, even with  provocation. Pace mapping with ICE 

guidance showed good matches at anterior RV free wall at an accessory insertion site of moderator 

band into the RV wall (Figure 1A). RF ablation at the best pace map area failed to eliminate the 

PVCs. In view of prior failed ablations, adjuvant PFA was employed.  

The PFA catheter was advanced into RV, and its manipulation was guided by ICE. The 

catheter was in basket configuration and was visualised as a virtual lasso shaped catheter on the 

electroanatomic mapping system. The contact and stability of catheter with tissue was visualised 

under ICE (Figure 1B). A total of 28 applications were performed in the previously ablated area 

and over the moderator band. There was loss of capture in PFA ablated area at high output pacing 

(20-mA/9-ms) (Figure 1C). The patient developed right bundle branch block (RBBB) after PFA 

which persisted after the case. The ICD lead parameters remained stable after the procedure. There 

was no significant haemoglobin reduction post procedure. The PVC counter on his device 

decreased from 83,700 over a 36-day period prior to ablation to 196 (Figure 1D), with no further 

episodes of ventricular fibrillation observed during a follow-up period of 293 days after ablation." 

6.3.2 Case 2 

A 74-year-old woman presented with symptomatic high-burden PVCs (35% on Holter) 

despite taking slow-release Verapamil 180mg.  Cardiac MRI showed a mildly dilated RV with 

reduced systolic function (RVEF 41%). However,  she  did not otherwise meet ARVC criteria. A 

genetic panel for cardiomyopathy demonstrated no medically significant variants. She underwent 

RF ablation for a moderator band PVC, during which the septal insertion of RV moderator band 

was ablated. Despite this, she had persistent symptoms and a high PVC burden (27%).  

Repeat catheter ablation was offered. The PVC was left bundle branch block morphology, 

negative concordance and left superior axis. Activation map with ICE guidance showed earliest 
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activation at apical lateral RV at the base of a complex RV anterior papillary muscle -32ms pre-

QRS and with 98% pace match (Figure 2). Due to  prior failed ablation and the complexity of the 

RV moderator band-papillary muscle complex, PFA was employed. The PFA catheter was guided 

by fluoroscopy and ICE. A total of 8 applications of PFA were performed at the site of best 

activation/pace map. However, the PFA catheter was not able to advance further apically to contact 

the apical side of the target area, which was still captured electrically when paced at high output 

(10-mA/ 9-ms). Therefore, adjuvant RF ablation was performed to the apical area where the PFA 

catheter could not reach. No PVCs were observed after the ablation, despite high-dose 

isoproterenol infusion (10mcg/min). There was no significant reduction in haemoglobin or other 

complications. At 50 days follow-up, the PVC burden on a five-day Holter monitor was reduced 

to 1.5% 

6.3.3 Case 3 

A 69-year-old man with history of post-infarction cardiomyopathy (LVEF 41%, moderate 

mitral regurgitation) presented with an ICD shock due to PVC-triggered VF 4 years ago. He was 

started on amiodarone but subsequently developed amiodarone-induced thyroiditis Following the 

cessation of amiodarone and the commencement of sotalol, he continued to experience symptoms. 

Cardiac MRI demonstrated subendocardial scarring in the mid-distal anterior and anteroseptal wall 

and basal-mid inferior wall.  Late gadolinium enhancement was also noted on the base and body 

of the posteromedial papillary muscle.  

Catheter ablation was offered due to failed medical treatment. Substrate mapping 

demonstrated a low voltage area over basal to middle inferior wall and apical region. The PVC 

was right bundle branch block morphology with transition in V4 and left superior axis. Activation 

mapping of the PVC showed a focal centrifugal activation pattern with earliest activation time -
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26ms pre QRS at the base of the posteromedial papillary muscle (Figure 3). The local electrograms 

at this site were fractionated. Due to the known scarring in the posteromedial papillary muscle, 

anticipated poor RF contact and deep substrate, upfront PFA was performed. PFA was applied at 

the earliest activation site, the posteromedial papillary muscle, and further substrate modification 

of inferior wall and apex was done performed with PFA. A total of 30 applications were required 

as manipulation of the PFA catheter via the steerable sheath was difficult. There were no PVCs 

seen immediately after the final ablation. There was no significant reduction in haemoglobin. The 

ICD lead parameters remained stable post procedure and there were no complications. Cardiac 

echocardiogram the day after PFA showed an LVEF of 48% with unchanged moderate mitral 

regurgitation (MR). 

6.4 Discussion 

This preliminary report highlights the feasibility of PFA in the ablation of intracavitary 

structures. In all three cases, PVCs originating from intracavity structures (the RV moderator band, 

RV papillary muscle complex, and LV posteromedial papillary muscle) were successfully ablated. 

We have made several important findings  

1. PFA delivery to mobile intracavitary structures is feasible with excellent acute success, despite 

failed prior RF ablations in 2/3 cases. 

2. Difficult manoeuvrability of the pentaspline catheter necessitated adjuvant RF ablation in 1/3 

cases. 

3. PFA delivery to mobile intracavitary structures is safe. The only complication noted was a 

persistent RBBB with PFA delivery to the moderator band in Case 1. There was no significant 

reduction in haemoglobin, vasospasm, stroke or deterioration in valvular function. 
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There are now three published reports describing outcomes of PFA for PVCs (n=21474, 

n=20475 and n=11476). These series, however, included a majority of outflow tract PVCs and all 

employed focal monopolar ablation using the Centauri system (Cardiofocus Inc, MA). Peichl et 

al. (2024) described three patients with papillary muscle arrhythmia (one scar related) and though 

success rates are not available for this group specifically, at least 1 is described to have late 

recurrence at 3 months.474 In their case series, Della Roca et al. (2024) described five patients 

(25%) with intracavitary PVCs (two moderator band, two posteromedial papillary muscle, one RV 

papillary muscle) of which 4/5 had long term success (recurrence from RV papillary muscle).475  

Four out of 5 of these cases had irritative ventricular firing, a phenomenon which we did not 

observe (possibly due to our alternative bipolar PFA system or possibly by chance). Indeed, the 

lack of ventricular ectopy during or after lesion delivery in our series is a counterpoint to ectopy 

induced during radiofrequency ablation which itself can limit lesion duration. Similar to our Case 

1, both patients in this series developed RBBB after ablation of the moderator band (1 transient).475 

Finally in the most recent series by Ruwald et al. (2025), the only moderator band case and 1 of 2 

papillary muscle cases had long term recurrence.476 PFA for one of the papillary muscle cases 

resulted in a minor stroke with remission of symptoms.  

It is difficult to compare the success in our series with a pentaspline bipolar ablation 

catheter against these few cases due to low numbers and different substrate (2/3 patients in our 

series had PVC induced VF, 1/3 significant ventricular scar). However, it is conceivable that the 

catheter shape and large footprint aided catheter contact and lesion delivery and informed differing 

success rates. We note two recent case reports demonstrating success with pentaspline PFA 

delivery to the papillary muscles, 477,478 further supporting our strategy in these difficult to ablate 

structures.  
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Important pre-clinical studies have established the ability for PFA to delivery good quality 

lesions in the ventricle.  No significant differences were seen in lesion depth between the focal and 

basket Farapulse catheters during bipolar PFA in both healthy and infarcted myocardium, though 

the larger footprint catheter invariably led to increased lesion width.369 More recently, Nies et al. 

(2024) delivered lesions to intracavitary structures including the papillary muscles and moderator 

band with ICE guidance using a large footprint monopolar lattice tipped catheter, crucially with 

ICE, fluoroscopy and electroanatomic mapping guidance.372 Papillary muscle lesions with good 

catheter contact had greater lesion dimensions (18.3mm x 15.3mm x 5.8mm deep) whilst lesions 

with intermittent contact had similar length and width but significantly less depth (3.9mm, 

p=0.014).  

It is important to note that, as with other studies, the manipulation of such a large, non-

deflectable over the wire catheter in ventricle was difficult.479 This difficulty may be worse within 

non-dilated ventricles, particularly in the presence of valvular chordae. Furthermore, this limited 

manoeuvrability can make contact with the ventricular surface difficult. We noted limited 

manoeuvrability, as reflected in Case 2 and also in Case 3.  To address this, our cases were guided 

by multimodality imaging including 3D mapping, ICE and fluoroscopy, which may help to 

overcome such difficulty. Despite poor manoeuvrability, we successfully eliminated PVCs from 

the moderator band in Case 2, possibly due to transmural lesion formed by PFA. Alternatively, the 

adjuvant effect of RFA may have helped. Further, as shown in Figures 1-3, careful delineation of 

the target structure with ICE was integral to lesion delivery and could in a large way explain the 

success of these procedures.468 Others have reported on the manoeuvrability of this system in the 

ventricle. Importantly Lozana-Granero et al. were able to target ventricular arrhythmia from a basal 

LV aneurysm, mid inferolateral LV and basal inferolateral RV479 whilst others have been similarly 
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able to target LV papillary muscle structures.477,478 This confirms that this system can afford 

enough contact for sufficient ablation of arrhythmia sites though certainly a deflectable catheter 

itself (such as a focal monopolar PFA catheter) would offer promise in addressing this challenge. 

Another solution that may offer more reach and manoeuvrability for the FaraWave catheter in the 

ventricle, which was not trialled in this cohort, is the use of an alternative 13 French steerable 

sheath such as an Agilis NxT Steerable Dual‑Reach sheath (Abbott, Illinois, United States) where 

a large curl might facilitate more contact of the PFA catheter with the ventricular endocardium.  

Our study did not find significant safety concerns with delivery of PFA to intracavitary 

structures in the ventricle. Firstly, despite repeated applications with at times poor catheter contact, 

we report no significant reduction in haemoglobin or significant microbubble emboli. Secondly, 

although ventricular arrhythmias induced during pre-clinical studies could be attributed to the 

arrhythmogenicity of the swine model,369 irritative ventricular firing475 and even initiation of 

ventricular tachycardia480 has been noted in human reports. We did not encounter any VF or ectopy 

during PFA in ventricle and the incidence remained to be studied and determined. Thirdly, in our 

series, a range of 8-30 PFA applications (with repetitive applications in the same site) were 

delivered considering the possibility of intermittent contact and swine studies showing repetition 

improves lesion dimensions.481 A safety concern could be myocardial stunning by PFA, which 

may theoretically lead to transient depression of LVEF and even heart failure compensation or 

hemodynamic instability. This was not observed in our cases; in fact, for our patient in Case 3, 

echocardiography the day after ablation (and delivery of 30 PFA lesions) saw improvement in EF 

post ablation (LVEF 41% to 48%). Fourth, ICD lead parameters were not affected by PFA despite 

proximity of lead to apical ablation site as showed in cases 1 and 3. We note that the effect of PFA 

in ventricular ablation on ICD leads is still unclear and potential interactions with ICD leads should 
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not be neglected. Finally, we did note a single incidence of RBBB following ablation of the 

moderator band which has been described in other studies.475 Longer term follow up is required to 

understand the effects on the RV of transmural lesion creation in the moderator band.  

6.4.1 Limitations 

This study has limitations worth noting. This is a small case series and therefore it is not 

possible to make treatment comparisons to RF, cryoenergy and alternative PFA delivery systems. 

We note the relative paucity of cases involving these structures in most ablation cohorts (2-5%). 

However, these observational results may be of value as a proof-of-concept report describing a 

strategy to ablate such arrhythmias using PFA guided by ICE such as to inspire further research in 

this field. Importantly, cryoablation offers promise in treating these structures and this was not 

offered to any patients in this series. As our cases are limited to acute success and short-term 

outcomes, further studies are needed to assess long term outcomes and further delineate the role 

of PFA in ventricular ablation of intracavitary structures. We did not measure markers of 

haemolysis such as lactate dehydrogenase, free plasma haemoglobin and haptoglobin and hence 

subclinical haemolysis may have occurred in these cases which were not detected. Further though 

we describe our experience with a large footprint bipolar PFA catheter with biphasic lesion 

delivery, variation in voltage delivery, waveform, packet duration, packet number, delivery, 

catheter configuration and monopolar vs bipolar lesion delivery can all  affect procedural success 

and complications.482 Determining optimal configurations for lesion formation in these structures 

requires more pre-clinical and clinical validation.  
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6.5 Conclusion 

In conclusion, this case series, though small, provides a proof of concept and novel strategy 

to ablate difficult to target arrhythmias from intracavitary structures. Further pre-clinical and 

clinical validation studies are required to establish the role of PFA to treat ventricular arrhythmias.  
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6.6 Figures 

Figure 6-1 Case 1 

A. The morphology of the right ventricular moderator band, it’s insertion into the right ventricular 

wall and insertion into the right ventricular anterior papillary muscle is appreciable on intracardiac 
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echocardiography (ICE). 3 PVC morphologies were encountered during the case. Pace map scores 

superimposed upon the moderator band – right ventricular papillary muscle complex are shown. 

Best pace map score for PVC1 was 93% localised to an accessory insertion from the right 

ventricular moderator band to the right ventricular apex (blue dot). Best pace map score for PVC 

2 was 88% to the moderator band body. Best pace map for PVC 1 was 83% to a similar region to 

PVC1. On the right most electroanatomic map, the location of radiofrequency lesions to target 

these sites are displayed. B. ICE demonstrates good catheter contact of the Farapulse catheter in 

“basket” formation to the region of interest. A single application of PFA (2kv, 5 pulses, 200ms 

duration for each packet with 300ms gap) is demonstrated. C. Post ablation testing for ventricular 

capture with the ablation catheter demonstrates electrical inexcitability with newly noted right 

bundle branch block (also seen on post procedural ECG). D. Post PFA procedure, dramatic 

reduction in PVC counter on ICD follow up (293 days post ablation).  

 



Chapter 6: Submitted manuscript – PFA for intracavitary PVCS 

 231 

 

Figure 6-2 Case 2 
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A. Activation and Pace map demonstrates localisation of the PVC to the right ventricular papillary 

muscle (pink dot is best site). Map has been made transparent to demonstrate location of PFA 

catheter (shown on this electroanatomic map as a lasso shaped virtual catheter). B. Intracardiac 

echocardiography (ICE) demonstrates a complex right ventricular papillary muscle (band noted 

between two heads), localising the region to the base of the muscle. C. ICE demonstrates 

manoeuvring of PFA catheter in “basket” formation into the RV apex. Fluoroscopy (right anterior 

oblique 30) demonstrates difficulty to advance catheter further to apex. Electroanatomic map 

demonstrates adjuvant lesion delivery with radiofrequency ablation.  
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Figure 6-3 Case 3 

A. Bipolar and unipolar voltage maps demonstrate post-infarction scarring of the left ventricle. The activation map (made transparent to 

show the papillary muscles delineated by intracardiac echocardiography) shows earliest site of activation at the base of the posteromedial papillary 

muscle. The site of earlies activation -26ms pre QRS shows a multicomponent fractionated electrogram without clear isolated Purkinje potential 
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at the base of the posteromedial papillary muscle. B. Electroanatomic map shows the location of the PFA catheter during lesion delivery, also 

shown on intracardiac echocardiography where the catheter can be seen with good contact with the papillary muscles. The fluoroscopy image 

shows flexion of the catheter to aid contact with the posteromedial papillary muscle.  
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6.7 Tables 

Table 6-1 Patient Characteristics 

Case 
number 

Age Sex LVEF 
(%) 

Cardiomyopathy IHD VA AADs Previous 
ablations 

1 55 Male 67 Possible right ventricular dysplasia on RV biopsy (fat infiltration 
and fibrosis) but negative gene panel and normal 
endocardial/epicardial voltage mapping.  

No PVC 
induced 
VF 

Pre-ablation: Metoprolol XL 
 

Failed/Not tolerated: 
Amiodarone, flecainide, 
carvedilol, verapamil, 
mexiletine 

Phenytoin 

5 

2 74 Female 56 Mild RV systolic dysfunction on CMR not meeting ARVC 
criteria. Negative gene panel.  

No PVC Pre-ablation: Bisoprolol 
 

Failed/Not tolerated: 
verapamil 

1 

3 69 Male 41 Post-infarction cardiomyopathy. CMR demonstrated 
subendocardial scar involving mid-distal anterior/anteroseptum 
and basal-mid inferior wall including base/body of posteromedial 
papillary muscle 

Yes PVC 
induced 
VF 

Pre-ablation: Sotalol 
 

Failed/Not tolerated: 
Amiodarone 

0 

 

Abbreviations : AADs – antiarrhythmic drugs, ARVC – arrhythmogenic right ventricular cardiomyopathy, CMR – cardiac magnetic resonance 

imaging, IHD – ischaemic heart disease, LVEF – left  ventricular ejection fraction, PVC – premature ventricular complex, RV – right ventricle, 

VF – ventricular fibrillation
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Table 6-2 Procedural characteristics 

Case 
number 

PVC site PVC description Earliest 
activation 
(ms) 

Best pace 
map score 
(%) 

PFA 
applications 

RFA 
touch 
up 

RFA touch up 
applications 

Procedural 
time (mins) 

Fluoroscopy 
time (mins) 

1 RV Moderator band PVC1: LB 
transition V6, LS 
axis 
PVC2: LB -ve 
concordance, Left 
axis (II/III 
discordance) 
PVC3: LB -ve 
concordance, LS 
axis 

- PVC1:93 
PVC2: 88 
PVC3: 83 

28 (in basket 
formation) 

No - 197 12.22 

2 RV anterior papillary 
muscle/moderator 
band complex 

LB -ve 
concordance, RS 
axis 

-32 98 8 (in basket 
formation) 

Yes 16  122 7.41 

3 LV Posteromedial 
papillary muscle 

RB, transition V4, 
LS axis 

-26 - 30 (basket 
and flower) 

No - 142 23.5 
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7 RADIOTHERAPY FOR VENTRICULAR TACHYCARDIA IN 

ADVANCED STRUCTURAL HEART DISEASE: PROTOCOL 

FOR A RANDOMISED CONTROLLED TRIAL 

(RADIOABLATE-VT) 

7.1 Aim 

To examine in a randomised trial in patients with advanced structural heart disease and 

ventricular tachycardia if stereotactic body radiation therapy (SBRT) in addition to medical 

therapy is superior to current clinical management comprising of medical therapy plus/minus 

catheter ablation (CA) in reducing the burden of VT with acceptable safety. 

7.2 Hypothesis 

We hypothesise that in an open label randomised controlled trial of patients with advanced 

structural heart disease and VT that SBRT with medical therapy (guided by state-of-the-art 

multimodality imaging, EAM and ECG analysis) will be superior in reducing VT burden compared 

to standard care comprising of medical therapy +/- CA with acceptable safety and adverse events. 

7.3 Background 

Sudden cardiac death (SCD) claims 15,000 Australian lives annually 1. Ventricular 

tachycardia (VT) is the most common cause. Treatment for VT to prevent SCD include 

defibrillators (ICD), however ICDs can cause inappropriate shocks and are fallible; one third 

patients with ICDs suffer SCD 483. Other treatments include anti-arrhythmic drugs (AADs) (though 

they have side-effects) and catheter ablation (CA). Despite CA, long term VT recurrence in 
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patients with structural heart disease ranges from 26-52%. 484 CA fails due to epicardial or 

intramural substrate which may be beyond the reach of lesion depth achievable by conventional 

ablation techniques, or the presence of VT substrate in close proximity to critical structures, or if 

the region of VT substrate cannot be accessed safely (e.g. prior cardiac surgery with epicardial 

substrate). 485 

Recently, stereotactic body radiation therapy (SBRT), widely used in oncology to treat 

tumours, has been innovatively used as a therapeutic modality for VT refractory to CA. After first 

in-human use in 2015,374 a small case series (n=5) demonstrated 99.9% reduction in VT burden 

after 6-week blanking.375 Localised inflammatory lung changes were noted, resolving at 12 

months. One patient experienced a fatal stroke (although is unclear if SBRT caused the same). 

Subsequently, a Phase 1/II clinical trial (n=19 patients) has demonstrated a reduction in VT burden 

of 94% at 6 months.376 Longer term, 2-year overall survival was 58%.377 A retrospective case series 

(n=10) in Ostrava, Czech Republic demonstrated a VT burden reduction by 87.5% at 12 months.378 

Multiple further case series but no randomised studies have been published.379-381 The first SBRT 

in Australia was performed in February of 2022 at Royal Melbourne Hospital. SBRT is now also 

supported and available for use by the Radiation Oncology Department at Westmead Hospital. 

Treatment planning for requires accurate characterization of substrate to generate a 3D 

target for radiation. Scar can be assessed with multi-modality imaging e.g. multi-detector 

computed tomography (MDCT) or cardiac magnetic resonance imaging (cMRI) using third party 

software (i.e. ADAS, Galgo Medical S.L., Barcelona, Spain and InHeart, IHU LIRYC, Bordeaux, 

France). These reconstructions can be co-registered with three-dimensional electroanatomic maps 

and 12 lead ECG of induced VT to determine VT exit and substrate requiring ablative therapy.  
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Australian and New Zealand, US and EU clinical trials registries describe 8 active 

registered trials investigating SBRT in VT of which three are RCTs. The first, (from Ostrava Czech 

Republic, NCT04612140) seeks to randomise 100 patients reporting 3-month safety and efficacy 

outcomes as well as VT burden and survival at 2 years. The second, (from Texas USA, 

NCT05084391) will have phase 1 safety trial of 15 patients followed by randomisation of patients 

n=25 to SBRT or current standard of care. It will report survival at 6 and 12 months as well as cost 

effectiveness, quality of life, VT burden, LVEF and long-term toxicity. This single-centre trial will 

exclude patients with LVEF <15% and with > 5 morphologies of VTs. These patients are more 

likely to have high risk or fail repeated CA. Recruitment has not commenced. The third, (from 

Ottawa Heart, NCT NCT05047198) seeks to recruit 244 patients with cardiomyopathy and 

recurrent VT despite CA or at high risk of CA and randomise to catheter ablation or SBRT guided 

by non-invasive pre-procedural planning using ECGi. There are no clinical trials registered in 

Australia. Further studies are needed to ascertain the safety and efficacy of SBRT. 

7.3.1.1 Summary of rationale 

SBRT offers a potential paradigm shift in the treatment of VT, offering outpatient therapy 

lasting approximately 15 minutes with potentially large cost savings to health as well as significant 

improvement in patient morbidity. In comparison, the average procedure time for VT ablation in 

advanced structural heart disease from our cohort at Westmead Hospital over the past 4 years was 

210 minutes. Multiple centres are establishing SBRT programs worldwide, but the ideal patient 

population is uncertain and urgent randomised controlled trials (such as RADIOABLATE-VT) are 

needed. We anticipate that if the safety and efficacy of SBRT is established in this cohort, 

conceivably, SBRT could be expanded to a larger, lower risk population of patients experiencing 

VT, potentially as a first line alternative to current standard of care.  
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7.3.2 Trial/Study Design 

7.3.2.1 Study Design: 

This is an open label randomised controlled trial of SBRT (guided by state-of-the-art 

multimodality imaging, EAM and ECG analysis) versus standard of care for patients with 

advanced structural heart disease. Patients will be randomised in a 1:1 manner to receive either 

SBRT or standard of care and followed for a minimum of 12 months. Measurement of and 

verification of outcomes will be blinded.  

7.3.2.2 Assignment of interventions and randomisation 

Randomisation of intervention and control will be in the ratio 1:1. Randomisation will 

occur in variable block sizes from 2-6 and will be performed using a secure, password-protected 

web portal (REDCap).  

7.3.3 Methods: Participants, interventions, and outcomes 

7.3.3.1 Study Setting and recruitment 

Recruitment will be at Westmead Hospital, Sydney, New South Wales from inpatient care, 

outpatient clinic, and remote monitoring clinics with plan to add additional sites when there is in 

interest. Given the pressing clinical need for new ablative strategies for this life-threatening 

condition, we anticipate this trial will be completed within 12-18 months. 

We will contact cardiologists referring to the department of cardiology to assist in 

identifying potentially eligible patients. The research coordinator will work with cardiologists and 

electrophysiologists to identify potentially eligible patients, screen them and then invite them to 

face to face meetings to provide informed consent. We will only randomise patients that meet 

eligibility criteria and provide informed consent.  
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7.4 Eligibility Criteria 

7.4.1 Inclusion Criteria 

1. Structural heart disease (including ischaemic cardiomyopathy1, non-ischaemic 

cardiomyopathy or congenital heart disease and defined as any one of 

2.  

a. segmental or global decreased ventricular wall motion as defined by TTE, CT or 

cMRI 

b. myocardial hypertrophy 

c. myocardial scar (evidenced by late gadolinium enhancement on cMRI, wall 

thinning on cardiac CT, low voltage on electrophysiological study or abnormal 

intracardiac echocardiography) 

3. Recurrent monomorphic VT which can include 

a. at least one episode of VT treated by ICD and/or 

b. sustained VT (lasting >30s) and/or 

c. inducible sustained VT on invasive electrophysiological study (EPS) or non-

invasive programmed stimulation (NIPS) 

 
1 Ischaemic cardiomyopathy will be defined as previous or current coronary occlusion > 70% in a coronary 

artery with resultant evidence of scar (defined by regional wall motion abnormality on transthoracic echocardiogram 
or wall thinning on CT perfusion study or late gadolinium enhancement on cardiac MRI in this same territory). Non-
ischaemic cardiomyopathy will be defined as scar (as defined by echocardiogram, CT perfusion or cardiac MRI as 
above) in a territory without associated coronary disease (previous or current coronary occlusion > 70%) in 
corresponding vessel. Co-incident coronary artery disease may be present in patients with non-ischaemic 
cardiomyopathy. Diagnosis of ischaemic or non-ischaemic cardiomyopathy as above will be left to the treating 
cardiologist with adjudication by trial PI (Saurabh Kumar) if there is any disagreement 
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4. PAINESD2 score of ≥9 points and/or at least moderate risk of VT recurrence or death as 

defined by the I-VT3 score.  Both are validated tools used clinically to identify patient at 

high risk of VT recurrence and/or mortality after CA. 

7.4.2 Exclusion criteria 

Patients will be excluded if they are: 

1. Age < 18 years 

2. Life expectancy < 3 months  

3. Catheter ablation deemed futile or with prohibitive risk by cardiac electrophysiologist. 

4. Unwilling or unable to provide consent 

5. Known cardiac channelopathies (e.g. Catecholaminergic polymorphic ventricular 

tachycardia (CPVT), long- or short QT syndrome, Brugada syndrome) 

6. Contraindications to radiotherapy as deemed by referring physician and/or radiation 

oncologist 

7. Pregnancy or breast feeding 

7.5 Interventions 

7.5.1 Study treatment 

 
2 PAINESD Score is a score composed of pulmonary disease, age, ischaemic cardiomyopathy, NYHA class, 

ejection fraction, presence of VT storm and diabetes. PAINESD score > 9 suggests > intermediate risk of acute 
haemodynamic deterioration post catheter ablation. Muser, Daniele, et al. "Identifying risk and management of 
acute haemodynamic decompensation during catheter ablation of ventricular tachycardia." Arrhythmia & 
Electrophysiology Review 7.4 (2018): 282. 

3 I-VT score is a predictive score for identifying survival and recurrence risk profile of patients undergoing 
catheter ablation. Vergara, Pasquale, et al. "Predictive score for identifying survival and recurrence risk profiles in 
patients undergoing ventricular tachycardia ablation: the I-VT score." Circulation: Arrhythmia and Electrophysiology 
11.12 (2018): e006730. 
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All included patients will be managed with appropriate, clinically indicated medical 

therapy by their usual medical practitioners.  

Standard medical therapy will be applied to both groups on discretion of the treating 

cardiologist which may include: 

1. Optimisation of heart failure status to achieve an euvolemic state with initiation or 

escalation of diuretics; 

2. Standard medical therapy known to improve outcomes in cardiomyopathy including 

initiation titration of ß-blockers, angiotensin converting enzyme inhibitors (ACE-I), 

aldosterone antagonists, angiotensin receptor – neprilysin inhibitors (ARNI) and Sodium-

Glucose Cotransporter-2 Inhibitors (SGLT2i) 

For all patients, ICD settings will be programmed according to standard HRS guidelines.486 

7.5.2 Control arm 

Patients randomised to the control arm will be managed as per current clinical care in 

consultation with a cardiac electrophysiologist and will include optimisation and/or uptitration of 

anti-arrhythmic therapy plus consideration of CA where appropriate as per current guidelines. The 

objective of the control arm is to replicate what would constitute standard of care for patients with 

VT and advanced structural heart disease for which SBRT is currently unavailable. Multiple drugs 

and ablation procedures to control VT are permitted during follow up, upon discretion of the 

treating cardiologist.  

Anti-arrhythmic drug optimisation will be as per current guidelines. At the discretion of 

the treating cardiologist acute management of VT can include intravenous or oral administration 

of amiodarone and/or esmolol and/or mexiletine. Long term drug management will be with oral 

amiodarone and/or mexiletine and/or sotalol / propranolol / long acting metoprolol.   
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CA procedure(s) will be offered to patients where the risk/benefit profile is felt to be 

beneficial to the patient at the discretion of the treating cardiologist and cardiac electrophysiologist 

and as per wishes of the patient.  

CA procedures will be performed in the standard fashion, as accepted by international 

guidelines.487 Procedures will be performed under conscious sedation or general anaesthesia, as 

per the operator preference. This will include venous and/or arterial femoral vascular access, 

advancement of electrode catheters to the coronary sinus, right ventricle and induction of VT with 

programmed ventricular stimulation. Epicardial access will be taken at operator discretion (either 

via percutaneous approach or via surgical epicardial window). Advanced CA using extracorporeal 

membrane oxygenation, surgical cryoablation or ethanol ablation will also be permitted. Pre-

procedural imaging will be encouraged and if available will be analysed using either ADAS 3D or 

InHeart software to be integrated real-time into the procedure.  

Programmed ventricular simulation will be performed from the right ventricular apex, 

using a well validated stimulation protocol., extensively described previously.488 A drive train of 

400 ms will be used with each extra-stimulus introduced at 300 ms and decremented by 10ms until 

ventricular refractoriness. An additional extra-stimulus will then be added until all 4 extra-stimuli 

are refractory. The endpoint for stimulation will be sustained monomorphic VT lasting >10s or 

polymorphic VT of VF lasting >10s.488 

Ablation will be guided by a combination of mapping techniques, as per standard practice, 

and described in the guidelines for catheter ablation for VT.402 An endocardial and/or epicardial 

approach will be used, based on the operator’s discretion, based on 12 lead ECG at baseline, 12 

lead ECG of the clinical or induced VT, scar location seen on advanced imaging techniques such 

as cardiac CT or cardiac MRI. A three-dimensional substrate map will be used to identify the scar 



Chapter 7: RADIOABLATE-VT Trial Protocol 

 245 

using bipolar and unipolar voltage criteria. Low voltage scar will be defined as voltage <1.5mV 

489 on bipolar and <8.3mV (for LV)245 and <5.5mV (for RV) 246 for unipolar mapping. If VT is 

hemodynamically tolerated, activation and entrainment mapping may be used to guide ablation to 

terminate VT. If it is not hemodynamically tolerated, ablation targets will be identified using pace 

mapping, as well mapping of late, isolated or fractionated potentials, delineation of conduction 

channels and/or late abnormal ventricular activities (LAVA), as described previously.490 Irrigated 

radiofrequency (RF) ablation will be performed at standard power settings 30-50 Watts (W) for 

30-90 seconds, aiming for an impedance fall of 10-20 ohms. The endpoint will be non-inducibility 

of any VT using 4 extra-stimuli or isoprenaline.  

Intravenous heparin will be given at the beginning (bolus) and during the procedure, 

especially if endocardial left ventricular access is planned to prevent risk of systemic and/or venous 

thromboembolism, as per published guidelines.490 Further heparin boluses are given to maintain 

an ACT >300s, as per published guidelines. The procedure may be performed on uninterrupted 

warfarin and/or dabigatran, or bridging therapy with intravenous heparin or subcutaneous 

enoxaparin, as per the operator discretion. Post procedural anticoagulation is recommended but 

not mandated if extensive ablation (RF time ≥10 minutes) is performed.  

Pre- and post-CA, AAD management will not be prescriptive, and is left upon the 

discretion of the treating cardiologist, however typically in this population control of VT involves 

treatment with oral amiodarone + a ß-blocker, with addition of mexiletine if VT is not controlled 

or a ß-blocker alone (if intolerant to amiodarone), with addition of mexiletine if VT is not 

controlled. Post CA AAD use will be as per discretion of the cardiologist. Peri-procedural oral 

anticoagulation will be instituted with a transient switch to anticoagulant with reversibility (e.g. 
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IV heparin, dabigatran) in the 48 hours prior to the procedure and switched back to the original to 

be continued for 6 weeks, or continued indefinitely for other clinical indications. 

7.5.3 Intervention arm 

Patients randomised to the intervention arm will be expected to have the SBRT procedure 

within 6 weeks post randomisation.  AADs can be used before and after SBRT, as is standard of 

care.  

Pre-procedural planning will involve arranging a 12-lead ECG of spontaneous or induced 

VT, accessing any 3D electroanatomic mapping (EAM) performed within the last 6 months, 

cardiac gated contrast multi-detector computed tomography and cardiac MRI (where available). 

CT/cMRI data will be co-registered with EAM and then imported into the radiation treatment 

planning software (Eclipse, Varian, Palo Alto, CA). A multi-disciplinary team of at least two 

electrophysiologists and one radiation oncologist will create a target internal volume.  

The patient will attend a simulation session (lasting 1 hour) to collect CT images and 

necessary information for treatment planning. Subsequently the patient will attend a follow up 

session (approximately 2 weeks later) for treatment delivery. The patient will receive 25Gy dose 

in a single fraction to the defined target. X-ray image guidance will be utilised to ensure accurate 

delivery of treatment dose. Patients will subsequently be monitored in hospital until satisfaction 

of the treating team (in general for outpatients this means same day discharge). Anticoagulation 

(NOAC/warfarin) will be prescribed for 6 weeks post SBRT.  

If there is recurrence of VT in the SBRT arm requiring medical intervention, further 

management of VT will be at the discretion of the treating cardiologist in conjunction with a 

cardiac electrophysiologist. VT will be managed medically with hospitalisation, treatment with IV 

AADs, or crossover to CA. CA has been performed following SBRT – in a series of 5 patients, 3 
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patients at 12 months follow-up had repeat RFCA for clinically significant VT 491. Further, there 

is preliminary data suggesting the utility of repeat SBRT – in a case series of 3 patients receiving 

repeat SBRT, no acute toxicity was described and for two patients, no side effects were observed 

at 22 months follow-up. 492   

For patients treated with SBRT, research blood tests will be collected. The bloods from 

patients pre and post treatment will be collected and stored at -80 degrees until processing for 

future research involving metabolomics/transcriptomics at the end of study (until samples are 

collected from all the patients). Briefly 3x1ml samples of blood will be drawn and stored in -80 

degrees freezer at Westmead Institute of Medical Research until processing. 

Metabolomics/transcriptomics data which will help identify therapeutic markers (metabolites or 

genes in patients which affect the response to SBRT) to improve treatment outcomes. Samples will 

be stored and secured at Westmead Institute of Medical Research and de-identified before leaving 

WSLHD premises. They will be stored for up to 7 years.  

7.6 Control of bias 

Blinding of patients is not possible as many of the interventions are invasive and based on 

current data, a sham procedure would be considered unethical. We will institute the following to 

minimise the potential for bias: 

a. Ensure adequate management of heart failure with maintenance of euvolemic state; 

b. Optimisation and maintenance of electrolytes; 

c. Devices will be programmed as per ACC international society guidelines 

d. Study personnel measuring outcomes (e.g. LV function, scar size) as well as analysing data 

will be blinded to intervention allocation.  

e. A pre-specified statistical analysis plan will be published 
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These measures will reduce the possibility of contamination and co-intervention effects. In 

addition, a clinical event committee blinded to treatment allocation will be used to objectively 

adjudicate the events associated with the primary and secondary endpoints. 

7.7 Study Risks and Deviation from Usual Care 

SBRT is an emerging medical technology, and this will be one of the first published 

randomised trials of SBRT world-wide. It is not an experimental procedure but instead has been 

used in patients with advanced structural heart disease in multiple registries. It has not been 

compared to standard care in a randomised fashion as has been described in this protocol.  

The study team at both sites will meet fortnightly to monitor the clinical status of patients. 

SAE are reportable to DSMC as soon as they are identified.  

Investigations commonly used in clinical practice for the evaluation of structural heart 

disease aetiology and its severity may include one or more of echocardiography, coronary 

angiography, cardiac magnetic resonance imaging (MRI), cardiac CT scanning, biopsy, cardiac 

positron emission tomography (PET) scan, genetic testing for familial dilated cardiomyopathies, 

and blood work to evaluate renal, thyroid and hepatic function. Routine clinical follow up at 6-

monthly intervals is considered clinical standard of care and so is echocardiography at ~6-monthly 

intervals in the first year to detect subsequent changes in ventricular function and to screen for 

valvular heart disease. Whilst on AADs, it is routine to screen bloodwork for abnormalities in full 

blood count parameters, renal and thyroid function due to the known toxicities of AADs. In 

addition to this, research blood work will be collected for patients who receive SBRT (before 

therapy, day of therapy and at 6 months and 12 months).   
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7.8 Study Outcomes 

The study will have a 42 day “blanking period” after SBRT or standard care until 

assessment of study outcomes, except for safety which will be included in this period. This is 

because the anti-arrhythmic effect of SBRT is thought to occur after the first 6 weeks after radiation 

is delivered to the heart. The 6 week treatment period also allows for optimisation of anti-

arrhythmic therapy and/or CA procedure(s) if the treating physician felt that the VT source was 

not sufficiently targeted on the index procedure and required mapping on epicardial surface or was 

located intramurally and further ablation is needed on both sides of the ventricular wall (e.g. LV, 

then RV septum; or endocardial, then epicardial ablation). 

7.8.1 Primary Outcome 

Proportion of patients with a ≥75% reduction in VT burden at 6 months (number of VT 

episodes in 6 months post treatment compared to the number of VT episodes in the 6 months prior 

to randomisation excluding a 6-week blanking period after treatment initiation) 

7.8.2 Secondary Outcomes 

These will be assessed at 6,12,24 and 36 months (except for mortality and safety endpoints 

which will be assessed from randomisation, all others will be assessed after a 42-day blanking 

period after treatment initiation):  

 

7.8.2.1 Secondary efficacy endpoints 

1. Recurrent sustained VT ascertained by implanted cardioverter defibrillator (ICD) (VT 

identified and treated by the ICD with anti-tachycardia pacing (ATP) and/or internal ICD 

delivered shock or ≥30 seconds of VT if untreated by ICD);  
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2. VT storm (three or more documented episodes of VT within 24 hours or incessant VT);  

3. Absolute % reduction in VT burden compared to pre-ablation;  

4. ICD shocks  

5. Cardiovascular hospitalisation  

a. All cause cardiovascular hospitalisation  

b. Heart Failure   

c. Hospitalisation for arrhythmia  

6. Mortality  

a. All-cause mortality  

b. Cardiac death  

7. Composite outcome of VT recurrence/hospitalisation/death/ cardiac transplantation 

8. Effect of intervention on ventricular function as assessed by transthoracic echocardiography 

from baseline  

9. Number of AADs  

10. Change in quality of life at 6 and 12 months (compared to pre-intervention) as measured by 

SF-36 / MASQ (Modified Arrhythmia Specific Questionnaire) / ICDC (Cardioverter 

Defibrillator Patient Concerns Questionnaire) 

11. Feasibility data for SBRT  

a. How many patients were excluded because SBRT could not be delivered safely 

b. Dose of radiation to key healthy tissues and cardiac structures – coronaries, atrial, non-

targeted myocardium  

12. Scar-size as measured by cardiac MRI compared to preceding cMRI (where available) 

13. Changes in signal averaged ECG metrics 
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14. Cost effectiveness of treatment at 12 months 

15. Cross-over rate and need for repeated ablations 

7.8.2.2 Secondary safety endpoints 

Serious Adverse Events (SAE) and Adverse Events of Special Interest (AESI) will be recorded 

throughout the trial from immediately post randomisation up to 36 months follow-up 

a. AESI related to effects of SBRT  

b. AESI related to standard care e.g. medical anti-arrhythmic drug therapy or catheter 

ablation or heart transplantation 

These pre-specified secondary endpoints will help to understand the findings if the trial does not 

demonstrate a difference between treatment allocations as well as to help plan future clinical trials.  

7.8.3 Cost effectiveness analysis 

A comprehensive economic evaluation from the health system perspective will be 

conducted to assess the relative cost-effectiveness of the intervention relative to usual care. We 

will collect data on the costs associated with delivering the intervention including costs of inpatient 

hospital treatment, outpatient clinic and emergency department visits, disposal equipment used 

(including catheters), and total costs of CA or SBRT (equipment and personnel). Participants will 

be asked to report primary care use for the preceding period through questionnaires at each point 

of follow-up. The key outcomes will be incremental cost-effectiveness rations measuring the cost 

per primary outcome averted/gained and Quality adjusted life years (QALYs) gained over the 

duration of the trial and follow-up period. QALYs will be calculated using health related quality 

of life outcome estimates collected in the trial. Bootstrapping will be used to estimate a distribution 

around costs and health outcomes, and to calculate the confidence intervals around the incremental 

cost effectiveness ratio. Sensitivity analyses will be conducted around key variables to test the 
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robustness of results to variations in key inputs. This analysis will provide important information 

to policymakers and administrators responsible for investment decisions in the field and will 

inform the development and implementation of clinical guidelines for treatment of these patients. 

7.9 Methods for follow up 

Patients will be followed until the end of the trial (36 months) or death with preliminary 

analysis at 6 months. Patients will be evaluated at baseline, then at 1, 3 and 6-monthly thereafter 

until study end date (last patient has been followed for a minimum of 1 year). All events will be 

adjudicated by the event committee blinded to the treatment allocation. Effects of ablation on 

ventricular function will be assessed by routine echocardiography reported by a core group of 

blinded experts in imaging at Westmead Hospital, using standard techniques at 6,12 and 36 months 

post intervention commencing. They will be blinded to group allocation.  

7.9.1 Participant Timeline 

All eligible participants will be randomised and followed up for a minimum period of 12 

months. Randomised participants who deviate from the protocol will still be followed up as their 

data will be analysed on the ‘intention to treat’ principle. Figure 1 illustrates the trial schema and 



Chapter 7: RADIOABLATE-VT Trial Protocol 

 253 

Table 1 shows the nature and timing of the data collection required during the study period.

 

Figure 7-1Trial Schema 

Table 7-1 Table of trial visits 



Chapter 7: RADIOABLATE-VT Trial Protocol 

 254 

 
Nb for safety, telephone reviews will be made with patient post SBRT at D7,28 

 

*Only if a patient does not have remote monitoring will they have 6, 12, 18, 24, 30, 36 months 

ICD checks.  

 

**Strongly recommended but not mandated by study.  

7.10 Screening Process 

All participants screened will be recorded by the study team and entered in the case report 

form (CRF). This initial contact may be via telephone or face to face. Initial screening activities 

will include a brief verbal assessment of the potential participant’s medical history, their 

willingness to participate, and current medications. If the member of the study team determine that 

the potential participant may be suitable for the study an invitation package including a copy of 
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the Participant Information sheet will be provided to the potential participant. If the patient is not 

eligible the main reason as to why a participant is excluded will be recorded on a screening log 

form. 

7.10.1 Baseline visit 

For baseline assessment, the information listed in Table 1 will be collected from each 

participant. This will include details of medical history, physical exam, concomitant medications, 

and if clinically available, results of blood tests and baseline imaging. 6 monthly VT burden will 

be obtained (from device interrogation and review of patients’ previous device interrogation 

reports. All baseline and subsequent follow up will be recorded in pre-formed REDCap database. 

All screened patients deemed eligible for the trial will be offered a consultation with a 

radiation oncologist to discuss SBRT risks and benefits and expected prior to randomisation.  

7.10.2 Randomisation 

Randomisation will be 1:1 to intervention and control. Randomisation will be by a 

computerised system that will allow for variable block sizing (2-6). Randomisation will be 

performed by using a secure, password-protected web portal (REDCap). Each participant will be 

assigned with a randomisation number. Randomisation data will be collected as in Appendix 1. 

7.10.3 Subsequent visits 

Information shown in Table 1 will be collected on subsequent visits. For safety, additional 

follow-ups will be performed at D7, D28 after SBRT to monitor for treatment adverse events. 

Research blood tests will be offered to SBRT patients prior to therapy, at day 1 post therapy and 

at 6 months and 12 months.  
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7.11 Informed Consent 

Written informed consent will be obtained from all participants before conducting any 

study-specific procedures including screening assessments. The informed consent form will be 

stored in the participant’s study records and a copy given to the participant to keep. All completed 

consent forms will be signed and dated. Prospective participants will be informed as part of the 

consent discussion that the screening phase will determine eligibility for the trial and that signing 

the consent form does not guarantee enrolment into the trial. 

Premature withdrawal and early study termination 

If a participant wishes to withdraw or the study team / responsible physician decides it is 

in the best interest of the participant to withdraw from the study, every effort should be made to 

conduct all assessments until the date of the last follow up. 

7.11.1 Retention 

The study team will retain all study records and by the applicable regulatory bodies in a 

secure and safe facility for a minimum period of 5 years. 

7.12 Statistical Considerations 

7.12.1 Sample size 

There is no prior randomised trial comparing standard care versus SBRT, making an 

accurate sample size estimation difficult. This trial will also provide the first data set to plan for 

future randomised trials in this space. The rationale for a target sample size of 60 patients is as 

follows. The largest series of SBRT (n=19) in a high risk population who had either failed CA or 

had contraindications to it, with advanced SHD (left ventricular ejection fraction mean 25%, and 

75% with New York Heart Association Classification class III or IV heart failure) reported that 
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89% of patients have a VT burden reduction of ≥75% after SBRT at 6 months, compared to 6 

months pre-ablation. It is anticipated that we will recruit patients at much lower risk (those who 

have not failed prior CA, nor have advanced heart failure), which conceivable will improve the 

success rate to ~95% (clinical consensus by investigators).  

The closest comparable population to the aforementioned SBRT group could be derived 

from CIA Kumar’s published experience of ~100 patients undergoing CA. When CA procedures 

are unable to eliminate the targeted VT, only 56% of patients had a ≥75% reduction in VT burden 

in 6 months after CA, compared to 6 months prior. To obtain a conservative absolute risk reduction 

of ~33% with SBRT (from 89% vs. 56%), with power 80%, 1-sided significance of P<0.05, ~10% 

dropout, we estimate that ~60 patients (30 in each arm) will be required. This study number is 

feasible, as described earlier. 

7.12.2 Statistical analysis 

All data analysis will be performed by a statistician independent of the study investigators. 

A detailed statistical analysis plan will be developed prior to analysis. The primary analysis 

approach will be by intention to treat. The Chi-square test will be used to compare the primary 

endpoints. The corresponding statistical analyses for each of the secondary endpoints will be as 

follows: time to VT recurrence, cardiovascular hospitalisation, transplant, all-cause mortality and 

composite endpoint of VT recurrence/transplant/mortality (Kaplan-Meir analysis, nonparametric 

log rank test procedure for comparing the survival curves), AE and AESI (Chi squared test), 

absolute % reduction in VT burden at 6, 12, 24, 36 months post treatment compared to pre-

treatment, change in ventricular function at 6, 12, 24, 36 months compared to pre-treatment, QOL 

scores (linear regression models, adjusting for baseline clinical variables). The primary analysis 
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will be done at 6 months. The follow-up analysis will be done at 36 months and takes into account 

repeated measures in the model. 

7.13 Data management 

All paper forms including consents and follow up information will be locked in secure 

filing cabinets in locked areas of the Cardiology Department, Westmead hospital. Electronic data 

will be stored in an electronic database (stored on the WSLHD Microsoft Sharepoint sever) that 

will be accessible only to designated individuals and password locked. A random sample of 10% 

of key data entered will be examined against source documents. We will run statistical quality 

checks, e.g. to check for out-of-range values. 

7.14 Steering Committee 

The steering committee will form the principal leadership structure of the study. Members 

of the steering committee will be the listed PIs on this application. The steering committee will be 

responsible for the overall conduct of the trial, its conception and termination, and interpretation 

and publication of the results. 

7.15 Other committees 

A data monitoring committee (DMC) will be appointed. The DMC will have full access to 

trial documents.  

The DMC will review the safety, ethics and outcomes of the study. Major responsibilities 

of this committee will include: (i) monitor response variables and safety outcomes for early 

dramatic benefits or potential harmful effects and provide reports to the Study Steering Committee 

on recommendations to continue or temporarily halt recruitment to the study. The DMC will be 

governed by a charter that will outline their responsibilities, procedures and confidentiality. The 
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DMC will also review unblinded data from the study at regular intervals during follow-up, and 

will monitor outcomes, drop-out and event rates. The first meeting will be held after the first 10 

patients have been recruited and completed 6 months follow up.  Formal interim reviews will be 

done at 12-monthly intervals and will be planned to review data relating to outcome rates from a 

safety perspective, patient safety and quality of trial conduct. Prior to the analysis a detailed 

Statistics Analysis Plan (SAP) will be developed to: 

I. Describe the details of the statistical analysis methodology. 

II. Specify rules on data handling conventions used to perform the analyses. 

III. Describe the procedure to be used to account for missing data. 

An events committee (EC) will be appointed. This committee will be blinded to treatment 

allocation of enrolled patients and will review de-identified CRFs, and source documents including 

Holter monitors, TTEs and hospitalisation records, and will primarily adjudicate on endpoints. The 

EC will individually examine the validity of noted events using available records of events. 

Consensus will be sought to classify an event as accurate or not. 

7.16 Adverse Events 

Any adverse event occurring as a result of SBRT or catheter ablation will be recorded. An 

adverse event is defined as any untoward medical occurrence in a subject or clinical investigation 

subject administered a pharmaceutical product at any dose or a medical procedure that does not 

necessarily have to have a causal relationship with this treatment.  

Procedure-related adverse event is any adverse event that, in the investigator’s opinion, 

is a complication of the catheter ablation procedure and occurs within 48 hours of catheter 

insertion. 
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Adverse Reaction will be defined as a harmful and unintended response to an approved 

and marketed health product. This includes any undesirable patient effect suspected to be 

associated with health product use. Unintended effect, overdose, interaction (including drug-drug, 

and drug-food interactions) are all considered to be reportable adverse events in this study. 

Serious Adverse Event (SAE) will be defined as any untoward medical occurrence that: 

• results in death; 

• is life threatening in the opinion of the attending clinician (i.e. the patient was at risk of 

death at the time of the event; it does not refer to an event that might hypothetically have 

caused death had it been more severe); 

• requires inpatient hospitalisation or prolongation of existing hospitalisation (Any 

hospitalisation that was planned prior to randomisation will not meet SAE criteria. Any 

hospitalisation that is planned post randomisation will meet the SAE criteria); 

• results in persistent or significant disability or incapacity; 

• is an important medical event in the opinion of the attending clinician that is not 

immediately life-threatening and does not result in death or hospitalisation but which may 

jeopardise the patient or may require intervention to prevent one of the other outcomes 

listed above. 

An adverse event that meets the above categories between when the informed consent form is 

signed, the end of study at 3 years will be reported as an SAE. All SAEs will be reported to DMC 

within 24-hours of the study team first becoming aware of the event. The SAE will also be required 

to be reported to the relevant HREC within the timeframe specified in the relevant committee 

guidelines. Adverse events which do not fall into these categories are defined as non-serious. 
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Suspected Unexpected Serious Adverse Reaction (SUSAR). An unexpected adverse reaction 

(UAR) is an adverse reaction, the nature or severity of which is not consistent with the applicable 

product information. A Suspected Unexpected Serious Adverse Reaction is any UAR that at any 

dose meets the definition of an SAE. Any event that meets the definition of a SUSAR between 

when the informed consent form is signed and the end of study at 3 years will be reported to the 

local HREC and the relevant regulatory authorities as per local requirements and ICH Clinical 

Safety Data Management: Definitions and Standards for Expedited Reporting. 

7.17 Auditing 

The study may be audited by the third parties and inspected by government regulatory authorities. 

CRFs, source documents and other study files must be accessible at all study sites at the time of 

auditing and inspection during the study and after the completion of the study. 

7.18 Ethics and Dissemination 

7.18.1 Regulatory and Ethical Compliance 

This study protocol was designed and shall be implemented and reported in accordance 

with the ICH Guidelines for Good Clinical Practice, NHMRC National Statement on Ethical 

Conduct in Human Research, applicable local regulations including European Directive, US Code 

of Federal Regulations Title 21, Therapeutics Goods Administration (TGA), and with the ethical 

principles laid down in the World Medical Associations (WMA) Declaration of Helsinki. 

The protocol and the proposed informed consent form and any subsequent modifications 

will be reviewed and approved by the Human Research Ethics Committee before any participant 

is enrolled. Prior to study start, investigators are required to sign a protocol signature page 

confirming his/her agreement to conduct the study in accordance with these documents and all of 
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the instructions and procedures found in this protocol and to give access to all relevant data and 

records to CCC monitors, auditors, HRECs, and regulatory authorities as required. If an inspection 

of the clinical site is requested by a regulatory authority, the investigator must inform The 

University of Sydney immediately that this request has been made. 

7.18.2 Informed Consent 

Potential participants may only be included in the study after providing written informed 

consent. The associate investigator will issue the information sheet and consent forms, and will 

obtain consent from participants. Before the start of the study, a member of the study team will 

have the participant information sheet and consent form that will be provided to the participants 

reviewed and approved by the HREC. This review and approval will be documented and stored 

with other study documents. The associate investigator must fully inform the participant of all 

relevant aspects of the trial. During the consultation with participants, the associate investigator 

will explain the details of the study, and provide an information sheet detailing the aims, 

methodology, and possible outcomes of the research proposal. Participants will be given 

information about their rights to refuse consent, right to confidentiality, right for their information 

to be secured in a locked facility if they choose to participate in the study. Participants will be 

given opportunity to communicate their choice of participating or not. During this time, support 

will be provided to answer any questions or comments arising from the consent process. A copy 

of the signed written informed consent will be given to the participant. The participant must be 

allowed ample time to ask about the details of the study and to decide as to whether to participate 

in the study. If the participant is unable to read and write, a witness must be present during the 

informed consent discussion and at the time of informed consent signature. 

7.18.3 Confidentiality 
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Every precaution will be taken to respect the privacy of participants in the conduct of the 

study. Only de-identified data will be entered in the central study database to maintain participant 

confidentiality. In the course of monitoring data quality and adherence to the study protocol, the 

monitor will refer to medical records at the participating study site. This information will be 

included in the PICF. All individual and site information will be de-identified in reporting data 

and results to protect the confidentiality of participants. For the purpose of tracking of clinical and 

adverse events however, a log will be kept separately from the study database containing 

information about the participant number and their corresponding clinical details in a re-

identifiable format. 

7.18.4 Trial Sponsorship 

This trial will be sponsored by the Western Sydney Local Health District.  

7.18.5 Dissemination Policy 

Full editorial control will reside with a Writing Committee approved by the Steering 

Committee (SC). Authors of publications must meet the International Committee of Medical 

Journal Editors (ICMJE) guidelines. 

7.18.6 Data sharing 

Throughout the study, un-identifiable imaging and radiotherapy data will be shared with 

University of Sydney researchers from the ImageX Institute (c/o Professor Paul Keall University 

of Sydney, Image X Institute, Ph. 02 8627 1159, Email: paul.keall@sydney.edu.au 

Data to be shared is 

• CT simulation images and any associated MRI or PET scans used for planning 

• Treatment plan 
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• CBCT scans including projections and imaging details 

• Intra-treatment imaging projections and imaging details 

• Surface imaging 

• ECG data during treatment 

• ICD manufacturer and any information about the ICD leads and lead tips 

• Treatment details including immobilisation and motion management strategies 

• Couch used, couch positions and which coordinate system followed. 

• Linac type and coordinate system 

These data will be de-identified prior to sharing. Coded image files will be saved, securely 

transferred to the University of Sydney and stored on a departmental server with access limited to 

University of Sydney study personnel. Information about data sharing will be provided to study 

participants in the Patient Information Sheet. 

7.18.7 Funding 

This study is supported by a National Heart Foundation Vanguard Grant (2 year grant) as 

well as an NHMRC Synergy Grant.  
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8 CONCLUSIONS AND FUTURE DIRECTIONS 

At the outset of this thesis, we defined the problem of treating VA with ablation as requiring 

the cardiac electrophysiologist to solve two problems: (1) identifying the critical circuitry and 

arrhythmogenic substrate conducive to these arrhythmias, and (2) successfully abolishing this 

substrate to ensure acute procedural success and prevent long-term recurrence. Addressing these 

two challenges is crucial for advancing the success of VA treatments and improving patient 

outcomes. This need is urgent because VAs place a significant burden on the lives of Australians 

and indeed patients worldwide, with attendant risks of sudden death, heart failure, ICD shocks, 

and significant symptoms that exact a heavy toll on a patient's quality of life. 

Our ability to treat VA has improved tremendously over the last 30 years, largely driven 

by the efforts of pioneers and giants in the field. With what were, at least compared with modern-

day EAM, quite rudimentary mapping technologies, they unraveled the mysteries of ventricular 

arrhythmogenesis and charted a course towards cure for these deadly rhythms.  

In comparison, the current proceduralist is equipped with a dizzying array of complex 

technologies to delineate and treat VA, and must decipher a multitude of available data, including 

results from multi-modality imaging, precision genotype and phenotype studies in non-ischaemic 

cardiomyopathies, and the many gigabytes of electrogram signals that make up a high-density 

modern-day electrophysiological procedure. They must then determine the best strategy to ablate 

or modify this substrate, moving beyond decisions limited to the use of solid-tipped non-irrigated 

ablation catheters to considerations regarding the choice of irrigant, ablation energy, and ablative 

strategy. 
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Unfortunately, despite the richness of data and the variety of available choices, meta-

regression studies of published VT trials by publication date suggest that longer-term success rates 

for CA of VA in SHD have plateaued.13 There is therefore a pressing need for mechanistic and 

translational studies to refine our understanding of arrhythmogenesis, to validate and improve 

current strategies for identifying arrhythmogenic substrate, and to innovate novel approaches that 

push the boundaries of EAM and ablation. Hand in hand with this is the need for good quality 

randomised data to establish the role of these strategies in achieving durable cure for our patients. 

In the case of PVCs, before we seek to improve CA techniques, first we must establish 

whether CA at all is the optimal strategy for good quality, long term, patient-centered outcomes. 

Compared to multiple RCTs and systematic reviews that have investigated the role of CA in 

treatment of VT with SHD, there is a paucity of trial-level data for management of PVCs, with 

only a single RCT, and that too targeting PVCs from a single site.194 In chapter 2, we completed 

the first published  systematic review of CA vs AADs for treatment of PVCs and confirmed that 

there is limited evidence comparing AADs and CA for non-RVOT PVCs, with all such available 

observational studies having serious concerns of bias. Within this limitation, we demonstrated that 

CA appeared superior to AAD in reducing the burden or frequency of PVCs with the caveat that 

the head-to-head impact of either strategy on patient QoL, symptoms, or cost to the health care 

system is unclear. Further, we established that modern technologies including ICE and contact 

force-sensing catheters were not systematically studied in published data to date, reinforcing the 

need for new trials in this space. 

Multi-modality imaging with CMR and MDCT offers the ability to dramatically alter our 

understanding of arrhythmogenic substrate and provocatively, may offer ablative targets that 

obviate the need EAM.340 LGE CMR channels co-localise with both critical sites of VT229 and 
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functional substrate284,292 but our use of these technologies are predicated on fundamental 

assumptions regarding optimal signal thresholding, which were established in a small series of 10 

human patients and against voltage scar rather than histopathology.338 In Chapter 3, we utilised an 

ovine experiment with meticulously co-registered high density multi-wavefront mapping of 

chronic post-infarction scar, whole-heart tissue histopathology and delayed enhancement CMR at 

fine slice thickness to validate CMR-CCs identified using a commonly used third party image 

integration platform (ADAS-3D). This work established that CMR thresholding with 60% of 

maximal signal intensity for core scar and 40% for borderzone had substantial agreement and good 

accuracy to identify histopathological scar in the endocardium but poorer performance in the 

epicardium. 87% of CMR-CCs identified by varied signal intensity thresholding could be validated 

with histological channels of surviving myocytes surrounded by fibrosis, and this relationship was 

robust for multiple signal intensity thresholds. These same channels co-localised with functional 

substrate (DZs, validated with multiple activation wavefronts). Most critically, we were able to 

unravel the histopathological characteristics at sites of DZ co-localising with CMR-CCs which 

had three-fold higher intra-channel adiposity, but similar amounts of fibrosis compared to CMR-

CC sites without DZs. This study therefore supported a prevailing hypothesis that lipomatous 

metaplasia and not only fibrosis drives conduction slowing and electrogram fractionation at 

arrhythmogenic sites.  The ovine model we have studied offers promise for future studies targeting 

modulation of lipomatous metaplasia which may offer the capacity to modify the substrate 

conducive to VT in both ischaemic and non-ischaemic cardiomyopathies.  

A limitation of the work we published in Chapter 3 was that the animal model did not have 

available data for VT inducibility and further, multi-vendor comparisons of CMR image 

integration were not studied. Therefore, in Chapter 4, we compared the performance of ADAS 3D 



Chapter 8: Conclusions and future directions 

 268 

and inHEART which are the two presently used proprietary software for CMR image integration. 

Using the same animal experiment as in Chapter 3, we found that both vendors had comparable 

efficacy to identify endocardial and intramural substrate with poor performance in the epicardium. 

To address limitations of the animal data, we performed the first clinical comparison of these two 

technologies to identify both VT critical sites and functional substrate in patients with SHD and 

monomorphic VT. In a small clinical series of predominantly NICM, we demonstrated that critical 

VT sites co-localise reliably with both ADAS-3D and inHEART scar (88% falling within one scar 

layer).  Importantly, more than 80% of VT critical sites demonstrated CMR LGE scar in more than 

1 layer (reinforcing the three-dimensional nature of VT circuits). These results pave the way for 

future randomised clinical trials utilising both platforms to delineate VT arrhythmogenic substrate 

and improve longer term VT free survival.  

 Given in Chapter 3 and 4 there was an established limitation of CMR to identify epicardial 

scar substrate, we hypothesised that further improvements in mapping scar depth and patterns 

could be made by harnessing signal processing and machine learning of invasively collected 

intracardiac electrograms. In Chapter 5 we established that, like previous studies, 252  voltage 

amplitude from endocardial mapping alone is a poor discriminator of  scar in deeper tissue.  In an 

interdisciplinary study, we used the same ovine experiment to co-register 11,551 electrograms with  

scar depth. Signal processing demonstrated that a combination of time and frequency domain 

features could be used to train a gradient boost machine learning algorithm to delineate scar depth. 

Further, a time series convolutional neural network was applied to  unprocessed electrograms, 

demonstrating that complete 2.5s unipolar acquisitions could determine intramural and epicardial 

fibrosis (with  healthy endocardial myocardium) with remarkable 95% accuracy. These 

mechanistic findings have been leveraged into open-source code that can generate scar depth maps 
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readily importable into live EAM from whole chamber LV voltage maps.  These findings will need 

future validation in human patients to identify if such scar depth maps can improve procedural 

planning (need for epicardial approach) and outcomes in clinical cases.  

In Chapter 6, we then turned our attention to the second problem that the ablationist faces, 

adequate lesion formation. CA of intracavitary PVCs is challenging due to limitations in catheter 

contact with moving structures and ectopy during ablation. PFA is a novel energy source with 

limited validation in the ventricle. In a small pilot case series of 3 patients, we described our 

experience with this technology to tackle challenging intracavitary PVCs. Though we achieved 

good success, this proof-of-concept trial requires validation in larger case series and probably 

alternative PFA catheters due to the difficulty of maneuvering the Farawave catheter in the 

ventricle. 

Finally, these novel approaches to CA of VA described in chapters 3-5 have direct 

relevance to the field of SBRT where multi-modality assessment of ventricular tachycardia scar 

substrate is the key to ablation outcomes. Despite multiple case series describing variable 

outcomes in prospective cohorts of patients with SHD and VA refractory to CA, there are no 

randomised data establishing the role of SBRT in VA treatment. In Chapter 7 we have designed 

an Australian first, pragmatic RCT which compares SBRT against the care such patients would 

receive without availability of this technology (which can include escalation of AADs or VA CA). 

Ethics approval, trial registration and establishment of rigorous data safety monitoring board 

protocols have occurred, and patient recruitment is underway. We expect results from this trial in 

eighteen to twenty-four months and these data are likely to meaningfully impact the way VT in 

advanced SHD is approached.  
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Taken together, the work of this thesis therefore offers incremental but important 

improvements to solve the problem of VA ablation with validation and development of new 

strategies for identification and abolishment of VA substrate. We hope this work continues to 

advance the field towards control and hopefully cure of these deadly arrhythmias.  
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