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EXECUTIVE SUMMARY 

Atrial fibrillation (AF) is the most common sustained cardiac arrhythmia in humans. During AF, 

phenomena known as endocardial breakthroughs have been observed, which have been proposed as 

the mechanism for maintaining AF. An important question that is not fully understood is whether 

endocardial breakthroughs occur randomly, or if they perhaps represent ‘drivers’ of AF. In this study, 

the statistical properties of endocardial breakthroughs were analysed by applying the Renewal theory. 

It was recently proposed as a quantitative framework for phase singularities, a stochastic electrical 

activity during atrial fibrillation. 

This study was based on the HD-grid catheter data from AF patients. Pre-processing of the signal and 

phase mapping were provided by Flinders Heart Rhythm Research Group. Then novel custom image 

algorithm was developed to detect endocardial breakthroughs and calculate the inter-formation times. 

Subsequently, statistical analyses were performed to test the statistical distribution of inter-formation 

times and the impact of different factors on the formation of endocardial breakthroughs during AF. 

This study found that the inter-formation times of endocardial breakthroughs were statistically 

independent and has an exponential distribution in AF patient's hearts. It means that endocardial 

breakthrough is a stochastic process with no underlying constant driver and does not constantly drive 

AF. It also means that Renewal theory is applicable to understand endocardial breakthroughs. The 

exponential probability distribution of inter-formation times and means that the formation rate of 

endocardial breakthroughs is measurable. The measurable rate allows the characterisation of 

endocardial breakthroughs during the maintenance of AF. Another finding was that clinical types of 

AF have a significant impact on the formation of endocardial breakthroughs. It is consistent with 

previous studies on the role of endocardial breakthroughs in AF progression. Its incidence was found 

to relate to the damage of sustained AF. Its propagation contributes to the complexity of electrical 

patterns sustaining AF.    
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INTRODUCTION 

1.1 Overview of the research 

Atrial fibrillation (AF), the most common sustained cardiac arrhythmia in humans, is characterised 

by aperiodic and turbulent electrical activation of the atrial myocardium. Despite more than a century 

of research, the mechanisms sustaining this arrhythmia remain unresolved, with several potential 

mechanisms suggested to be involved with the maintenance of AF. Historically, the dominant 

classical theories of AF have been the multiple wavelet and rotor theories (Waks and Josephson, 

2014). But recently, it has been accepted that several mechanisms may be responsible for triggering 

and sustaining AF (Hansen et al., 2016).  

Recent research on AF suggested that endocardial breakthrough is an important factor contributing 

to the maintenance of AF (Verheule et al., 2014). Endocardial breakthrough is the result of excessive 

electrical dissociation between the endocardium and the epicardium of the heart. There is no clear 

description of endocardial breakthroughs on text. It can only be observed through cardiac mapping. 

Mapping has been a common method to uncover the activity of endocardial breakthroughs. However, 

mapping alone cannot fully characterise the mechanisms of endocardial breakthroughs in AF (Aronis 

and Trayanova, 2020). An important question that is not fully understood is whether endocardial 

breakthroughs occur randomly, or if they perhaps represent ‘drivers’ of AF. This relates to the long-

standing debate about whether any particular mechanism is responsible for sustaining AF (Cheniti et 

al., 2018), as this would allow the driving mechanism to be targeted in order to terminate the 

arrythmia.  

Although it has been postulated that rotors and wavelets may be such drivers, recently the Flinders 

Heart Rhythm Research Group found that these rotors and wavelets occur randomly in time, as 

characterised by a renewal process (Dharmaprani et al., 2019). In this study, it was therefore 

hypothesized that this theory could be extended to demonstrate that endocardial breakthroughs also 

randomly occur in time, and hence support an underlying renewal process of AF rather than the 

presence of singular drivers. 

Figure 1. Statistical analysis of endocardial breakthroughs in AF patient’s hearts 

Figure removed due to copyright restriction
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1.2 Aims of the research 

This research aims to apply Renewal theory to understand the statistical properties of endocardial 

breakthroughs and determine their role in the maintenance of AF. In summary, this was explored by: 

- Understanding the probability distribution of inter-formation event times. The probability

distribution that is generated by a process can give valuable insights about the underlying

generative mechanisms. Here, it was hypothesised that the occurrence of endocardial

breakthroughs in the heart could be modelled as a stochastic (‘random’) process, giving

rise to the following implications:

o If the timing between new endocardial breakthroughs, referred to as inter-

formation times, are random they will give rise to an exponential probability

distribution. This means that the average formation rate of these endocardial

breakthroughs will be measurable.

o If inter-event times of endocardial breakthroughs are random, it means that

endocardial breakthroughs are statistically independent and do not act as the

singular driving mechanism of AF.

• Investigating the impacts of different clinical factors on the formation of endocardial

breakthroughs. Although it is well known in literature that certain clinical factors (gender,

anatomy, lifestyle) can increase the likelihood of developing AF, it is not well known how or

if these factors are associated with a higher incidence of endocardial breakthrough events.

Here, it was evaluated whether:

- A higher prevalence of endocardial breakthroughs is associated with particular anatomical

regions.  If so, this is consistent with the fact that the structural organisation and thickness

of the atrial walls (i.e., differences in anatomy) plays a part in promoting dissociation

between electrical activity between the epicardium and endocardium, hence promoting the

likelihood endocardial breakthroughs.

- If gender is found to have an influence, it is consistent with literature suggesting that

variances in the structural and electrophysiological properties of the atria are present

between genders, which is closely associated with the sustenance of AF.

- If differences in clinical risk factors attributed to lifestyle are found to have any influence,

it is consistent with the literature that unhealthy hobbies such as smoking and drinking

alcohol negatively affect cardiac function and increases the risk of having AF.

- If different clinical sub-types of AF are found to influence the prevalence of endocardial

breakthroughs, it provides evidence for the hypothesis that the presence of AF results in

structural and electrophysiological remodelling of the atria. Progressive remodelling of
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the endo-epi trabecular network is thought to be the main cause of endocardial 

breakthroughs during AF.  

The main hypotheses in this research are therefore as follows: 

1. Inter-formation times of endocardial breakthroughs will be statistically independent, and 

therefore suggest that endocardial breakthroughs occur randomly and do not act as the singular 

driving mechanism of AF. 

2. Different factors as such anatomical regions, genders, lifestyles and clinical types of AF could 

influence the statistical distribution of endocardial breakthroughs. 

1.3 Structure of the thesis 

Introduction provides an overview, the aims and objectives, and the meaning of the study. 

Literature review provides the current background and previous studies on atrial fibrillation and 

endocardial breakthroughs, as well as the research gaps. 

Methodology details the methods for data acquisition, pre-processing, phase mapping, detection and 

validation of endocardial breakthroughs, and statistical analyses. 

Results presents the key findings on the statistical distribution of endocardial breakthroughs and the 

impact of different factors the formation of on endocardial breakthroughs. 

Discussion interprets the meaning of key findings in the study by referring to current literature on 

endocardial breakthroughs during atrial fibrillation, as well as addressing the limitations of the study 

and providing suggestions for future studies. 

Conclusions provides the summary of the key findings in the study and the meaning of those findings, 

as well as the contributions to the field, the current limitations, and the suggestions for future work.  
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2 LITERATURE REVIEW 

2.1 Current knowledge on mechanisms of AF 

2.1.1 Normal cardiac electrophysiology 

Sinus rhythm is a term to define the electrophysiological activity of a normal heart. A normal heart 

rhythm begins with action potentials initiated at the sinoatrial (SA) node, which is a group of 

pacemaker cells located in the upper posterior wall of the right atrium (Kashou et al., 2021). Electrical 

impulses are then generated and pass to the atrioventricular (AV) node, which is another group of 

pacemaker cells located in the posterior region of the interatrial septum providing electrical 

connection between the atria and the ventricles of the heart (Meijler and Janse, 1988). Electrical 

impulses from the AV node are then relayed by the His-Purkinje System (HPS), which is a group of 

electrically excitable cells located in the inner ventricular walls (Vigmond and Stuyvers, 2016). As a 

result, electrical impulses are distributed throughout the ventricles to electrically activate ventricular 

muscles and coordinate the ventricles to contract synchronously with the atria (Klabunde, 2017). 

Figure 1 shows the pathway of electrical impulses along electrically excitable regions in a normal 

heart. 

 

Figure 2. Schematic of normal cardiac electrophysiology 

Sinus rhythm has specific components of the electrocardiogram (ECG) (Figure 3). The first 

component is the P wave, which represents atrial depolarization (Platonov, 2012). This wave has a 

positive deflection but a smaller amplitude than other waves because the atrial muscle mass is small 

compared with the ventricles. The next component is the QRS complex, which is generally the 

largest in voltage amplitude representing ventricular depolarization. Finally, the last component is 

the T wave, which is generated by ventricular repolarization (Yan et al., 2003).  

SA 

AV 

His-Purkinje system 
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Figure 3. ECG component waves of normal cardiac rhythm 

2.1.2 Cardiac electrophysiology during AF 

During AF, the normal sinus rhythm is disturbed by abnormal electrical behaviour within the atria 

(Nattel, 2002). Instead of action potentials only at the SA node, electrical activation initiates at several 

regions of the atria generating electrical impulses propagating in several directions. Consequently, 

the chaotic movements of electrical impulses produce distinct electrical waveforms, causing the atria 

to contract irregularly and asynchronously. Also, as electrical impulses chaotically propagating within 

the atria, it is impossible to achieve the proper electrical conduction between the atria and the 

ventricles at the AV node (Danilov et al., 2016). It causes the uncoordinated contraction between the 

atria and the ventricles. 

AF can be identified by observing ECG recordings (Figure 4). Since the atrial contraction is very fast, 

the amplitude of action potentials is low. Hence, there is no P wave component on the ECG from 

patients suffering AF (Censi et al., 2016). In this case, the atrial depolarization may be observed as 

fibrillatory waves. Another difference between the ECG from a normal heart and the ECG from a 

heart with AF is on the QRS complex. Because of the chaotic electrical activity in the atria, the AV 

node cannot allow all the electrical impulses passing through to the ventricles. Hence, the ECG from 

patients with AF has an irregular pattern of QRS complexes, which is normally described as RR 

intervals (Petrutiu et al., 2006). 

Figure 4. ECG from normal heart vs ECG from heart with AF 

Figure removed due to copyright restriction

Figure removed due to copyright restriction
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2.2 Study approaches to mechanisms of AF 

There are many existing theories for the initiation and maintenance of AF due to the fact that the 

condition is a complicated and chaotic phenomenon.  Consequently, it has to date been almost 

impossible to completely elucidate the underlying mechanisms that trigger and sustain AF. The first 

challenge has been to discover the mechanism responsible for the initiation of AF, while the second 

to uncover the mechanisms responsible for its maintenance. This section outlines some of the most 

notable theories proposed for the initiation and maintenance of AF in current literature. 

Figure 5. Mechanisms of AF (Roney et al., 2019) 

2.2.1 Ectopic triggers 

It has been long reported that the mechanism for triggering AF in the heart are ectopic foci. This term 

describes a phenomenon in which action potentials initiate at irregular excitable regions other than 

the SA node when the heart begins its contraction. The regions that were first found to have ectopic 

activities initiating AF are the pulmonary veins (PVs) (Haissaguerre et al., 1998). Subsequently, 

several studies also found that ectopic beats at PVs are responsible for triggering AF (Chen et al., 

1999, WU et al., 2001, Mahida et al., 2015). However, there were ectopic sources outside the PVs 

that were found to be related to the initiation of AF. Lin et al. (2003) reported the initiation of AF by 

ectopic beats from non-PV areas, which was found on 28% of the patients studied, including left atrial 

posterior wall, superior vena cava and interatrial septum. Previously, superior vena cava were found 

to be the source of ectopic tachycardia, which is a condition that makes rapid heartbeat (Shah et al., 

2002, Dong et al., 2002). In light of these studies, treatment approaches have been developed to stop 

these ectopic foci in order to terminate or control AF. 

Figure removed due to copyright restriction
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2.2.2 Rotors 

Compared to the initiation of AF, there have been more heated debates on the underlying drivers of 

its complexity and maintenance. Reentrant circuits and multiple wavelets are the classical theorised 

mechanisms that sustaining AF. There are two types of reentrant circuits, which is functional reentry 

and anatomical reentry. The simplest form of functional reentry can be demonstrated by the leading 

circle concept (Allessie et al., 1977). It is a circus movement of electrical waves in which the 

wavefront continuously encroaches the wavetail to form a functional barrier and sustain itself by the 

constant centripetal activation of the central tissue. A Rotor is a specific form of functional reentry. 

In a rotor, the curved wavefront meets the wavetail at the core of the rotor, which is widely known as 

phase singularity (PS). Rotors were typically found to be responsible for the sustenance of AF 

(Winfree, 1994, Jalife et al., 2002, Weiss et al., 2005). Anatomical reentry, or localised reentry, is 

initiated and sustained by the slow conduction of local functional block. Early evidence of localised 

reentry maintaining AF was found by Schuessler et al. (1993). Subsequently, the role of localised 

reentry in the maintenance of AF was reported in several studies (Haïssaguerre et al., 2006, Hocini et 

al., 2011).  

2.2.3 Wavelets 

Multiple wavelet hypothesis was first proposed by Moe et al. (1964) (Moe et al., 1964). The model 

of this study demonstrated that the continuous interaction of several wavefronts results in random 

wavebreaks and thus the formation of other waveforms. This phenomenon continuously occurs from 

one generation to another, driving the maintenance of AF. The proposed model of multiple wavelet 

dynamics were evaluated and considered by subsequent studies (Allessie, 1985, Lee et al., 2020). 

2.2.4 Endocardial epicardial dissociation and breakthrough 

Endocardial epicardial dissociation (EED) is a difference in electrical activation between the 

endocardium and the epicardium. This concept was first mentioned by Schuessler et al. (1993), in the 

study to challenge the dominant assumption that the atria have the electrophysiological properties of 

a two-dimensional surface. In this study, electrical activation in the endocardium and the epicardium 

was found to be discordant. The discordance is dependent on anatomical regions of the atria and 

anatomical architecture of the atrial tissue. In healthy atria, the differences in activation time between 

the endocardium and the epicardium are small, so the fibrillation waves propagate on the surface of 

the atrial walls. The maintenance and progression of AF is thought to increase the duration of EED 

between the atrial walls, which results in the appearance of breakthrough locations (Eckstein et al., 

2011, Eckstein et al., 2013), also referred to as ‘endocardial breakthroughs’. 
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2.3 Structural remodelling of atria during sustained AF 

The chaotic and rapid electrical activity of sustained AF alters the structural organisation between 

atrial tissue. This has importantly been shown to further promote the presence of AF, by creating 

electrophysiological and structural changes that make it easier for the heart to sustain AF (Wijffels et 

al., 1995). The most important structural remodelling that is related to AF is atrial fibrosis. This is the 

development of fibrous connective tissue in response to damages of sustained AF to cardiac cells 

(Everett IV and Olgin, 2007). There are broadly two patterns of fibrosis, which is reparative fibrosis 

and reactive fibrosis (Burstein and Nattel, 2008). Reparative fibrosis is the replacement of death 

cardiac cells while reactive fibrosis is the interstitial expansion between cardiac cell bundles. The 

structural alteration of fibrosis on the endocardial epicardial trabecular network increases EED 

between the two walls (Verheule et al., 2013, Hansen et al., 2015). The development of connective 

tissue increases the separation between existing cardiac muscle cells. This separation disrupts the 

electrical connection between the trabecular bundles of the two atrial walls.  

Figure 6. Structural remodelling and electrical connection of atria during sustained AF 
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2.4 Breakthrough waves 

Breakthrough waves are the result of excessive electrical dissociation between the endocardium and 

the epicardium of the heart (Gharaviri et al., 2020). It is indicated by the increased incident of 

breakthroughs waves between the endocardium and the epicardium, as the result of propagation 

between the two atrial walls. It has been observed through the simultaneous mapping of the epicardial 

surface and the endocardial surface. In the study to justify the source of breakthrough waves in AF, 

Eckstein et al. (2013) demonstrated breakthrough events by analysing vivo mapping data. Figure 7 

visualises the incident of a breakthrough event through the mapping of the activation time and 

direction of propagation on the epicardial surface to the endocardial surface.  

Figure 7. Visualisation of endocardial breakthroughs (Eckstein et al., 2013) 

In addition to the mapping of activation time, optical mapping was another study methods. Hansen et 

al. (2015) obtained simultaneously the 3-dimensional optical mapping of the endocardial surface and 

the epicardial surface of the atria in human diseased hearts using three high resolution 

Complementary Metal Oxide Semiconductor (CMOS) cameras. The study visualised breakthrough 

wave patterns by coupling high resolution 3-dimensional structural imaging with the optical mapping 

data. 

Another method to study breakthrough waves is wave mapping technique, which was introduced by 

Allessie et al. (2010). This technique was performed by de Groot et al. (2010) in the study of the 

detection and spatial distribution of breakthrough waves. The study also developed an algorithm to 

distinguish breakthrough site from sources of other fibrillation waves.  

Recently, Parameswaran et al. (2020) performed the phase mapping to study breakthrough events in 

AF patients. In this study, mapping was performed using 2 high-density grid catheters on AF patients 

undergoing cardiac surgery.  

Figure removed due to copyright restriction
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2.5 Renewal theory for quantitative analysis of electrical patterns during AF 

2.5.1 Renewal process 

Figure 8. Poisson renewal process (Quah et al., 2021) 

Renewal theory is a branch of mathematics used to model events that occur randomly in time. 

Statistically speaking, these events are referred to as ‘independent’ (Smith, 1958).  For example, one 

can model calls received by a customer service line using a renewal process, as the timing between 

individual calls are not related and are hence independent. In such a process, the timings between 

events (in this case new calls) are referred to as ‘inter-event times’. Mathematically, such a process 

can therefore be modelled as a renewal process when the inter-event times are mutually independent 

and possess the same probability distribution (Doob, 1948). 

There are several types of renewal processes, with the Poisson renewal process being the simplest 

form due to possessing a first-order or exponential distribution of inter-event times (Granek and 

Cates, 1992). Higher order renewal processes can also exist wherein the process fits to higher-order 

distributions such as the gamma or Weibull (Mainardi et al., 2007).  

In the case of Poisson renewal process, the fact that events are independent of one another (i.e. the 

occurrence of one event has no effect on the probability of another event occurring) results in a 

constant instantaneous probability of events, as the likelihood of observing a new event after 1 second 

versus 1 minute is the same (Granek and Cates, 1992). This means that mathematically, there is a 

constant average rate of events that can be measured (Daley and Vere-Jones, 2003). This is given by 

the exponential rate parameter, λ, which summarises the average rate of events per unit time. Renewal 

processes have been found useful in other disciplines outside of cardiology as they provide a 

quantitative framework to model, characterise and predict statistically independent processes by 

estimating this constant underlying rate parameter λ.  

Figure removed due to copyright restriction
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There are several statistically independent processes in nature that can be modelled as renewal 

processes. Radioactive decay is a common type of natural systems that has stochastic time intervals 

between decaying events.  Renewal theory enables the study of radioactive substances by modelling 

their decaying events as a Poisson renewal process. A Poisson renewal process determines the 

constant decay rate of individual radioisotopes within substances. Early application of Poisson 

renewal process in radioactive was mentioned by Mylon and McBeth (1983). The study undertook 

measurements with 99mTc and 116mIn to confirm the adaptation of Poisson renewal process in obtaining 

half-life values of radioactive decay. Subsequently, Campbell and Duarte (2008) found that the decay 

events in a bulk source of 137Cs, which was earlier observed as a statistically independent process, 

can be modelled as a Poisson renewal process.  

Another natural process that can be modelled as a Poisson renewal process is the spontaneous activity 

in afferent neurons. Lee and Wang (2003) analysed the spontaneous generation of action potentials 

in afferent neurons by fitting the data recorded from zebrafish to a Poisson renewal process model. 

The model provided the evidence that spontaneous activity is dependent on the physiological 

properties of different systems. 

2.5.2 Renewal process models of phase singularities during AF 

Figure 9. Renewal process models of phase singularities in mammalian cardiac fibrillation 

(Dharmaprani et al., 2019) 

Similar to radioactive decay, the sustenance of AF involves several chaotic electrical patterns (rotors, 

wavelets, endocardial breakthroughs) that occur in the heart. It is challenging to examine the impact 

of different mechanisms on the maintenance due to the complexity of AF. However, similar to the 

Figure removed due to copyright restriction
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decay of radioisotopes, the formation and destruction of notable electrical patterns such as rotors and 

wavelets has been shown to be statistically independent. This is insightful for understanding the 

underlying AF mechanism, as it suggests that: i) rotors and wavelets occur randomly in time; and ii) 

rotors and wavelets occur at a constant average rate, λ. This importantly suggests that singular rotors 

and wavelets are therefore likely not ‘driving’ AF as there is a continual process of random formation 

and annihilation (Dharmaprani et al., 2019). 

Specifically, this was shown by Dharmaprani et al. (2019) who were the first to model phase 

singularities, which are common to rotors and wavelets, as Poisson renewal processes. The study was 

performed to quantify and characterise the formation and the destruction of phase singularities in 

mammalian cardiac fibrillation. The results showed that all phase singularities identified in human, 

sheep and rat can be modelled as Poisson renewal processes. The results were consistent in both atrial 

fibrillation and ventricular fibrillation.  

From the quantitative models, the constant rate of formation and destruction of phase singularities 

were determined to characterise the fibrillation processes. Subsequently to the success of the Poisson 

renewal theory-based quantitative framework in in vivo data, Quah et al. (2020) employed it to design 

a pilot study investigate the correlation between the association of formation rates and destruction 

rates with the characteristics of different AF clinical and structural risk factors such as age, BMI, 

atrial size and the incidence of stroke, which have been shown to associate with more adverse AF 

outcomes. The pilot study was expected to expand the use of formation rates and destruction rates 

determined by the proposed quantitative framework in clinical practice, and showed that the rate 

constants calculated using the renewal theory framework was able to differentiate patients with more 

severe clinical outcomes, and higher likelihood of AF recurrence (Quah et al., 2021). 

Recently, Jenkins et al. (2022) further demonstrated that the formation and destruction of fibrillatory 

dynamics can be predicted by renewal theory approach. The study aimed to explain the origin of the 

renewal theory in studying the spatiotemporal pattern of cardiac fibrillation. Two classical systems 

were mentioned to evidence that the stochastic nature of chaotic systems is statistically predictable, 

which was demonstrated by the logistic map and the baker’s transformation. Then the utility of the 

previously developed Renewal theory approach to statistically predict the spatiotemporal pattern of 

those classical chaotic systems was demonstrated. This importantly emphasises the conceptual 

significance of the Poisson renewal theory-based quantitative framework in clinical and mechanistic 

research. 
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2.6 Research gaps 

 Currently, there is no article studying EED and breakthroughs in various anatomical regions within 

the atria of a human heart. Early evidence of EED was found in the isolated canine right atrium 

(Schuessler et al., 1993). Another animal model used in previous studies was the atrial free walls of 

goats (Eckstein et al., 2013, Verheule et al., 2013). To study on human atria, there are typically two 

methods of data acquisition. One is to perform on diseased hearts explanted from cardiac patients 

(Hansen et al., 2015). The other is to perform on the heart of patients undergoing cardiac surgery (de 

Groot et al., 2010, Parameswaran et al., 2020). Current intraoperative studies were performed on the 

whole area of atrial walls but had no focus on individual regions within the atria. In this study, 16 

atrial regions were studied to investigate the impact of anatomical difference on the incidence of 

breakthroughs. 

In terms of study methods, this study was the first to use computational methods for the detection of 

breakthrough waves and the calculation of inter-event times. In previous studies, a common technique 

to detect breakthrough sites has two steps. The first step is to locate the activation site of 

breakthroughs. There are two different methods for the location of breakthrough sites, based on the 

protocol of mapping. If only one surface of the atrial walls was mapped, a breakthrough site has to 

be activated earlier than the surrounding sites (de Groot et al., 2010). If the simultaneous mapping of 

both surface of the atrial walls was performed, a breakthrough site is located based on the difference 

in activation time between the endocardial surface and the epicardial surface (Eckstein et al., 2013). 

Based on the difference in activation time, the activation site of breakthrough is located. The second 

step is to check the detected site with the border of the mapping array. The detected site is an 

activation site of breakthrough if it is located within the mapping array. This study developed and 

implemented a computational algorithm to automatically detect breakthrough sites on the phase 

mapping of the endocardial surface of different atrial regions, as well as estimating the inter-event 

times on long segments of human AF. 

In this study, the power of computational methods facilitated the very first use of Renewal theory for 

statistical analysis of breakthroughs in AF patient’s hearts. Previous studies focused mainly on the 

incidence and spatial distribution of breakthroughs (de Groot et al., 2010, Eckstein et al., 2013, 

Verheule et al., 2013). However, spatial characteristics of breakthrough cannot fully uncover the role 

of breakthroughs in the sustenance and progression of AF. Renewal theory is a new approach to 

revolutionise the study of AF. It showed the power in modelling and characterising rotors and 

wavelets in AF (Dharmaprani et al., 2019). It therefore has the potential to be expanded to other 

electrical patterns in AF (Quah et al., 2021, Jenkins et al., 2022). Hence, this study employed renewal 

theory as an approach to understand the statistical distribution of endocardial breakthroughs in AF. 
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3 METHODOLOGY 

3.1 Overview of the study method 

Figure 10. Overview of the methodology and the contributions of the study

Patient data was obtained from the database of Flinders Heart Rhythm Research Group (summarised 

briefly below). MATLAB code in this research was adapted by the code provided by the research 

group. The provided code was developed in previous studies on computational approaches for 

analysing phase singularities and rotors in AF, which automatically: 

1. Imports patient data

2. Performs pre-processing of input signals

3. Performs phase mapping and data interpolation

4. Performs phase singularity and rotor detection

5. Creates look-up tables to determine lifetimes and inter-formation times

6. Performs statistical analyses on lifetimes and inter-formation times

In the current study, this was built upon to investigate endocardial breakthroughs from clinical human 

AF patient recordings. The key phases of this project are summarised briefly below (further detailed 

in section 3.2 – 3.7): 

1. Develop an algorithm to detect endocardial breakthroughs

2. Modify the phase singularity detection algorithm of the provided code

3. Assemble the new detection algorithm into the provided code

4. Test and refine the code on multiple data sets

5. Perform statistical analyses on inter-formation times to examine if endocardial breakthroughs

could be modelled as a renewal process

6. Investigate the impacts of different factors on the formation of endocardial breakthroughs.

All the works were based on signal processing toolbox and image processing toolbox on MATLAB. 
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3.2 Data source 

In this study, clinical human AF data was used to investigate endocardial breakthroughs. The data 

was obtained as part of a prospective multi-centre study called the ‘RENEWAL-AF’ study, which 

aimed to assess how Renewal theory can be used to identify clinical, electrical and structural markers 

of AF (Quah et al., 2020). Data was taken from patients prior to catheter ablation, an invasive 

treatment that burns pathological regions in the heart to terminate AF.  

Two sub-types of AF assessed in this study: 1) paroxysmal AF, which usually lasts less than 7 days 

and will spontaneously terminate without the need for medication or intervention; and 2) persistent 

AF, which continuously lasts more than 7-days. Consenting patients had to provide written informed 

consent to be enrolled. All consent forms and personal information were stored and retrieved with 

confidentiality. Subsequently, clinical assessment of the patient’s clinical characteristics (i.e., gender, 

age, BMI, lifestyle factors), as well as cardiac structural assessment to evaluate the patient’s atrial 

anatomy (i.e., atrial size, ejection fraction) was assessed using echocardiography. This was performed 

on patients prior to an electrophysiology study, which is routine procedure performed for AF patients 

undergoing catheter ablation.  

During the electrophysiology study, a HD-grid mapping catheter was used to obtain intracardiac 

(from within the heart) electrical data from patient’s during AF. A cardiac mapping catheter is a long 

apparatus which typically possesses electrodes at the tip to record electrical voltages from the heart. 

Specifically, the HD-grid catheter is 3-3-3-mm and has a paddle shape. It has 4 four splines (‘arms’) 

with 4 electrodes on each spline, giving a total of 16 electrodes (Figure 11. In this study, a unipolar 

electrode configuration was used, which resulted in 16 channels of intracardiac voltages (referred to 

as ‘electrograms’). Simultaneously with HD-grid catheter mapping, 12-lead surface ECG data was 

also recoded. HD-grid catheter data was recorded for 1 minutes on each of the pre-specified 16 

anatomical regions throughout the left atrium, right atrium and pulmonary veins. All anatomical 

regions involved in this study are listed in Table 1.  

Figure 11. Abbott Advisor HD-grid mapping catheter 

Figure removed due to copyright restriction
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Heart Anatomical Region Abbreviation 

Left 

Anterior LA_ANT 

High posterior LA_HI_POST 

Lateral surface LA_LAT 

Low Posterior LA_LOW_POST 

Septum LA_SEPT 

Left atrial appendage LAA 

Left pulmonary vein Interior LIPV 

Superior LSPV 

Right Cavo-tricuspid isthmus RA_CTI 

Lateral RA_LAT 

Posterior RA_POST 

Septum RA_SEPT 

Right atrial appendage RAA 

Right pulmonary vein Inferior RIPV 

Superior RSPV 

Table 1. Anatomical regions involved in this study 

3.3 Pre-processing of input signals 

The automatic process of cleaning, filtering and signal processing was performed using existing code 

provided by the Flinders Rhythm Heart Research group, as previously published were as described 

below (Dharmaprani et al., 2019). 

3.3.1 Importing data 

Unipolar electrograms and surface ECG data were exported from the cardiac ‘Precision Mapping 

System’ (Abbott, IL). Raw unipolar electrogram and ECG data was in Excel.csv and .xlsx format. 

The procedure to import the raw data from Excel files into MATLAB was as published previously 

(Dharmaprani et al., 2019). Specifically, the code was written to extract the voltage values for each 

electrogram and convert it into a numeric array in MATLAB. A built-in function is used to extract 

only the channels of interest, while discarding the others. 

3.3.2 QRS subtraction 

As this study aims to evaluate the electrical activity within the atria, the ventricular component of 

signal needs to be removed. This is because the ventricular walls are much more muscular, and hence 
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create much larger electrical potentials in comparison to the atrial walls, obscuring atrial activity. 

This typically occurs when the ventricles are contracting, as electrical impulses are generated to tell 

the cardiac cells to depolarize and hence contract. This ventricular component is associated with the 

characteristic QRS complex on the ECG, however, is much harder to annotate within the electrogram. 

Therefore, standard methods of ventricular component removal use the QRS complex on the ECG to 

find the corresponding timing of ventricular activity in the electrogram, hence the term ‘QRS 

subtraction’.  

The procedure to perform QRS subtraction was as to previously published (Dharmaprani et al., 2019), 

and based on a previously reported algorithm that is widely used in cardiac electrophysiology 

(Shkurovich et al., 1998). It starts with baseline correction by subtracting the ECG signal from its 

mean voltage. Then, the Pan-Tompkins algorithm by was used to detect and mark the fiducial points 

(timing) of the QRS complexes in the baseline corrected signal (Pan and Tompkins, 1985). The 

detected QRS complexes were then aligned at their fiducial points and averaged to create ‘median 

complexes’, which essentially represent an averaged template of all the ventricular components that 

occur over a short time window. Those median complexes were then subtracted from the electrogram 

to achieve the QRS subtracted signal.  

3.3.3 Filtering 

A 4th order Butterworth filter with 1-30 Hz band pass was used to remove power line interference 

and low-frequency components of the QRS-subtracted signal. Phase distortion was minimised by 

performing the filtering process in forward and reverse mode (Child et al., 2018). 

3.3.4 Sinusoidal recomposition 

In order to apply the renewal theory, phase mapping (which converts voltage into phase) is required 

as later described in section 3.4. However, this relies on the Hilbert Transform, which typically works 

best on signals with a sinusoidal shape. Therefore, transformation of QRS-subtracted signals into 

sinusoidal wavelets was performed to achieve higher accuracy of the Hilbert transform for phase 

reconstruction. The procedure for sinusoidal recomposition was  as described in the previous study 

(Dharmaprani et al., 2019). It uses a previously published method to transform atrial electrograms 

into wavelets with a sinusoidal morphology (Kuklik et al., 2014). It starts by calculating the derivative 

of the signal. Then it looks for negative derivatives, which are the result of negative slopes (indicate 

the passing of wavefronts) in the signal. The resulting sinusoidal wavelets had amplitudes 

proportional to the negative slope of the signal and the period equal to mean cycle length of the signal.  
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3.4 Phase mapping using electrogram data 

Figure 12. Phase mapping procedure 

3.4.1 Reshaping 

QRS-subtracted signals are stored in a 16 x n numeric matrix (where n = number of time samples), 

and therefore do not reflect the spatial dimensionality of the original HD-grid catheter, and the 

positioning of electrodes against the atrial wall. QRS subtracted signals were therefore transformed 

into a 4x4 grid, which also facilitates interpolation in the later stages of the code. The procedure to 

import the raw data from Excel files to MATLAB was as described in a previous study (Dharmaprani 

et al., 2019).In the resulting 4x4 array, each element contains a single instantaneous phase value. As 

a result, the 4x4 array models the electrical activity of atrial regions being recorded. 

3.4.2 Phase mapping 

Phase mapping was previously demonstrated to be effective in the analysis of cardiac fibrillation 

(Umapathy et al., 2010). Typically, phase mapping is used to help visualise the propagation of 

electrical activity within the heart, as it gives the relative timing of when electrical activity occurs 

within the action potential cycle. For example, as shown in Figure 13 (right), electrical activity 

occurring early in the cardiac action potential cycle is denoted in blue (-π) and activity occurring late 

in the cycle is denoted by red (+π). This is achieved by transforming voltage into phase using a 

transformation such as the ‘Hilbert Transform’ (further described in section 3.4.2.1). In the context 

of the current study, this allows identification of patterns such as endocardial breakthroughs. 

Figure removed due to copyright restriction



19 

Figure 13. Mapping of ventricular fibrillation using electrode data (Umapathy et al., 2010) 

A simple way to understand phase computation is phase-space plots. A phase space plot 

simultaneously visualises the signal at the current time and time-shifted version of the same signal.  

From a phase space plot, the random relation is determined by the trajectory of the curve. A phase 

space plot also allows computing the phase at each instant in time, which is called instantaneous 

phase.  

Figure 14. Phase computation by phase-space plots of ventricular fibrillation (Umapathy et al., 2010) 

3.4.2.1 Hilbert transform 

As described in previous study (Dharmaprani et al., 2019), Hilbert transform was performed to 

computer the instantaneous phase of the signal. It is a robust approach for phase computation as it 

does not require the choice of delayed time, which is a critical value in phase-space plots. Its computes 

the instantaneous phase using the original signal and its phase-shifted signal. 

Figure removed due to copyright restriction

Figure removed due to copyright restriction
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3.4.2.2 Spatial interpolation 

Subsequently to phase analysis, spatial interpolation is performed to increase the resolution of phase 

patterns. As phase is derived from the electrogram data, the spatial resolution is limited to the number 

of electrodes. Different from optical imaging, electrodes only record the electrical activity at its 

position so it is impossible to capture every point on the cardiac surface. Hence, the interpolated 

values from electrode data are used to generate phase maps with better spatial resolution. It is a 

standard approach used in the field of cardiac electrophysiology to enhance the spatial resolution and 

visualisation of phase maps, which has notably been  demonstrated to not lead to significant error 

(Jacquemet, 2018).   

Figure 15. Enhancement of phase map resolution using spatial interpolation (Umapathy et al., 2010) 

As described in previous study, spatial interpolation was performed to increase the phase map 

resolution from 4x4 to 13x13 (Dharmaprani et al., 2019). The electrogram data was interpolated both 

horizontally and vertically. Linear interpolation was performed separately on the real part of 

imaginary part of instantaneous phase. There were two stages of linear interpolation on the 

electrogram data. The first interpolation increased the resolution from 4x4 to 7x7. The second 

interpolation continue to increase the resolution from 7x7 to 13x13.  

Figure removed due to copyright restriction
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3.5 Wavefront processing 

The automatic process of detecting wavefronts on phase maps was performed by the provided code 

as described below. 

Figure 16. Wavefront detection on phase map 

3.5.1 Wavefront detection 

Wavefronts were identified as green areas on the phase map, which represent zero phase. The 

procedure for wavefronts detection on instantaneous phase map was as described in the previous 

study (Dharmaprani et al., 2019). The process starts by tracking for the first pixel with a zero phase. 

It then performs the Grassfire algorithm to track for the entire wavefront. It continuously finds and 

tests 8 nearest neighbouring pixels until the wavefront is fully detected. The detected wavefront is 

displayed on the phase map by marking the pixels located along it (Figure 14).  

3.5.2 Wavefront tracking 

As wavefront detection was performed separately on each frame, wavefront tracking was performed 

to identify wavefronts that are related to each other. The procedure for wavefront tracking was similar 

to previous study (Dharmaprani et al., 2019). It starts by checking the distance between the first end 

point of the wavefront in the current frame and the first end point of the wavefront in the next frame. 

Then it continues checking the distance between the second end points. If the first distance meets the 

tracking criteria, the wavefront in the next frame will be set as first child. If the second distance meets 

the tracking criteria, that wavefront will be set as second child. Subsequently, identification numbers 

were assigned to all the wavefronts. Children wavefronts were assigned to the same identification 

number of their respective parents. Figure 14 shows a wavefront identification number displayed on 

the phase map. 
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3.6 Novel custom image algorithm 

In this study, a novel custom image algorithm was developed. Currently, there is no automatic 

methods of detecting endocardial breakthroughs that have been described. The algorithm was 

developed based on the binary image processing toolbox in MATLAB. Its basic operation is to cycle 

through all phase maps, detect and validate the wavefronts propagating from endocardial 

breakthroughs, search for the frames at which endocardial breakthroughs initiate. Full MATLAB 

codes can be found in Appendix A. 

Figure 17. Novel custom image algorithm for endocardial breakthrough detection 

Figure 16 describes a single cycle of the automatic process used to detect the wavefronts propagating 

from endocardial breakthroughs in a single phase map, which was as described below. 

3.6.1 Construction of binary phase map 

A binary phase map with no colour pixels representing voltage values was used to help detect 

endocardial breakthroughs, as it provides a better visualisation of the path of wavefronts (Figure 17).  

Binary phase maps were constructed based on the original phase maps. At each frame, the process 

starts by checking the wavefront data associated with the current phase map. If wavefront data is 

found, it creates a 13x13 phase map with all the pixels set to ‘1’ (turn on). Then it assigns ‘0’ to all 

the pixels (turns off) located along the wavefront based on the wavefront data.  
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Figure 18. Original phase map with color pixels representing voltage values (left)  

and binary phase map with black and white pixels showing clearly the path of a wavefront (right) 

3.6.2 Detection of closed-path wavefront 

As a breakthrough event is defined as localised electrical activity whereas wavefront eliminates from 

the breakthrough site in focal pattern, which then propagates onto the endocardial surface in a circular 

pattern (Verheule et al., 2014). Based on this concept, the algorithm developed in the current study 

reasoned that the wavefront of a breakthrough wave can be identified as a closed-path object a binary 

phase map (Figure 17, right). Detection of closed-path wavefront was performed using bwconncomp, 

a MATLAB image processing function to finds and counts the number of objects or regions in a 

binary image. It works by checking the connectivity of pixels on that image. In this study, each phase 

map is a binary image, and the number of regions is determined by the interruption of the wavefront 

on the connectivity of pixels. If there is no wavefront on the phase map, the number of regions is 1 

as there is no disconnection at any pixels. If there is an open-path wavefront, the number of regions 

is still 1 as the connectivity of neighbouring pixels around the wavefront is maintained. If there is a 

closed-path wavefront, the number of regions is 2 as it disconnects the pixels located at its interior 

from the pixels located at its exterior. 

3.6.3 Validation of detected wavefront 

The previously reported criteria were applied to validate if detected wavefronts propagate from the 

breakthrough sites. The first criterion is that a breakthrough site is located at the boundary of the 

phase map (Eckstein et al., 2013). The second criterion is that a breakthrough site is activated earlier 

than the surrounding area (de Groot et al., 2010). The first validation was performed using the 

combination of imfill and bwconncomp. imfill is a MATLAB image processing function to fill 

holes or regions in a binary image. The closed-path wavefront forms a hole (smaller region) when it 

locates within the phase map. If the detected wavefront is located at the boundary of the phase map, 

it cannot form a hole as its path is partly missing. Subsequent to imfill,  bwconncomp is performed to 

https://www.mathworks.com/help/images/ref/bwconncomp.html#d123e32086
https://www.mathworks.com/help/images/ref/imfill.html#d123e141697
https://www.mathworks.com/help/images/ref/bwconncomp.html#d123e32086
https://www.mathworks.com/help/images/ref/bwconncomp.html#d123e32086
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check the number of regions in the binary phase map. If the region number changes from 2 to 1, it 

means that the detected wavefront is located within the phase map. If the region number remains, 

then that wavefront is located at the boundary of the phase map. The second validation was performed 

by checking whether the pixel with the highest phase located at the interior of the detected wavefront 

is the pixel having the highest phase on the phase map. To find that pixel, the original phase map was 

used with all the pixels located at the filled hole were turned on while other pixels were turned off. If 

that pixel matches to the pixel with highest phase when all pixels are on, then the detected wavefront 

propagates from a breakthrough site. 

Figure 19. Example of a closed-path wavefront detected by the algorithm 

3.6.4 Search for initiation frame 

The identification number of each detected wavefront was used to search for frames at which a 

breakthrough event initiates. The algorithm cycles through all frames and looks for the first frame 

that has a wavefront with the identification number matches to the detected wavefront. The initiation 

of breakthrough is normally represented by a pattern of 2x2 pixels on a phase map (Figure 19).  It 

then saves the frame number into the data table for the calculation of inter-formation times. 

Figure 20. Example of breakthrough initiation detected by the algorithm 
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3.7 Statistical Analyses 

To test the hypothesis that endocardial breakthroughs occur randomly in time and can therefore be 

modelled as a renewal process, several tests were conducted to assess for the characteristic motifs of 

a renewal process. This included: i) testing for statistical independence, which was assessed by 

looking at the autocorrelation of inter-event times; and ii) assessing the distribution of inter-event 

times.  

3.7.1 Testing autocorrelation 

To test whether inter-formation times were independently distributed, Ljung-box Q-test was 

performed on the autocorrelation of inter-formation times at all lags. The autocorrelation values were 

expected to be 1 at lag 0 and approach 0 at all other lags. 

3.7.2 Testing distribution 

To test whether inter-formation times were exponentially distributed, Chi-square goodness of fit test 

was performed on the distribution of inter-formation times.  

Bonferroni correction was also performed in both tests to counteract the multiple testing problem.  

3.7.3 Testing the influence of different clinical factors 

To test the hypothesis that different clinical factors have influence on the formation of endocardial 

breakthroughs, comparison tests were performed on formation rates of endocardial breakthroughs 

between comparing groups. These groups were anatomical regions, gender, lifestyles and clinical 

subtypes of AF. The formation rates were calculated by the cumulative distribution function (CDF) 

of inter-formation times of endocardial breakthroughs. Unpaired t-tests were also performed to 

evaluate the significance of the comparing results. 
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4 RESULTS 

There were 47/387 cases discarded prior to statistical analyses as the data was insufficient. 

4.1 Autocorrelation of endocardial breakthroughs 

Figure 11 shows an example correlogram from a single patient. Full correlograms for all patients can 

be found in appendix B.  Collectively, the results showed that 335/340 (98.53%) were not rejected by 

the Ljung-box Q-test at a significance level of 0.05 (mean p-value = 0.47 (95%CI, 0.45 - 0.50)), after 

Bonferroni correction for multiple tests. It indicates that autocorrelation values approached 0 at all 

non-zero lags. In other words, inter-formation times of endocardial breakthroughs in 98.53% cases 

were statistically independent.  

Figure 21. Autocorrelation of inter-formation times of endocardial breakthroughs within the anterior left atrium 

of an AF patient 

The x-axis represents the lag, ranging from 0 to the number of endocardial breakthroughs within the region. The y-axis 

represents the degree of similarity, ranging from -1 (perfect negative correlation) to 1 (perfect positive correlation). The 

red dot points represent the autocorrelation at each lag, calculated using the autocorrelation function. The blue lines 

represent the upper and lower confidence bounds, calculated from the estimated standard error of the autocorrelation (p-

value = 0.99) 
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In regards to the test rejection, it was found that the autocorrelation of all the rejected cases has a 

similar feature. The correlogram of those cases show that the autocorrelation at certain lags exceeded 

the confident bounds (Figure 12). The source of outliers in the autocorrelation of these cases will be 

discussed in Section 5.4. 

Figure 22. Autocorrelation of all the cases rejected by Ljung-box Q-test 
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4.2 Exponential distribution of endocardial breakthroughs 

Figure 13 shows an example histogram from a single patient. Full histograms for all patients can be 

found in appendix C.  Collectively, the results showed that 312/340 (91.76%) were not rejected by 

the Chi-square goodness-of-fit test at a significance level of 0.05 (give mean value and 95% 

confidence interval (i.e., mean p-value = 0.42 (95%CI, 0.39 - 0.45)), after Bonferroni correction for 

multiple tests. It indicates that inter-formation times of endocardial breakthroughs in 91.76% cases 

fits to an exponential distribution.   

Figure 23. Exponential distribution of inter-formation times of endocardial breakthroughs 

within the left superior pulmonary vein of AF patients (p-value = 0.99) 
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In regards to the test rejection, the statistical distribution of all the rejected cases has the same feature. 

As the second bin outpaces the first bin, the statistical distribution of these cases was unable to be 

fitted to an exponential distribution (Figure 13). The source of outliers in the statistical distribution 

of these cases will be discussed in Section 5.4. 

Figure 24. Examples of the cases rejected by Chi-square goodness-of-fit test 
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4.3 Impacts of clinical types of AF 

The results show that there was a significant difference between paroxysmal AF and persistent AF. 

The box plot shows that the mean formation rate of endocardial breakthroughs in patients with 

paroxysmal AF is slightly higher than that in patients with persistent AF (Figure 17). This interesting 

finding will be discussed further in Section 5.2.  

Figure 25. Comparison of the formation rates calculated by the CDF of inter-formation times of endocardial 

breakthroughs in patients with different clinical types of AF 
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4.4 Impacts of other factors 

4.4.1 Anatomical regions 

The results showed that there was no significant difference between the left atrium and the right 

atrium (p-value = 0.37). However, the box plot shows that the mean formation rate of endocardial 

breakthroughs in the left atrium was slightly higher than that in the right atrium.  

Figure 26. Comparison of the formation rates calculated by the CDF of inter-formation times of endocardial 

breakthroughs in the left atrium and in the right atrium (p-value = 0.37) 

The x-axis represents the comparing group. The y-axis represents the formation rate calculated by the CDF of inter-

formation times of endocardial breakthroughs. The red lines represent the median of the scores. The blue boxes represent 

the upper and lower quartile of the scores. The extending lines represents the upper and lower whiskers of scores. The red 

crosses at the end of the top whiskers represent the outliers of the comparison. The value and the bracket at the top of the 

graph represents the p-value of the unpaired t-test. 

0.37 
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In the left atrium, there was no significant difference between anatomical regions (p-values > 0.05). 

However, the box plot shows that the mean formation rate of endocardial breakthroughs in the anterior 

region was considerably lower than those in other regions (Figure 14).  

Figure 27. Comparison of the formation rates calculated by the CDF of inter-formation times of endocardial 

breakthroughs in different anatomical regions in the left atrium 

In the right atrium, there was no significant difference between regions (p-values > 0.05). However, 

the box plot shows that the mean formation rate of endocardial breakthroughs in the right atrial 

appendage was considerably lower than those in other regions (Figure 15).  

Figure 28. Comparison of the formation rates calculated by the CDF of inter-formation times of endocardial 

breakthroughs in different anatomical regions in the right atrium 
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4.4.2 Genders and lifestyles 

The results showed that there was no significant difference between males and females. However, the 

box plot shows that the mean formation rate of endocardial breakthroughs in the females is slightly 

lower than that in males (Figure 16). 

Figure 29. Comparison of the formation rates calculated by the CDF of inter-formation times of endocardial 

breakthroughs in different in male AF patients and in female AF patients 

The results showed that there were no significant differences between not smoking and drinking 

alcohol, drinking alcohol only, and alcohol plus smoking. However, the box plot shows that the mean 

formation rate of endocardial breakthroughs for alcohol and smoking is slightly lower than the others 

(Figure 17).  

Figure 30. Comparison of the formation rates calculated by the CDF of inter-formation times of endocardial 

breakthroughs in AF patients with different lifestyles 

0.45 

0.82 

0.72 
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5 DISCUSSION 

5.1 Renewal theory for characterising electrical activities in AF 

Figure 31. Renewal process models of A. Endocardial breakthroughs and B. phase singularities in AF 

In this research, endocardial breakthroughs in AF patients were found to be consistent with renewal 

processes. Evidence for this is shown by the correlation analysis, which demonstrated that this chaotic 

electrical activity in AF occurs randomly in time (i.e. with statistical independence). Hence, it 

suggests that endocardial breakthroughs can be modelled as a stochastic process. The distribution 

analysis also showed that the inter-formation times associated with endocardial breakthroughs 

produce exponential probability distributions. The implication of this is that the formation of 

endocardial breakthroughs can be quantified, and thus the formation rate can be estimated using the 

exponential rate constant λ.  

In previous studies, renewal theory was found to be a universal framework to characterise rotors and 

wavelets in AF (Dharmaprani et al., 2019, Quah et al., 2020, Quah et al., 2021, Jenkins et al., 2022). 

It challenged two long standing theories of AF, in that it has been hypothesised that either long lasting 

rotors are responsible for sustaining AF, or that the presence of multiple wavelets drive AF. However, 

previous work by Dharmaprani et al. (2019), used the Renewal theory framework to show that these 

two proposed mechanisms essentially co-exist, and both simply occur randomly in time due to 

underlying spatiotemporal chaos. Importantly, this work further suggests that rather than specific 

rotors and wavelets driving AF, it is the continual regeneration process of rotors and wavelets that is 

responsible for sustaining the condition. This has consequences for the clinical treatment of AF, as it 

explains why treatments that focus on eliminating these drivers as a means to terminate AF (i.e., high 

frequency source ablation) do not work (Atienza et al., 2014). 

Hence, renewal theory can revolutionise the medical perspective that AF is chaotic and unpredictable. 

This perspective comes from the fact that AF is characterised by chaotic electrical activity in the atria. 

This has made it difficult to explore the mechanisms of AF. However, as shown in recent studies and 
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the current project, renewal theory has the potential to characterise the complicated electrical 

behaviour of AF. It is also potentially powerful in that it can be extended to other electrical patterns 

that have also been observed in AF outside of rotors, wavelets and endocardial breakthroughs. This 

has the potential to bridge the multiple competing theories of AF under one quantitative framework.  

It can be noted however that some recordings demonstrated a high autocorrelation at from lags ~0-

50 (i.e., at the start of the recording), indicative of correlation between the timings of new endocardial 

breakthrough events (Figure 21). These instances therefore do not fit to the renewal theory model 

whereby endocardial breakthroughs occur randomly in time. Potential explanations for these outliers 

may be artifacts that occur early in the recording, such as ‘pacing spikes’ that are present at the start 

of an electrophysiology study due to periodic pulses of electricity being applied to pace the heart and 

initiate a patient’s AF. Another potential source could be from the recording capturing some sinus 

rhythm activity at the beginning, prior to the patients AF being initiated. However, further analysis 

will be required to determine this. 

5.2 Endocardial breakthroughs relate to AF progression 

The fact that clinical subtypes of AF was the only factor to show a statistically significant difference 

on the formation rate of endocardial breakthroughs aligns with previous studies on the role of 

breakthrough events in the progression of AF (de Groot et al., 2010, Verheule et al., 2013). The 

maintenance of AF and the incidence of breakthrough events are elements of a closed cycle 

contributing to the progression of AF (Figure 20). 

Figure 32. Closed cycle for maintenance of AF 

The long-term chaotic and rapid electrical activity of sustained AF cause damages to the structural 

organisation of the atria walls. In response to the tissue damage, atrial fibrosis occurs and alters the 

trabecular network between the endocardium and the epicardium. Structural remodelling then results 

in excessive EED between the two walls (Verheule et al., 2013, Hansen et al., 2015). Newly born 

fibrous tissue interrupts the synchronous activation between cardiac cells of the opposing walls. The 

sudden change in the electrical activity of the atrial walls results in the incidence of breakthrough 
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waves. The number of breakthrough sites and the frequency of breakthrough events are proportional 

to the magnitude and the frequency of EED.   

The incidence of breakthrough waves increases the complexity of the chaotic electrical activity of the 

heart during AF (Allessie et al., 2010). Highly complex electrical patterns contribute to the 

maintenance of AF and thus prevent the self-termination of AF. In paroxysmal AF, the episode is 

short so there is no measurable damage to the atrial walls and thus negligible number of 

breakthroughs. However, when paroxysmal AF repeats certain times, the damage increases and thus 

the incident of breakthroughs increases. The breakthrough waves and the resulting complex electrical 

patterns increase the episode length of AF, which is subsequently becomes persistent AF.  

5.3 The effect of anatomical, gender, and lifestyle factors on the occurrence of 

breakthroughs 

In this study, anatomical regions, genders and lifestyles was shown to not have a significant impact 

on endocardial breakthroughs inter-formation times in the results of the t-test. However, the box plots 

show that there are certain numerical differences between the respective factors. It indicates that the 

test might be limited by data size and population. The results are also affected by the fact that the 

number of cases between the comparing factors are different. Hence, larger data size and population 

are needed for further investigation. 

Currently, there is no study focusing on the variations of EED and breakthroughs between different 

anatomical regions. The majority of previous studies were about the complex pattern of EED and 

breakthroughs on the entire atria  (Schuessler et al., 1993, de Groot et al., 2010, Eckstein et al., 2013, 

Parameswaran et al., 2020). Structural characteristics of different anatomical regions in the atria were 

actually taken into consideration. The geometry of atrial appendages and septum, two main cavities 

in the atria, was normally approached for modelling EED and breakthrough (Krueger et al., 2011, 

Uldry et al., 2012, Colman et al., 2013). However, no study on the correlation between regional 

differences and the feature of EED and breakthroughs was done.  

There is also no study focusing on gender differences in EED and breakthroughs. The 

electrophysiological differences between males and females were reported to differentiate the 

characteristics of AF (Westerman and Wenger, 2019). Sex hormone have an effect on the atrial pacing 

(Surawicz and Parikh, 2003). Atrial pacing is an important factor triggering structural remodelling of 

the atrial walls (Allessie et al., 2002). A higher tendency of structural remodelling leads to a higher 

incident of EED and breakthroughs (Verheule et al., 2014). Hence, more investigation is needed to 

explore how gender differences differentiate EED and breakthroughs. 
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Similar to other factors, there is no study focusing on the effects of alcohol and smoking on EED and 

breakthroughs. Alcohol and smoking were previously reported to be associated with the incident of 

AF (Liang et al., 2012, Chamberlain et al., 2011). The substances in alcohol and smoking stimulate 

the activity of the heart. Heavy intake of those substances results in irregularly rapid atrial pacing. As 

mentioned above, rapid atrial pacing is closely associated with the incident of EED and 

breakthroughs. Hence, more investigation is needed to understand further the effects of alcohol and 

smoking on the increase of EED and breakthroughs in the atria. 
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5.4 Limitations of the research 

Sample size and resolution is the limitation of mapping methods using electrogram data (Umapathy 

et al., 2010). Those parameters are dependent on the size of the catheter and the number of the 

electrodes on the catheter. Optical mapping is an alternative for higher spatial resolution. However, 

it is currently not available for clinical usage due to the requirements of voltage-sensitive dyes, which 

causes the toxicity to human health. 

Interpolation is a common method to overcome the limitation in the resolution of electrogram-based 

mapping methods, but it also affects the reliability of the data (Umapathy et al., 2010). The quality of 

the interpolation is dependent on the distance of the electrodes on the catheter. Larger proximity of 

the electrodes results in poorer quality of interpolated data, and thus no sufficient information to 

represent the surface of the atrial walls. 

Although phase mapping is a versatile method to study the spatiotemporal chaos during sustained 

AF, it has the limitations in studying endocardial breakthroughs in atrial fibrillation. Breakthrough 

events have been found as highly localised activation patterns on the surface of the atrial walls 

(Verheule et al., 2014). Those events are the result of atrial fibrosis as the scar tissue interrupts 

increase EED between the opposing walls of the atria. The characteristics of breakthrough events 

might result in the biased spatial distribution of phase (Umapathy et al., 2010).  

2-dimensional surface mapping has the limitations for performing phase mapping and studying

endocardial breakthrough (Umapathy et al., 2010, Parameswaran et al., 2020). Although previous 

studies applied phase mapping on the single surface of the atrial walls, this technique actually requires 

simultaneous mapping of the epicardium and the endocardium. It is an important factor for studying 

fibrillation dynamics at the anatomical regions with the high thickness of cardiac walls such as 

ventricular fibrillation. As breakthrough events involve fibrillation waves propagate through the atrial 

walls as the result of excessive endo-epi dissociation, simultaneous analysis of the electrical activity 

across 3-dimensional structure of the atrial walls is required. 

The criteria to detect breakthrough events in 2-dimensional surface mapping are varied between 

previous studies (de Groot et al., 2010, Verheule et al., 2013). It was mainly based on the observation 

and the limited demonstration of the single-surface mapping. Moreover, the origin of breakthrough 

events is also a debating topic. Two previously reported principles are ectopic focal discharges and 

transmural conduction (Mahida et al., 2015, Eckstein et al., 2013). They are also distinguishable 

through the morphology of unipolar electrograms. However, the computational algorithm to 

distinguish those principles based on electrogram data are not readily available. 
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5.5 Future Work 

Larger sample size and higher resolution of cardiac mapping is expected in further study. Basket 

catheter provides better mapping data as it has a total of 64 electrodes. An 8x8 grid of electrodes will 

increases the resolution of mapping array by the factor of 4. Higher resolution of mapping array will 

require less interpolated data and thus increase the reliability of results. Higher density of electrodes 

on the catheter also outputs a higher quality of interpolated electrograms. 

Simultaneous mapping of the endocardium and the epicardium is to validate the detection of 

excessive EED and breakthrough events by referring to the activation time of the endocardial surface 

and the epicardial surface. It is also to explore the formation and propagation of breakthrough waves 

between the opposing walls through the trabecular network of the atrial walls. Furthermore, it is to 

distinguish breakthrough events from other electrical patterns such as ectopic beats and focal 

discharges, as well as any other disturbances from the electrogram data. Promisingly, the principle of 

breakthrough events can be distinguished or validated without referring to the morphology of unipolar 

electrograms. 

Further work can be done to enhance the computational algorithm developed in this study, as it has a 

potential in working with highly localised electrical patterns, e.g., breakthrough events. In this study, 

it was efficient in detecting endocardial breakthroughs and calculating inter-formation times on the 

provided data source. Testing with different sample size and resolution is needed to evaluate the 

performance of this algorithm. Furthermore, it is expected implemented in the combination with 

endo-epi simultaneous mapping to advance the study of breakthrough events. 

Renewal theory is expected to expand to gain more insight into the mechanism of breakthrough events 

during sustained AF. Further study on the measurable rate of the probability distribution of 

endocardial breakthroughs is needed to characterise those events in the maintenance of AF. Moreover, 

the formation rate of endocardial breakthroughs can be integrated with the formation and destruction 

rates of phase singularities in AF to study further on the mechanism of sustained AF. 

The role of breakthrough events in the progression of AF has been widely reported but it needs to be 

evidenced by the statistical characterisation of inter-formation times. In this study, the statistical 

analyses have found the significance difference in endocardial breakthroughs in paroxysmal AF and 

persistent AF on the provided data source. Further study on different sample size and population is 

needed to confirm this significance difference. Moreover, the statistical characterisation of 

endocardial breakthroughs can be extended to patients with permanent AF. It is needed to emphasise 

the correlation between breakthrough events and the episode of sustained AF.  
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6 CONCLUSIONS 

This study found that the inter-formation times of endocardial breakthroughs were statistically 

independent and has an exponential distribution in AF patient's hearts. The statistical independence 

of inter-formation times means that endocardial breakthrough is a stochastic process. There is no 

underlying constant driver of those events, and AF is not sustained by the constant formation of 

endocardial breakthroughs. It also means that Renewal theory is applicable to understand endocardial 

breakthroughs by modelling its probability distribution of inter-formation times. The exponential 

probability distribution of inter-formation times means that the formation rate of endocardial 

breakthroughs is measurable. The measurable rate allows the characterisation of endocardial 

breakthroughs during the maintenance of AF.  

Another finding was that clinical types of AF have a significant impact on the formation of 

endocardial breakthroughs. It is consistent with previous studies on the mechanistic correlation 

between endocardial breakthroughs and the progression of AF. The fact that persistent AF has a 

higher formation rate of endocardial breakthroughs than paroxysmal is aligned with current literature. 

The incidence of breakthrough events was reported to relate to atrial fibrosis, which involves 

structural remodelling of the atrial walls triggered by the damage of sustained AF. Then the 

propagation of breakthrough waves between the endo-epi surfaces through the trabecular network 

contributes to the complexity of electrical patterns sustaining AF.    

Limitations of the study, which might be the source of outliers in statistical analyses have been 

addressed. Sample size and resolution are the typical concerns of electrogram-based cardiac mapping. 

Interpolation has certain issues with the quality and reliability of interpolated electrograms. Phase 

mapping are quite limited in studying localised electrical patterns and AF. Studying of breakthrough 

events is also limited by 2-dimensional surface mapping. It leads to various and unclear criteria for 

detecting breakthrough events that requires validation with unipolar electrograms. 

Future work is expected to expand the study of breakthrough events and overcome the limitation so 

the current study. Basket catheter data is needed to increase the resolution of cardiac mapping. 

Simultaneous mapping should be performed to improve the detection and validation of 

breakthrough events. The computational algorithm developed in this study has a good performance 

in studying breakthrough events and a potential in applying to other localised electrical patterns 

during sustained AF, so its use needs to be expanded and enhanced. Renewal theory can be 

expanded to characterise breakthrough events in the sustenance of progressive AF.   
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APPENDIX A – MATLAB codes for the detection algorithm 

%% Detect wavefronts propagating from endocardial breakthroughs 

Detected_WF_IDs = zeros(1,numel(Frame));  

  % Create empty array for detected wavefront IDs 

for i = 2:numel(Frame)  % Cycle through all frames 

fprintf('Detecting WFs triggered by EB...Frame %d out of %d... 

\n',i,numel(Frame));  % Display process status 

if ~isempty(numel(Frame(i).WF))  

% Check if wavefronts in current frame 

for j = 1:numel(Frame(i).WF)  

% Cycle through all wavefronts in current frame 

bw1 = ones(13,13);  

  % Create binary map of all pixels switched on 

for k = 1:numel(Frame(i).WF(j).WFx)  

  % Search for x-coordinate of current wavefront 

bw1(Frame(i).WF(j).WFy(k),Frame(i).WF(j).WFx(k)) = 0;  

% Switch off pixels at current wavefront 

end 

cc1 = bwconncomp(bw1);  

  % Finds and counts regions in binary map 

if cc1.NumObjects > 1 % Check if no. of regions > 1 

bw2 = ~bw1;  % Switch all pixels to opposite status 

bw2 = imfill(bw2,'holes');  % Finds and fills holes 

bw2 = ~bw2;  % Switch all pixels back to original status 

cc2 = bwconncomp(bw2);  % Finds and counts regions 

if cc2.NumObjects == cc1.NumObjects - 1  

% Check if no. of regions decrease by 1 

for k = 1:numel(Frame(i).WF(j).WFx)   

% Search for x-coordinate of current wavefront 

bw2(Frame(i).WF(j).WFy(k),Frame(i).WF(j).WFx(k)) = 1;  

  % Switch off pixels at current wavefront 

end 

bw3 = phase_map_all{i};  

% Call for current phase map 

bw3(bw2) = 0;  

% Switch off pixels by templating binary map 

indx = find(max(max(bw3)));  

% find position of pixel at highest phase 

for k = 1:length(electrodes)  

% Cycle through all electrodes 
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                                if indx == electrodes(k)   

  % Check if position matches to current electrode 

                                    Detected_WF_IDs(i) = Frame(i).WF(j).WF_ID;   

% Save current wavefront ID 

                                end 

                            end 

                        end 

                    end 

                end 

            end 

        end 

        Detected_WF_IDs = nonzeros(Detected_WF_IDs);  % Remove zero elements 

        Detected_WF_IDs = unique(Detected_WF_IDs);  % Remove repeated elements       

        fprintf(' // WFs detected...\n');  % Display process completed 

         

        %% Discard wavefronts not propagating from endocardial breakthroughs 

        for i = 1:numel(Frame)  % Cycle through all frames 

            fprintf('Discarding WF not triggered by EB...Frame %d out of %d  

\n',i,numel(Frame)); % Display process status 

            if ~isempty(numel(Frame(i).WF))   

% Check if wavefronts in current frame 

                tag = zeros(1,numel(Frame(i).WF));   

    % Create empty array for wavefront ID tags 

                for j = 1:numel(Frame(i).WF)  % Cycle through all wavefronts 

                    for k = 1:numel(Detected_WF_IDs)   

  % Cycle through all detected wavefront ID 

                        if Detected_WF_IDs(k) == Frame(i).WF(j).WF_ID   

% Check if detected ID matches to current ID 

                            tag(j) = 1;  % Tag wavefront ID 

                        end 

                    end 

                end 

                indx = find(tag == 0);  % Find untagged wavefronts 

                Frame(i).WF(indx) = [];  % Discard untagged wavefronts 

            end 

        end 

        fprintf(' // WFs discarded...\n');  % Display process completed 
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APPENDIX B – Correlograms of inter-formation times 

Correlograms of endocardial breakthroughs inter-formation times in all AF cases are provided on the following pages. 

Correlograms visualise the autocorrelation of inter-formation times at all lags. 

In most correlograms, the autocorrelation was 1 at lag 0 and approached zero at all non-zero lags (within the upper and lower confident bounds). 

In the correlograms of the cases rejected by Ljung-box Q-test, the autocorrelation at certain non-zero lags exceeded the confident bounds. 



2 



3 



 

4 

 



 

5 

 



 

6 

 



 

7 



 

8 



 

9 



 

10 



 

11 



 

12 



 

13 



 

14 



 

15 



16 



 

17 



18 



 

19 



 

20 



 

21 



 

22 



 

23 



 

24 



 

25 

 



26 



27 

APPENDIX C – Histograms of inter-formation times 

Histograms of endocardial breakthroughs inter-formation times in all AF cases are provided on the following pages. 

Histograms visualise the probability distribution of inter-formation times. 

In most histograms, the probability distribution of inter-formation times was an exponential distribution. 

In the histograms of the cases rejected by Chi-square goodness-of-fit test, the probability distribution of inter-formation times could not fit well to 

an exponential distribution as the first bin is lower than the second bin. 
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