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1. Introduction

1.1. Atrial fibrillation

Atrial fibrillation (AF) is the most prevalent sustained cardiac arrythmia and a challenge to
public health and health care providers, with the impact as a major cardiovascular morbidity
steadily rising (Lip et al., 2016). In 2014 the lifetime risk estimates for developing AF reached
about 1 in 3 in white individuals and 1 in 5 for black individuals (Mou et al., 2018). Estimates
show that comparing to 2010 in 2060 the number of adults over 55 years with AF in the
European Union will more than double, from 8.8 million who had AF in 2010 to 17.9 million in
2060 (Krijthe et al., 2013). AF is associated with a high morbidity and mortality, especially
through AF-related strokes. Stroke risk is increased 5-fold in AF-patients, which additionally
are 2,5-fold more likely to be fatal than non-AF related strokes (McGrath et al., 2013).

Atrial fibrillation is a disease causing a heart rhythm irregularity, noticeable on an
electrocardiogram tracing (ECG) with absence of homogenous atrial depolarization (lack of P-
wave) and irregular appearance of ventricular depolarization (QRS-complex). Normally one
can observe an electrical impulse generated in the sinoatrial node, located in superior-lateral
part of the right atrium, spreading throughout the atrial tissue in uniform way, thereby causing
atrial contraction Electrical activation of the left atrium (LA) is facilitated by the Bachmann
bundle, made up of a strand of well-aligned myofibrils, which minimizes interatrial conduction
delay and allows for nearly simultaneous atrial contraction. The electrical wavefront reaches
the atrioventricular node, located in the inferoseptal part of the right atrium. From this point the
electrical activity is transmitted through a specialized conduction system, the “His-Purkinje”
system, made up by a special type of cardiomyocytes and distributed simultaneously to
myocardial tissue of both right and left ventricle causing ventricular contraction. In this way the
electrical excitation of cardiomyocytes directly controls the hemodynamics, resulting in a

contraction (systole) or relaxation (diastole) of atria and ventricles.

Atrial fibrillation results in the loss of physiologic control over the heart rate, due to a chaotic
electrical activity with very rapid focal spontaneous depolarizations or a sustained repeating
electrical wave front (re- entry circuit) in atrial flutter, which can in some instances cause a
regular but unphysiological heart rhythm. Most commonly the origin of these chaotic focal
depolarizations has been found in the pulmonary vein (PV) ostia, but foci outside these
structures have been described (Haissaguerre et al., 1998; Lin et al., 2003). The rapid electrical
activity in the atria is prevented from being conducted in an uncontrolled manner to the
ventricles by the atrioventricular node, which acts as a gatekeeper. Usually, one can expect a

ventricular heart rate of around 150 beat per minute in uncontrolled AF. There are many



observable hemodynamic or electromechanical consequences of this arrhythmia on the heart,
which have been studied over the past decades. One of the most important concepts to
understand is the loss of atrial contraction or its dyssynchronization from the ventricular
diastole. This effect results in a decrease of ventricular filling (preload) thereby decreasing left
ventricular ejection fraction, through the Frank-Starling mechanism (Nattel, 2002). In some
cases, this effect is exacerbated by the very rapid and uncontrolled ventricular rate leading to
heart failure, termed tachycardiomyopathy (Gallagher, 1985). The mechanisms linking
arrhythmia and impaired left ventricular function have been under investigation for decades.
With more emerging evidence and understanding an updated terminology and definition has
been proposed. Arrhythmia-induced cardiomyopathy defined by “atrial and/or ventricular
dysfunction, secondary to rapid and/or asynchronous/irregular myocardial contraction, partially
or completely reversed after treatment of the causative arrhythmia” reflects the complex
interplay between rhythm and function (Simantirakis et al., 2012). It remains important to
distinguish two categories of this type of cardiomyopathy. First, the arrhythmia-induced
cardiomyopathy, where arrhythmia is identified as the only reason for ventricular dysfunction.
The second type being, arrhythmia-mediated cardiomyopathy, where arrhythmia exacerbates
ventricular dysfunction and/or worsens heart failure in a patient with concomitant heart
diseases. The clinical distinction is challenging as an underlying structural heart disease has
to be excluded (Gopinathannair et al., 2015; Martin & Lambiase, 2017). The influence of AF as
leading global arrhythmia, on the heart function by causing heart failure or worsening heart
failure reflects the associated morbidity and mortality. Current evidence describes the
association independent of the ventricular rate and favors rhythm control strategies to restore

sinus rhythm either by catheter ablation or antiarrhythmic medication (Camm et al., 2022).

Expanding the knowledge of electromechanical consequences of AF is key to understand it's
complex association with morbidity and mortality. Another important concept is the absence of
effective atrial contraction leading to decreased blood flow or even complete stasis of blood in
the left atrial appendage as one of the factors, which results in a higher risk of thrombus

formation, corresponding to increased cardioembolic stroke risk (Wolf et al., 1991).

In the current research efforts, a more in-depth approach to describe pathophysiology on a
cellular level is in the focus. Here the role of inflammation has been emphasized and its impact

on cardiomyocytes is under investigation.



1.1.1. Risk factors

The development of AF has been shown to be attributed to certain risk factors, which can be
divided into modifiable and non-modifiable. The most important non-modifiable risk factor is
age (Heidenreich et al., 2011). Advanced age takes into account that many other risk factors
have an effect on atrial tissue over a long period of time. An additional non-modifiable risk

factor is ethnicity and related genetic variations of certain populations (Rodriguez et al., 2015).

The literature describes certain modifiable risk factors for the development of AF and its chronic
progression, including body mass index, height, hypertension, diabetes mellitus, obstructive
sleep apnea, myocardial infarction, heart failure and smoking (Staerk et al., 2017). Special
interest is taken in the role of adiposity as a risk factor of AF. Current evidence shows that,
general measures of obesity such as BMI, waist/hip ratio and waist circumference are
associated with AF occurrence, but an even higher association and relative risk exists for

epicardial adipose tissue volume (Wong et al., 2011).

In the younger population psychosocial and lifestyle factors (particularly stress) are important

modulators of AF occurrence (Rosman et al., 2019).

Based on identified risk factors, approaches have been suggested to predict the risk of AF
development in an individual patient using scoring systems. The goal of this approach is to
identify a population at high risk of AF, who would undergo more diagnostic assessments to
be able to verify AF presence by ECG documentation. Several predictive models have been
published and discussed in current literature. Two of the lager studies (CARGE-AF and MHS)
used 10 to 11 predictors based on patient’s characteristics and presence of cardiovascular risk
factors. These were found to provide the highest observed prevalence in the highest predicted
risk patients. The rationale is clear, this approach can focus available resources for AF
screening on high risk patients, allowing to initiate appropriate treatment and thus decrease
morbidity and mortality of AF (Alonso et al., 2013; Aronson et al., 2018; Poorthuis et al., 2021).

AF can also be the secondary result of a present valvular heart disease. This entity has been
termed valvular AF and its treatment approach differs from non-valvular AF, as the causative
valve demands treatment in the first instance. Especially mitral valve pathologies are
associated primarily with increased pressure inside the left atrium and therefore wall stretch
leading to changes of electrophysiological properties and tissue structure (Verheule et al.,
2003).



1.1.2. Left atrial myopathy

Our understanding of the underlying causes of AF development is evolving. The first
description of a state of disease of the myocardial tissue of the atria, termed “atrial myopathy”,
was published in the last century. In the beginning these structural changes observed in
histological samples from animals and patients with known AF, where thought to be directly
tachycardia induced (Zipes, 1997). Current literature uses terminology like “atrial fibrotic
remodeling” or “fibro-fatty-degeneration” interchangeably with the term atrial myopathy or atrial

cardiomyopathy.

A definition of the term atrial cardiomyopathy was proposed by an expert consensus of major
electrophysiology societies in 2016 (Goette et al., 2016). It is described as any complex of
disruptions in structure, architecture, contractile integrity and electrophysiological changes
affecting the atria with the potential to produce clinically relevant manifestations. Generally
atrial myopathy is considered to be a heterogenous disease with patients exhibiting different

combination and extend of these features.
Characteristic histologic finding can be summarized as:

I.  cardiomyocyte dysfunction, with association to genetic cardiomyopathies
Il. fibrosis related disease, in association with known cardiovascular risk factors
lll.  mixed cardiomyocyte and fibroblast dysfunction, in association with heart failure and
valvular disease
IV. non-collagen deposition, associated with infilirative cardiomyopathies like

haemochromatosis, isolated atrial amyloidosis and inflammatory or fatty infiltrates

A histological classification scheme has been proposed with the acronym EHRAS, defining
these four above mentioned features in EHRAS classes [-IV. It is important to note that
histological findings may vary over time and at different atrial locations in certain patients
(Baman et al., 2021; Goette et al., 2016).

Looking for more answers as to why certain histological changes occur, evidence is emerging
that an interplay of a complex chronic, clinically not visible inflammatory state leads to biological
aging of cells of the atrial myocardium with subsequent electrophysiological and structural
abnormalities. This can occur in the context of metabolic disorders, which are associated with
adipose tissue inflammation or systemic inflammatory diseases. Research currently focuses
on identification of precise pathways of ongoing inflammation, its mediators and their complex

association with the pathophysiology of AF (Korantzopoulos et al., 2018).



Evidence shows that elevated levels of reactive oxygen species, as well as inflammation
related endothelial dysfunction together with collagen catabolism, increase of TGF 31 activity
and changes in the extracellular matrix play a role in the development of atrial myopathy (Shen,
Arora, & Jalife, 2019).

Changes induced by these factors on the electrophysiological properties and structure of the
atrial wall lead consequently to the presence of tissue fibrosis, increased conduction
heterogeneity and electrical re-entry mechanisms (Boldt et al., 2004; Burstein & Nattel, 2008;
Everett & Olgin, 2007; Hirsh et al., 2015). Atrial fibrosis, as described histologically from biopsy
and autopsy specimens, shows characteristic loss of sarcomeres and accumulation of
glycogen storage granules in cardiomyocytes. Further it features interstitial fibrosis, which
renders healthy myocardial architecture discontinuous and thereby causes non-uniform
conduction (Corradi, 2014; Kostin et al., 2002). Additionally, myocyte apoptosis, fibroblast
proliferation, increased deposition of extracellular matrix and necrosis has been observed
(Korantzopoulos et al., 2018). Recent research further points the way towards fibro-fatty
infiltrates into the subepicardial layer of the atrial wall (Suffee et al., 2020). Identified mediators
of the processes are numerous and beyond the scope of this research thesis and represent

the inflammation-based approach to studying AF.

It is worth noting that the clinical presence of AF is not a necessity for an underlying atrial
myopathy to exist, which prepares the ground for thrombogenesis leading to embolic
cerebrovascular events even in the absence of overt AF (Brambatti et al., 2014; Kottkamp,
2012). This makes prevention of AF development, occurrence of cerebrovascular stroke and
further adverse effects a difficult task, but emerging methods to detect atrial myopathy in vivo
are evolving and are changing our approach on this task. Focus will remain on identification of
risk factors and features of atrial myopathy and thereby influence AF related morbidity and

mortality.

We should be aware that the final consequence of the AF related pathophysiology is a
continuously and self-perpetuating cycle of atrial remodeling. Over time AF tends to be
increasingly persistent in its duration, exhibit adverse cardiovascular events and becomes

more resistant to therapy.



1.1.2.1. Predictive parameters of LA myopathy and atrial fibrosis

As mentioned earlier, efforts are ongoing to allow health care professionals to identify patients
with AF according their risk profile. Taking this approach further, it would be of additional
interest to be able to determine if a patient, even irrespective of AF presence, is at the
beginning or in an advanced stage of LA myopathy, to be able to guide therapy decisions.
Currently the established method for detecting atrial fibrosis as a feature of LA myopathy is
predominantly invasive endocardial voltage mapping. Experimental approaches exist using
invasive endomyocardial biopsy, late gadolinium enhancement (LGE) based cardiac magnetic

resonance (CMR) imaging and speckle tracking echocardiography with LA strain analysis.

For invasive voltage mapping, cut off values for measurements are specified in literature and
accepted for general use. A cut off classification using >0.5 mV for healthy myocardium,
0.25 — 0.5 mV for fibrotic tissue and <0.25 mV for myocardial scar, is also implemented at out
center. (Bijvoet et al., 2022; Huo et al., 2017; Oakes et al., 2009; Y. Shao et al., 2022; Zghaib
et al., 2018).

1.1.2.2. Imaging methods for left atrial myopathy and fibrosis

Imaging methods are particularly useful to detect features of LA myopathy. The ability to
determine the LA size and function using echocardiography and cardiac computed tomography
are well known (Rohner et al., 2011; Todaro et al., 2012). The assessment of LA function by
echocardiography predicts incident AF in the general population, even in the absence of certain
cardiovascular risk factor or overt cardiovascular disease, as well as recurrence after catheter
ablation. Especially atrial strain assessed by speckle tracking echocardiography showed an
inverse relationship with the degree of atrial fibrosis assed by LGE CMR (Kuppahally et al.,
2010; Olsen Flemming J. et al., 2019; Sarvari et al., 2016). Further, a lager LA also shows
association with new onset AF, AF recurrence after catheter ablation as well as risk of embolic
stroke (Abecasis et al., 2009; Helms et al., 2009; Jordan et al., 2019; Njoku et al., 2018; Tan
et al., 2020).

Similar results have been observed using CMR imaging which has become the gold standard
for cardiovascular imaging due to high quality and ability of tissue characterization (Bertelsen
et al.,, 2020; Den Uijl et al., 2018; Lim et al., 2019). CMR is known for its ability of direct
visualization of fibrotic or scar tissue by the application of LGE imaging ) and high correlation
with histological examination of tissue, especially in ischemic heart disease and hypertrophic

cardiomyopathy (Flett et al., 2011; Treibel et al., 2014). Recently, it has been proposed that



CMR also allows for visualization of fibrosis on the level of the atria, using already established
LGE imaging techniques. The results of histopathological validation studies not only
established the strong correlation between imaging and histopathological findings but also with
endocardial electroanatomic voltage mapping. However, literature still reveals a high
heterogeneity between studies, with the need for a more uniform proceeding regarding image
acquisition and assessment for low voltage zones (LVZ) during mapping. LGE image
acquisition in atrial tissue remains challenging due to the thin atrial wall and cases with poor
image quality. For electroanatomic mapping most studies use a threshold of 0.5 mV measured
during sinus rhythm, with high density mapping catheters, for distinguishing between healthy
and fibrotic myocardium. Furthermore the extend of affected area is ideally quantified as

fibrosis per region or per whole LA (Bijvoet et al., 2022; Harrison et al., 2014).

Extending the applicability of CMR for the purpose of assessment of LA function, the possibility
for LA strain analysis from CMR imaging has been described, based on well-established
algorithms from echocardiography. It could be shown that, CMR based estimation of LA
emptying fraction and LA booster pump strain rate using feature tracking can be used to predict
LVZ occurrence (Schonbauer et al., 2021). Recently, additional possibilities of atrial flow
dynamics characterization using 4-dimensional (4D) flow CMR have emerged. Measured
parameters like mean and peak left atrial flow velocities and rate of atrial stasis during sinus
rhythm, were found to be associated with AF (Markl et al., 2016).

1.1.4. Current treatment strategies

In European countries ongoing research on the topic of AF is regularly reviewed by the
European Society of Cardiology (ESC) leading to the publication of clinical practice guidelines.
The latest updated guideline was published 2020, covering the whole spectrum from definition
of AF, epidemiology, clinical features, screening methods, diagnostic assessment and patient

management.

To be able to decide for a specific AF treatment for the individual patient, an assessment of

the current state of AF as well as the burden of symptoms is established.

During clinical routine AF is classified by its duration, which is also represented in the current
guidelines. Newly diagnosed AF is classified as first diagnosed irrespective of duration or
presence of symptoms. AF which terminates spontaneously or by intervention within 7 days,
is defined as paroxysmal AF. Longer duration, up to 1 year of ongoing AF or episodes which
were terminated by medical or electrical cardioversion represent persistent AF. Long-standing

persistent AF is the continuous occurrence of AF for >1 year, with the intention of restoring
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sinus rhythm (rhythm control strategy) still present. The term permanent AF is applicable if no
further attempts for rhythm control will be undertaken and the only goal remains to decrease

the ventricular heart rate to a physiologic range (rate control strategy).

Additionally, the patient is assessed for symptoms, which can range from being asymptomatic
to symptoms like palpitations, dyspnea and fatigue, with extreme forms displaying signs of
hemodynamic instability like syncope, hypotension, acute heart failure and cardiogenic shock.
Subjective symptoms are made comparable using a suggest European Heart Rhythm
Association (EHRA) symptom scale, ranging from 1 till 4, with 1 meaning no experience
symptoms and 4 representing disabling symptoms, which cause discontinuation of normal daily

activities.

In general, the guidelines propose a simple holistic approach for patient management using an
ABC pathway: A for “Anticoagulation/Avoid stroke”, B for “Better symptom management” and
C for “Cardiovascular and Comorbidity optimization”. With regard to this research project the
focus will be on the approaches of “Better symptom control”, which can be simply divided into
rate control and rhythm control strategies. The goal to the rate control strategies is to limit the
ventricular heart rate to a target or optimal range primarily using pharmacological intervention
with beta-blockers, non-dihydropyridine calcium channel blocker, digoxin or amiodaron. A
fallback strategy using an invasive atrioventricular node ablation and permanent pacemaker
implantation exists for selected patients, when pharmacological means have failed. The rhythm
control strategy describes the attempt to restore and maintain physiological sinus rhythm using
a combination of approaches, including antiarrhythmic medication, electrical cardioversion,
invasive catheter ablation and modification of cardiovascular risk factors. Based on current
guidelines from available scientific evidence, the indication to choose the rhythm control
strategy is to reduce AF-related symptoms and improve quality of life of AF patients. It has
further emerged that in a selected subgroup of AF patients, displaying heart failure with
reduced LVEF, a reduction of all-cause mortality, cardiovascular related mortality and
hospitalization can be achieved by catheter ablation (Marrouche et al., 2018; Packer et al.,
2019; Simader et al., 2023; Sohns et al., 2023). Currently AF catheter ablation is considered
to be the gold standard approach for long term rhythm control, showing superior results than
antiarrhythmic mediation, suggesting its first line use for all patients with paroxysmal AF
(Jacopo F Imberti et al., 2021). Informed decision making for the therapy, with emphasis on
the patient’s choice on the treatment approach is additionally highlighted. This leaves room for
individual approaches without favoring one approach over the other for the general AF patient
without comorbidities. Patient selection using certain estimated variables might offer additional

new ways to guide patients toward a specific treatment offering the best possible outcome.



The ultimate treatment goal remains defined as a reduction of AF burden (time of AF being

present) irrespective of the specific rhythm control strategy (Hindricks et al., 2021).

1.1.4.1. Catheter ablation

The technique of catheter ablation is the corner stone of the current AF treatment debate. It is
generally accepted, that a complete electrical isolation of pulmonary vein ostia is to be
achieved, either by sequentially placed radiofrequency lesions or by a so called “single-shot”
ablation. In the latter approach usually, a balloon assisted catheter is used to provided
assistance in placement of the catheter into the PV-ostium. Numerous research articles exist

on the establishment of these technique and their efficacy.

Current treatment recommendation aim to give a broadly applicable guide based on the
published research (Hindricks et al.,, 2021). It was reported, that the long-term complete
isolation of PV-ostia remains to be a great challenge (Huo et al., 2020; Kim et al., 2016). Much
effort and research using novel ablation techniques and catheters has demonstrated improved
results in providing long term isolation of PV-ostia (De Pooter et al., 2019). Recently “high
power short duration” and “pulsed electrical field” ablation approaches have gained attention
(Boersma, 2022). It has to be noted that placed ablation lesions tend to undergo a process of
healing, potentially allowing chaotic electrical activity to propagate into the left atrium and
excreting influence on the heart rhythm once again. Furthermore, other locations in the left
atrium are being recognized as exerting influence on AF-recurrence, even with a complete
isolation of PV-ostia being present. Research shows that up to 19 % of patients presenting
with paroxysmal AF show presence of extra-pulmonary arrhythmogenic sites, identified as LVZ
during their first AF ablation procedure. This number rises to 54 % in patients with persistent
AF (Huo et al., 2017). Therefore, novel ablation strategies, beyond the classical ablation
targets, are under investigation and becoming more popular. Generally, additional lesions are
placed at specific places of the left atrium with the goal to either compartmentalize the atrial
wall and thereby preventing propagation of electrical activity or to eliminate certain areas of
aberrant electrical activity (Lip et al., 2016). One approach focuses on the presence of left atrial
fibrosis as arrhythmogenic area with spontaneous electrical depolarization and conduction
abnormalities, being a marker of an advanced state of disease. Patients with identified
extra- pulmonary arrhythmogenic areas (LVZ), during electroanatomic voltage mapping, show
a reduced risk of AF recurrence, when treated with an extended ablation concept (Huo et al.,
2022)



Furthermore, scientific studies have investigated approaches for patients deemed in an early
state of disease, defined clinically by the presence of paroxysmal AF, scheduled for their first
ablation, comparing point-by-point radiofrequency PV-isolation, with single shot cryoballoon
ablation. A recent metanalysis of 15 international randomized controlled trials (RCT)
demonstrated similar outcomes with regard of freedom from AF, with the cryoballoon approach
having shorter procedure times (Huang et al., 2023). Additionally it is suggested that
aggressive treatment of modifiable cardiovascular risk factors does not only decrease the risk
of AF recurrence after catheter ablation, but reduces general the risk of symptomatic AF

recurrence without any additional therapy (Elliott Adrian D. et al., 2023; Pathak et al., 2014).
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1.2. Epicardial adipose tissue

A new player is currently under investigation in the complex context of AF and atrial
cardiomyopathy development. On the background of numerous previous studies linking
obesity with cardiovascular disease and increased arrhythmic risk, much effort has been
invested into exploration of role of adipose tissue in cardiovascular disease (Powell-Wiley et
al., 2021). It has emerged that a certain location displaying adipose tissue with its unique type

and properties warrants our attention.

Epicardial adipose tissue (EAT), by definition located deep to the visceral pericardium, is in
direct contact with underlying myocardium and is associated with arrhythmogenesis through

emerging evidence for its role as a direct participant of inflammation.

It is of particular importance to classify adipose tissue surrounding the heart by its anatomical
location and its embryological origin (Figure 1). The anatomical proximity and shared vascular
supply of EAT with the myocardium, supports the thesis of an interaction of these two
structures. EAT covers the myocardium in a variable extent and contributes to whole heart
mass, with its main localization in the atrioventricular and interventricular groove (Mahajan et
al., 2015, 2018; Packer et al., 2019; Patel et al., 2022; Zhou et al., 2020).
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Figure 1 Anatomy of epicardial adipose tissue (EAT) in relation to myocardium and surrounding structures (Patel
etal., 2022).
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To better understand the mechanism by which EAT is involved in the inflammatory process,
further general aspects should be elucidated. Adipose tissue is categorized as white, beige or
brown (Figure 2). Fatty tissue of our body mainly consists of white adipose tissue with
ubiquitous distribution as subcutaneous and visceral fat. It serves as energy storage by
containing of a large single lipid droplet, which responds to changes of systemic energy levels,
either by lipolysis or lipogenesis to release or uptake fatty-acids. Only minimally developed
mitochondria are present. White adipose tissue is known for its secretion of various hormones,
cytokines, complement and growth factors. These can be collectively called adipokines, which
exert endocrine and paracrine effects, distantly and locally. Additionally, it is linked with
metabolic disease states, which cause an increase in overall white adipose tissue mass and a

disbalance of secreted adipokines (Coelho et al., 2013; Sakers et al., 2022).

Brown Beige White
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mitochondrion

Lipid morphology Small multilocular Variable multilocular Large unilocular
UCP-1 expression Abundant Present Absent
Mitochondrial density High Intermediate Low
Primary function Thermogenesis Thermogenesis/ Energy storage

Energy storage

Figure 2 Overview of characteristics of brown, beige and white adipose tissue. Abbreviation: Uncoupling protein-1
(UCP-1) (Patel et al., 2022).

Conversely brown adipose tissue is only located in specific locations, like cervical,
suprascapular, mediastinal and paravertebral regions, with its development predetermined
before birth. It shares the same Myf5+ progenitor cells as myoblasts, which makes this cell
population distinct from white adipose tissue. Its role is to generate heat via thermogenesis by
lipid catabolism. Thereby its cellular composition is different, displaying a high density of
mitochondria with lipids being stored in numerous small vacuoles. To serve its specific role, a

specific gene expression allows the production of uncoupling protein-1 (UCP-1), which is
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incorporated in the inner mitochondrial membrane. It acts as a key component in the oxidative
phosphorylation process opposing the generation of adenosine triphosphate (ATP) and
thereby is linked to nonshivering thermogenesis. Immunohistochemically this is a defining
marker of brown adipose tissue. Of further note is its richer microcirculation and sympathetic
innervation, which provides oxygen and allows for activation of the thermogenesis process via

B-adrenergic receptors (Saely et al., 2012; Thoonen et al., 2016).

Epicardial adipose tissue being originally a white visceral adipose tissue, has emerged with
features of an intermediate phenotype, therefore it is called beige adipose tissue, which
develops postnatally and is predominantly inducible by cold. It is important to note that it
displays features of both white and brown adipose tissue. Originally cells of a white adipose
tissue undergo a process of transdifferentiation (“browning”), which leads to generation of
features allowing to regulate energy balance and thermogenesis (Barbatelli et al., 2010;
Himms-Hagen et al., 2000). It was observed that noradrenergic stimulation via the sympathetic
nervous system or glucagon like peptide 1 (GLP-1) agonists, influences gene expression,
which leads to upregulation of UCP-1 and additionally leads to changes in tissue structure
including increased nerve fiber branching and angiogenesis. Evidence shows that EAT
expresses the GLP-1 receptor, in contrast to subcutaneous adipose tissue. It is suggested that
these mechanisms allow flexible adaptive thermogenesis and thereby these processes are
reversible by rewarming (Dozio et al., 2019). A time frame of approximately 4 weeks was
observed for cellular reverse remodeling towards the white adipose tissue phenotype, with
cells finally being almost indistinguishable. Yet these cells are thought to have an epigenetic
memory, making it possible to rapidly reactivate the thermogenesis program upon cold re-
exposure. Additionally, studies in mice show, that animals with recent cold exposure tend to
reactive dormant beige adipose cells, in contrast to cold naive animals, which upon first
exposure undergo a process of de-novo beige adipocyte differentiation from Myf5- progenitor
cells (M. Shao et al., 2019). Also highly interesting are findings, that support the ability of a
certain unique subset of UCP-1 expressing cells around lymph nodes to proliferate in response

to adrenergic stimulation (Park et al., 2021).

This demonstrates the plasticity of beige adipose tissue. Unfortunately, it seems that aging,
especially in women and advanced coronary artery disease affects the function and
morphology of EAT to act as beige type adipose tissue, favoring transdifferentiation towards
the white adipocyte phenotype (lacobellis, 2021; Roh et al., 2018; Rosenwald et al., 2013;
Sacks et al., 2013; Sacks & Fain, 2007; Sakers et al., 2022).
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1.2.1. Physiology and pathophysiology of epicardial adipose tissue

Epicardial adipose tissue serves physiological processes, foremost protecting the underlying
myocardium and coronary vessels from potential stressors. As already described EAT is a
metabolically active tissue of the beige phenotype, with the potential of lipogenesis and
lipolysis, which allows it to act a local energy supply, storage and utilizer to generate heat.
Additionally, a protection from lipotoxicity from excess free fatty acids in the microcirculation
has been observed. In the context of the myocardial metabolism, with more than half of the
energy generated from the oxidation of free fatty acids, the role of EAT can be seen as
balancing their supply to the myocardium, as it can release and uptake free fatty acids at high
rates (lacobellis & Bianco, 2011). Since it also functions as an endocrine organ by secreting
bioactive molecules like adipokines, it was shown that it modulates proliferation of vascular
smooth muscles, vascular contractility and exerts antiapoptotic and antioxidant effects. It is
currently hypothesized that these effects occur via three distinct pathways. Paracrine signaling
assumes that adipokines diffuse through layers of the vascular wall and are dispersed in the
interstitial fluid to interact with endothelium and smooth muscles. Vascocrine signaling
describes a mechanism whereby molecules enter adventitial microvasculature (vasa vasorum)
and are transported through the layers of the vessel wall. A new third mechanism implicates

molecule transport by extracellular vesicles.

Other bioactive molecules produced by EAT include various interleukins, adiponectin, tumor
necrosis factor a (TNFa), monocyte chemoattractive protein 1 (MCP-1), omentin, leptin and
others. Some having positive (like for example adiponectin and leptin), some negative (IL-6,
TNFa and MCP-1) effects and therefore the imbalance between them towards a
proinflammatory phenotype is causing pathological changes in tissues. Further cytokines,
called adipo-fibrokines like activin-A and matrixmetalloproteinase (MMP) are worth mentioning
since they are involved in remodeling of the extracellular matrix and fibrogenesis. The
interaction of EAT and cardiovascular structures is described as bi-directional, with the

potential of modification of its secretome upon received signaling.

Further pathophysiological mechanisms with EAT involvement are based on immune cell
activity. A phenotypic shift of the EAT secretome, as described in conditions of obesity,
diabetes mellitus type 2 and coronary artery disease (CAD) with increased protein levels of
proinflammatory cytokines, leads to activation of immune cells of the innate and the adaptive
system. Specific changes in the quantity of immune cells present in EAT can be observed in
the context of obesity and related cardiovascular disease. Regarding cells of the innate
immune system like macrophages, a change in the relation between pro-inflammatory

macrophages (M1) and anti-inflammatory (M2), in favor of the former is characteristic in CAD
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patients. Other innate cell of interest are dendritic cells, which promote macrophage infiltration,
are also increased in obesity and diabetes mellitus type 2. With regard to cells of the adaptive
immune system research shows increased infiltration with CD8+ T-lymphocytes and B-
lymphocytes, which induce M1 macrophage infiltration. Many more changes in the composition
of innate and adaptive immune cells in EAT under certain cardiovascular conditions have been
described, which leads to a complex state of adipose tissue inflammation (Doukbi et al., 2022;
lacobellis, 2022; Patel et al., 2022; Sakers et al., 2022).

1.2.2. Role of epicardial adipose tissue in atrial fibrillation

Current scientific evidence links EAT with cardiovascular disease including arrhythmogenesis,
especially AF risk and development of atrial myopathy. Multiple studies using different
approaches and imaging modalities found that increased EAT volume is associated with
prevalence of AF, independently of other measures of obesity. Further evidence shows that

EAT promotes AF persistence and is associated with AF recurrence after catheter ablation.
The proposed links between EAT and AF are:

Proinflammatory role of EAT
Reactive oxygen species released form EAT

Fibro-fatty infiltration into atrial wall

> 0N -

Dysfunction of autonomic nervous system in EAT

The resulting electrophysiological changes occurring in the atrial myocardium are features of
the previously described atrial myopathy (Figure 3). Studies correlating these changes with
higher local EAT volumes support this thesis. It is important to note that the association of EAT
and AF is partially or totally independent of obesity (lacobellis, 2022; Mahajan et al., 2018;
Nalliah et al., 2020; Nattel & Aguilar, 2020; Zghaib et al., 2016).
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Figure 3 Overview of arrhythmogenic effects of left atrial epicardial adipose tissue (EAT) on the cardiomyocyte.
Abbreviations: Extracellular matrix (ECM), extracellular vesicles (EVs), interleukin 6 (IL-6), tumor necrosis factor
(TNF), matrix metalloproteinase (MMP), transforming growth factor (TGF), free fatty acids (FFA). (lacobellis,
2022).

Interestingly a low level of UCP-1 and therefore a loss in non-shivering thermogenesis ability
(beige phenotype) in EAT tissue has been associated with AF, which also correlated with LA
diameter (He et al., 2017). Our understanding now suggests that the loss of the beige
phenotype, with the tendency of transdifferentiation towards the white adipose tissue

phenotype drives the pathological changes and resulting features.

This knowledge led to studies on possible interventions on EAT. The first obvious goal is the
reduction of EAT volume, which is possible by lifestyle modification, bariatric surgery and
pharmacotherapy. Overall weight loss is the main goal of the former two and also a side effect
of certain pharmacotherapeutics. Pharmacotherapy as the third intervention, using statins, and
antidiabetic drugs, shows effects on EAT. It is possible to observe not only a reduction of EAT
volume, but also a reduction of the EAT inflammatory state in vivo and in vitro (Konwerski et
al., 2022; Launbo et al., 2021). Of major interest are the new generation antidiabetic drug
classes, which have gained major upgrades in their recommendation in current cardiology
guidelines (Marx et al., 2023). Sodium-glucose cotransporter 2 (SGLT2) inhibitors and incretin-
based agents like glucagon-like peptite-1 receptor (GLP-1) agonists have shown
cardioprotective effects in major clinical trials by mechanisms independent of their blood

glucose reduction (Brown et al., 2021). With recent studies a direct influence of these drugs on
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EAT could be demonstrated, especially on reduction of EAT volume, reduction of local
adipogenesis, improved fatty acid utilization and induction of beige phenotype differentiation
(Figure 4). This effect seems partially independent from weight loss achieved by these drugs.
This leads to the conclusion that also a local anti-inflammatory effect on EAT takes place. It is
therefore suggested that influence on EAT contributes to the non-glycosuric cardiovascular
effect of SGLT2 inhibitors.

Figure 4 Summary of cardiometabolic effects of sodium-glucose co-transporter 2 (SGLT2) inhibitor and glucagon-
like peptide 1 receptor (GLP1R) agonists on epicardial adipose tissue (EAT) (lacobellis, 2022).

Studies on the use of statins showed an independent effect on EAT volume from lipid levels.
Additional pleiotropic effects including anti-inflammatory and modulation of EAT metabolism
have been described (Alexopoulos et al., 2013; Parisi, 2020; Parisi et al., 2019). In association

with AF, statins seem to reduce the risk of atrial myopathy.

As for anti-inflammatory drugs with known cardiovascular benefit like Canakinumab (human
anti-interleukin-1-beta monoclonal antibody), methotrexate or colchicine, there is potential

interest in their effect on EAT, yet currently studies are missing.

The goal of treatment in the context of AF could be described as re-browning of EAT in patients
with obesity and cardiovascular disease. Summarizing, a direct link between EAT and atrial
myopathy exists, but a complete understanding demands further analysis of this complex
interaction (Bakkar et al., 2022; Cheng, 2019; lacobellis, 2022; Masson et al., 2021).
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1.2.3. Imaging techniques of epicardial adipose tissue

To be able to study epicardial adipose tissue in more detail imaging modalities are needed,
since obtaining specimens of tissue in humans remains restricted by the need of thoracotomy.
Focus is currently aimed at volume quantification and functional characterization of EAT. Initial
methods focused on imaging by transthoracic echocardiography to measure adipose tissue
thickness in front of the right ventricle free wall. These measurements although easily obtained
do not show the full picture. In recent approaches a more precise and reliable quantification is
attempted. Computed tomography allows for three-dimensional volumetric assessment of
EAT, as the visceral pericardial boundary can be distinguished, independent of contrast
application (Figure 5). Unfortunately, previous studies were not always coherent in their
distinction of terminology and measurements of EAT from pericardial adipose tissue. Despite
this fact it is reported that EAT quantification from CT imaging is highly reproducible. Routinely
scans performed for other indications were used, as EAT quantification alone does not justify
to subject patients to ionizing radiation. A limiting factor for exact quantification is described,
as being slice thickness, which if selected to be very thin extends imaging time. Furthermore,
CT allows to quantify radiodensity (attenuation), which is proposed to be a representative
biomarker for EAT metabolic activity. A novel CT technique was described, introducing the
term fat attenuation index (FAI), which enables description of perivascular fat inflammation
(Van Der Bijl et al., 2022).

Figure 5 Example of epicardial adipose tissue segmentation (light blue) and paracardial adipose tissue
segmentation (dark blue) in a contrast enhanced CT scan (Monti et al., 2020)
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Functional imaging of EAT and its activity as a beige phenotype adipose tissue is desirable.
This is possible by the combination of CT with positron emission tomography (PET) using fatty
acid tracers and labeled oxygen tracers. However, it might require an EAT stimulation

challenge either by cold exposure or specific drugs to induce metabolism.

Volumetric assessment of epicardial adipose tissue using CMR was first described in 2007
using a new method of three-dimensional summation of slices after acquisition of dark blood
T1-weighted multislice turbo-spin echo sequences with water suppression (Flichter et al.,
2007). With the improvement of CMR imaging techniques, a novel method for adipose tissue
imaging was proposed by the American physicist W. Thomas Dixon (In Memoriam. W. Thomas
Dixon, Ph.D. 1945-2022., n.d.). This approach is based on the difference in precession
frequencies of fat and water protons in a magnetic field (Bley et al., 2010; Dixon, 1984). The
first introduction into cardiac imaging was described in 2011, with the comparison of this new
approach with previous imaging methods (Farrelly et al., 2012). A validation study including
phantoms and healthy volunteers showed, that correlation of measured and true adipose tissue
volume in phantoms was excellent, using for the first time an ECG-triggered and respiratory
gated 3D modified-DIXON sequence. In vivo this approach allowed reliable separation of fat
and water images, with image quality enabling easy determination of the pericardial boundary

(Figure 6 & Figure 7). This approach offers a volumetric quantification capability similar to CT,

with superior ability to distinguish the pericardial boundary necessary for EAT measurements
(Homsi et al., 2016).

Figure 6 A: water-only image; B: fat-only image, with arrows pointing on visceral pericardium; C: fat-only image
with dashed lines defining regions of interest. The inner dashed line represents visceral pericardium (Homsi et al.,
2016).
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Figure 7 A-C: Fat-only images on different transversal levels from cranial to caudal. Arrows pointing to visceral
pericardium (Homsi et al., 2016).

Initially quantification measurements from imaging were performed by time consuming manual
methods. For future main stream clinical application of EAT quantification, developments are
made using semi-automatic, fully automatic or deep-learning techniques. This will lead to
shorter segmentation time and make quantification less operator dependent with high
reproducibility of results (Doukbi et al., 2022; lacobellis, 2022; Monti et al., 2020).
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2. Objective

The objective of this thesis is to establish an individualized CMR-based patient assessment,
to be used before an AF-ablation procedure to predict the probability of left atrial fibrosis
presence (as feature of left atrial myopathy), which corresponds to low voltage electrical
conduction measurements (0.5 mV) in invasive bipolar electroanatomic mapping during sinus

rhythm.

This approach could lead to a patient classification into low and high-risk groups regarding the
presence of left atrial wall degeneration, allowing individualized treatment decision making

before conduction an invasive procedure.

The working hypothesis assumes that selected CMR derived parameters allow to predict left
atrial fibrosis (low voltage zone) during invasive electroanatomic mapping, to identify patients

with left atrial myopathy.
The aim of this study was to verify the following hypotheses:

e There is a difference in left atrial volume in patients with and without low voltage zones.

o There is a difference in left atrial epicardial adipose tissue volume in patients with and
without low voltage zones.

o It is possible to predict the occurrence of low voltage zones using CMR derived

parameters.
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3. Methods

A single center prospective observational study was performed, where patients at the
University Heart Center Dresden admitted for catheter ablation of symptomatic atrial fibrillation,
underwent a routine preprocedural CMR for ablation planning. The study design flowchart is
presented in Figure 8. Patient data was collected from April 2019 until August 2020. Baseline

characteristics for each patient were obtained during the routine clinical admission setting.

Prospective enroliment 04/2019-08/2020:
= Patients with indication for AF -ablation
and pre-interventional CMR (N=101)

Excluded (n=35):

= Previous AF -ablation (n=32)

= Valvular AF and/or valvular
intervention (n=1)

LVEF <30% (n=1)

Restrictive / Hypertrophic myopathy
LA/LAA thrombus

Inadequate image quality (n=1)

CMR-Scan including:
= LA-angiography with LA volume
assessment (n=66)
= Left atrial epicardial adipose tissue
imaging:
o DIXON imaging (n=58)
o T1w imaging (n=42)
o Both imaging methods (n=34)

l

AF -ablation with electroanatomic mapping
for assessment of LVZ (n=66)

Figure 8 Study design flowchart. Abbreviations: Atrial fibrillation (AF), cardiac magnetic resonance (CMR), left
atrium (LA), left atrial appendage (LAA), low voltage zones (LVZ), left ventricular ejection fraction (LVEF), T1
weighted imaging (T1w), fat-water separation imaging first described by W. T. Dixon in 1984 (DIXON)

CMR images were evaluated using Syngo.via software (Siemens Healthineers, Germany)
during clinical routine assessment. Parameters such as LVEF and left atrial cross-sectional
area in a 4-chamber view were collected from the diagnostic report. Evaluation of additional

parameters utilized for this study were analyzed at an offline workstation.

During the CMR, a 3D contrast-enhanced MR angiography with real-time bolus tracking was
performed to evaluate left atrial anatomy. The resulting images show pulmonary veins, left
atrium and left atrial appendage, highlighted by the contrast medium. The obtained atrial
volume represents an average between atrial diastolic volume and atrial systolic volume, as

the angiography sequence was without ECG-trigger.

Additionally, adipose tissue visualization was performed using two different techniques during

the CMR scan. The first technique utilizes a fat-water separation sequence based on the

22



DIXON method (Dixon, 1984; Xiaoming, 2017). This technique allows generation of images,

which either display only fatty tissue or only water containing tissue.

The second method of image generation applied a native non-contrast enhanced respiratory-
gated T1-weighted whole-heart sequence with individually selected inversion time. This
method allows for the visualization of all structures in the region of interest, highlighting fatty

tissue in contrast to dark myocardium or blood.

These sequences where employed to analyze left atrial epicardial adipose tissue volume and
its distribution with the use of dedicated software. During the subsequent pulmonary vein
isolation procedure, an electroanatomic map with bipolar voltage measurements of the left

atrial wall was obtained to assess the presence of low voltage zones.

Inclusion criteria for this study were defined as: the indication for primary AF-ablation due to
symptomatic non-valvular AF (paroxysmal or persistent), as well as an CMR scan with left atrial

angiography and imaging of adipose tissue, with subsequent invasive electroanatomic
mapping.

The exclusion criteria were: presence of permanent AF or valvular AF, previous AF-ablation,
contraindication for MRI scanning or lack of angiography or adipose tissue imaging, reduced
left ventricular ejection fraction <30%, corrected mitral valve disease, restrictive or hypertrophic

cardiomyopathy and the presence of left atrial appendage thrombus.

The study was performed under approval of the local ethics committee (EK 284092012).
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3.2. Imaging protocol

The pre-ablation CMR was carried out on a 1.5T scanner (Siemens Healthineers MAGNETOM
Aera, Erlangen, Germany) using a phased array surface coil on the chest and surface coils
embedded in the patient table. The standard CMR protocol per single patient included a left
atrial angiography and was extended by T1w and/or DIXON based adipose tissue imaging.

3.2.1. Adipose tissue imaging with DIXON approach

The additional adipose tissue imaging consisted of non-contrast 2D fat-water separation short
axis slices, which were obtained with the goal to cover the left atrium. The applied sequence
(Fat-Water Separation Using Graph Cut; Work-in-Progress # 724C), was provided by curtesy
of SIEMENS (Xiaoming, 2017). The sequence is based on the initial method for fat and water
separation described by Dixon in 1984, utilizing images acquired at two different echo times
for fat and water. In the used sequence application of multiple echoes together with a Graph
Cut Algorithm for reconstruction allows for robust fat-water separation. Example images using
the described sequence are shown in Figure 9. The following parameters where used: slice
thickness 5-7mm, spacing between slices 5-8mm, FOV 420 mm, matrix
144 pixels x 256 pixels, voxel size 0.8 mMm x 0.8 mm x5 -7 mm, TR 586 ms, TE 1,5 ms. The

number of acquired slices ranged from 6 — 10 to cover the whole left atrium.
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Figure 9 Example images obtained using the applied Fat-Water Separation Using Graph Cut sequence provided
by SIEMENS (Xiaoming, 2017).



3.2.2. Adipose tissue imaging with T1 weighted imaging approach

A second adipose tissue imaging technique was employed, consisting of a native non-contrast
enhanced 3D respiratory-gated, triggered T1-weighted inversion recovery sequence with
individually selected inversion time. It represents a modified approach of a previously
described method to visualize radiofrequency ablation lesions using a non-contrast-enhanced
T1-weighted long-inversion-time technique (TWILITE) (Guttman et al., 2018). The left atrium
as region of interest was centered in a whole-heart acquisition approach. The time of inversion
was chosen by the MRI operator with the goal to maximize contrast between adipose tissue
and myocardium. The following parameters where used: slice thickness 2 mm, FOV 350 mm,
matrix 256 pixels x 256 pixels, voxel size 0.7 mm x 0.7 mm x 2 mm. Time of inversion (TI)

ranged from 330 — 530 ms.

3.2.3. Left atrial anatomy imaging

Towards the end of the CMR scan a contrast-enhanced MR angiography with focus on the left
atrium using a bolus application of gadolinium-based contrast agent (0.15mmol/kg
gadoterate meglumine Dotarem, Guerbet GmbH, Sulzbach, Germany) was performed to
acquire the relevant anatomical structures for segmentation of a 3D model of the left atrium
and adjacent vascular structures. The sequence utilizes a FLASH3D gradient echo sequence
(single breath-hold, real-time bolus tracking, without ECG gating) for image acquisition with
following parameters: FOV 400 mm, matrix 269 pixels x 384 pixels, voxel size
0.5 mm x 0.5 mm x 1 mm (MR-Referenzhandbuch, 2021).
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3.3. Segmentation and Quantification

The initial analysis step to generate 3D models from the acquired images was performed offline
using a the segmentation software ADAS 3D (Galgo Medical S. L, 2019), which is an imaging
software designed with the goal to enable visualization of anatomical structures and LGE
based fibrotic substrate in myocardial tissue. The functionalities include 3D left atrial
semiautomatic segmentation and automatic classification of tissue using selectable imaging
thresholds.

A simplified overview of generated images and segmentation models is provided in Figure 10:

DIXON adipose tissue imaging T1lw adipose tissue imaging LA-Angiography

e 3

ti
¥

Figure 10 Overview of applied imaging techniques and resulting segmentation models. DIXON adipose tissue
imaging is based on a fat-water separation sequence named after the inventor. T1 weighted (T1w) adipose tissue
imaging uses an individually selected inversion time for optimal contrast between myocardium and adipose tissue.

Left atrial (LA) angiography allows enhancement of anatomic left atrium with pulmonary veins.

The following workflow was applied to obtain the desired models of the left atrium and

epicardial fat structures:

1. Import of patient DICOM files (LA-Angiography images, fat-only images from fat-water
separation sequence, T1 weighted images) into the ADAS 3D software.

a. Theimage series were aligned using an automatic software algorithm to be able

to generate models with correct reference to each other in 3-dimensional space.

In some cases, a manual alignment was necessary.
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2. Creation of 3D models of anatomical structures and epicardial fat deposits surrounding

the left atrium using the segmentation tools.

a. Left atrial model:

Vi.

Using the heart anatomy extraction workflow of ADAS 3D and the
provided threshold method, image intensity levels were individually
chosen to allow for selection of contrast enhanced structures. The used
MR-Angiography images, obtained after application of intravenous
contrast, provide a visualization of the blood perfused heart chambers
and vessels. A 3D model of all contrast enhanced structures was
generated through a volume rendering algorithm of the software.

The region of interest was defined by extrusion of peripheral anatomical
structures in the 3D model.

Regional segmentation of the cardiac model was performed by
automatic annotation using seeds placed on cardiac landmarks on the
image slices (left ventricle, left atrium, pulmonary artery, aorta), which
allows for automatic subdivision (using a selection growth algorithm) into
cardiac structures.

Manual correction of the automatic structure annotation by use of paint
tools consisting of a variable 3-dimensional sphere was performed if
necessary.

Pulmonary veins and left atrial appendage were manually annotated due
to their relatively small size and complex localization.

Generation of the resulting 3D left atrial model, separated from the

pulmonary veins and left atrial appendage.

b. Left atrial epicardial adipose tissue model (based on DIXON image acquisition):

Using the heart anatomy extraction workflow of ADAS 3D and the
provided threshold method, intensity levels were selected individually to
allow for selection of enhanced structures in the image. The used
“Fat- Water Separation Using Graph Cut” sequence (Xiaoming, 2017)
generates images (Xiaoming, 2017),which provide a visualization of the
adipose tissue structures. A 3D model was generated through a volume
rendering algorithm of the software.

The region of interest was defined by extrusion of peripheral adipose
tissue structures in the 3D model.

Manual annotation of epicardial adipose tissue located in the direct
vicinity of the left atrium was performed on each short axis image slice

using paint tools.
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iv. A final 3D left atrial epicardial adipose tissue model was generated
(Figure 11).

c. Left atrial epicardial adipose tissue model (based on T1w image acquisition):

i. Using the heart anatomy extraction workflow of ADAS 3D and the
provided threshold method, intensity levels were selected individually to
allow for selection of enhanced structures in the image. The used T1
weighted images, obtained after selection of an individual inversion time
to maximize contrast between adipose tissue and myocardium, provide
a visualization of adipose tissue structures. A 3D model was generated
through a volume rendering algorithm of the software.

ii. The region of interest was defined by extrusion of peripheral adipose
tissue structures in the 3D model.

iii. Semiautomatic annotation using seeds on different areas of adipose
tissue allowed for a 3D selection of adipose tissue. Manual correction of
the selection using paint tool, was necessary to obtain an accurate
selection of epicardial fat located in the direct vicinity of the left atrium.

iv. A final 3D left atrial epicardial adipose tissue model was generated
(Figure 12).

3. Volume quantification of generated structures:

a. Model volumes and surface area were obtained after calculation by internal
algorithms from the ADAS 3D software, which is a licensed medical product.

b. Model data was exported and saved in the Visualization Tool Kit (VTK) format
(Schroeder et al., 1998), which can be used for further analysis, modification or
visualization with electroanatomic mapping software during the AF ablation

procedure.
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Figure 11 Model example of anatomical structures surrounding the left atrium (blue) and the left atrial appendage
(pink), segmented from left atrial (LA) angiography imaging. Epicardial adipose tissue segmentation model
(vellow) from DIXON-based fat-water separation imaging. Segmentation models created with ADAS 3D software.
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Figure 12 Model example of anatomical structures surrounding the left atrium (blue) and the left atrial appendage
(pink), segmented from left atrial (LA) angiography imaging. Epicardial adipose tissue segmentation model
(orange) from T1w imaging. Segmentation models created with ADAS 3D software.
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3.4. Electroanatomic mapping and pulmonary vein isolation procedure

The patient was prepared according to clinical routine in the electrophysiologic catheter
laboratory. Femoral venous access was established under sterile conditions. To be able to
advance the catheter into the left atrium, it is necessary to perform a transseptal puncture
under fluoroscopy or echocardiography guidance. Subsequentially a mapping catheter was
inserted through the iatrogenic orifice in the interatrial septum. To guide the 3D electroanatomic
reconstruction of the LA, the previously created MRI based angiography model was loaded
and fused with the mapping software (CARTO®3, Biosense Webster, Inc., Diamond Bar, CA,
USA or EnSite Precision™, Abbott, Abbott Park, IL, USA) to be able to obtain pulmonary vein

anatomy.

A bipolar voltage map of the left atrial wall was acquired, guided by the 3D electroanatomic
system, using a 7-French sheath containing a deflectable multipolar mapping catheter of
variable diameter size (15 — 25 mm) and 1 mm electrode/8 mm spacing (Lasso 2515 NAV Eco,
Biosense Webster, Inc., Diamond Bar, CA, USA or Advisor™HD-Grid, Abbott, Abbott Park, IL,
USA).

All point measurements were taken during sinus rhythm. Patients that presented with AF
received an electrical cardioversion during the procedure. In case of unsuccessful initial
cardioversion, isolation of the pulmonary vein ostia was performed and the cardioversion
attempt repeated afterwards. The assessment of local atrial voltage has been described in

detail in a separate publication (Huo et al., 2017).

The classification of the collected voltage map was performed by our established standards.
Voltage readings of the atrial wall were divided into 3 groups. The first group constitutes
electrically silent areas with the absence of recordable activity, the second group is made up
of regions with point measurements <0.5 mV and the third group contain regions with normal

electrical conduction voltage defined by measurements >0.5 mV.

For further description the LA wall was divided into 5 anatomical regions (septal, anterior,
posterior, inferior and lateral wall) using anatomical landmarks. The left atrial appendage orifice
was excluded from the lateral wall region. The schematic visualization of the anatomical
division of the LA wall can be seen in Figure 13. Additionally, each wall region was subdivided
into 9 equally sized blocks using a grid pattern. Due to anatomical variability a wall region may
consist of less than 9 blocks. For further documentation and analysis, the median voltage within
each block was recorded. A patient was considered LVZ positive (LVZ+) if a least 1 block of
the LA wall showed a median voltage <0,5 mV. Areas with point measurements <0.5 mV were

planimetrically quantified to calculate the LVZ-area (in cm?).
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Figure 13 Regional LA wall division presented in left anterior oblique view 50° (LAO 50) and posterior-anterior
view (PA). Predefined landmarks are used for separating the LA surface into the 5 regions. Each region is further
divided in to 9 equally sized blocks in a grid pattern. Landmark definitions: MA12, MA at 12 o’clock, MA4, MA at 4
o’clock, MA7, MA at 7 o’clock, MA11, MA at 11 o’clock, LS12, LSPV at 12 o’clock; RS12, RSPV at 12 o’clock; LI6,

LIPV at 6 o’clock and RI6, RIPV at 6 o’clock. Definition of surface regions: AW, Area among MA12, MA11, LS12
and RS12; S, Area among MA11, MA7, RI6 and RS12; IW, Area among LI6, RI6, MA7 and MA4; LW, Area
among L16, LS12, MA4 and MA12; PW, Area among LS12, RS12, LI6 and RI6. MA, mitral annulus; LSPV, left
superior pulmonary vein; LIPV, left inferior pulmonary vein; RSPV, right superior pulmonary vein; RIPV, right
inferior pulmonary vein; AW, Anterior wall; S, Septum; IW, Inferior wall; LW, Lateral wall; PW, Posterior wall (Huo
etal., 2017.
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3.5. Statistical analysis

Database management and basic statistical analysis were performed using SPSS (IBM SPSS
version 26, SPSS Inc, Chicago, IL, USA) with significance levels set to p<0.05. Variables were
further evaluated for normal distribution with the D'Agostino-Pearson test. Continuous
variables with normal distribution are expressed as mean + standard deviation (SD). For non-
normally distributed continuous variables the median with interquartile range is reported.
Statistical comparison for continuous variables was performed with the Student’s t-test or the
Mann-Whitney U test depending on the variable distribution. Categorical variables are
presented as numbers and percent. Statistical comparison for categorical variables was
performed with the Fisher's-exact test. Normalization of selected variables for body surface

area was performed with the Mosteller method (Mosteller, 1987).

Correlation between continuous variables is presented as Pearson's correlation coefficient. In
case of correlation with a dichotomous variable, point biserial correlation was calculated, which
is a mathematical equivalent to Pearson's correlation. For the special circumstance of

correlation analysis between two dichotomous variables, tetrachoric correlation was used.

Assessment of reliability of estimated variables form different imaging methods was performed

by estimation of intraclass correlation coefficients.

Binomial regression analysis, as well as receiver operating characteristics (ROC) were
performed using GraphPad Software (GraphPad Software, Version 9.4.0, San Diego, CA,
USA), which was also utilized for creation of graphs. During regression analysis only main

effects of predictor variables were considered.

Validation of obtained regression equations and variable coefficients was performed by
bootstrap resampling in SPSS. Bootstrap resampling is a non-parametric statistical method
estimating a sampling distribution of a variable from the original sample of data. It is particularly
useful if a small patient population (small sample size) was used for prediction model
development. A new bootstrap sample is created by random drawing with replacement from
the original data set, a selected number of times. A new sample size of 2000 was chosen for
validation analysis in this thesis. Using this method, the prediction model coefficients are tested
for significance and accurate estimation using bootstrap confidence intervals. Prediction
models are generally designed to optimally fit the sample they were developed on and the risk
of overfitting is increased with a decreasing number of outcomes relative to number of

predictors.
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Bias-corrected percentile method was used to estimate the distribution of regression
coefficients from the calculated prediction models in the bootstrap sample, to check for the
validity of the results. Therefore bias-corrected-accelerated (BCa )) confidence intervals are

reported for the variable regression coefficients.

4. Results

4.2. General patient cohort characteristics

We screened 101 patients admitted for pulmonary vein isolation , at our center, who were able
to undergo CMR. After exclusion of 35 patients, analysis of 66 patients was performed, who
received the CMR before their first PVI procedure. The main reason for exclusion from this
study, was a previously performed PVI (n=32). Further reasons for exclusion included: 1 patient
with very poor quality of adipose tissue imaging, 1 patient with left ventricular ejection fraction

<30 % and 1 patient with previously performed mitral valve reconstruction.

The study population general characteristics are displayed in Table 1. They include a gender
division with 55 % (n=36) of male patients. Age showed a normal distribution (K*=3.27; p=0.2),
so mean age of the whole cohort can be reported as 68.2 + 9.77 years. BMI was not normally
distributed (K?=13.83; p<0.001), with a median of 28.1 with IQR 25.5 — 31.2. Left ventricular
ejection fraction did not show a normal distribution (K2=8.55; p=0.01), so the median LVEF can
be reported as 60 % with IQR 56 — 64 %. The type of AF most prevalent was persistent AF,

which was present in 62 % (n=41) of patients.

Further the presence of cardiovascular risk factors was assessed based on patients’ medical
history. We recorded data for the presence of arterial hypertension, cerebrovascular incidents
(including past transient ischemic attacks and stroke), coronary artery disease, diabetes
mellitus type 2, and hyperlipoproteinemia and peripheral artery disease. The most prevalent
cardiovascular risk factor in our study population was arterial hypertension (86 %; n=57)
followed by hyperlipoproteinemia (52 %; n=34) and coronary artery disease (20 %; n=13). Less
common risk factors are diabetes mellitus type 2 (18 %; n=12), cerebrovascular incidents

(11 %; n=7) and peripheral arterial disease (2 %; n=1).
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Variable Patient population (N=66)

Gender (male), n (%) 36 (55)
Age (years) 68.2+£9.77
BMI (kg/m?) 28.01 (25.5-31.2)
LVEF (%) 60 (56 — 64)
Persistent AF, n (%) 41 (62)
Arterial hypertension, n (%) 57 (86)
Cerebrovascular incident, n (%) 7(11)
Coronary artery disease, n (%) 13 (20)
Diabetes mellitus type Il, n (%) 12 (18)
Hyperlipoproteinemia, n (%) 34 (52)
Peripheral arterial disease, n (%) 1(2)

Table 1 Characteristics of the whole studied patient population. Results are displayed as number of cases (n) with

percentage of total patient population. In case of continuous variable with normal distribution the mean + standard

deviation (SD) is reported. For continuous variables without normal distribution the median with interquartile range

(IQR) is reported. Abbreviations: Body mass index (BMI), left ventricular ejection fraction (LVEF), atrial fibrillation
(AF).
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4.3. Patient characteristics in LVZ subgroups

In the study population 38 % (n=25) of patients showed low voltage zones during invasive
electroanatomic mapping corresponding to fibrosis of the LA wall. The study population was
divided into 2 groups according to the presence or absence of low voltage zones (LVZ+ and
LVZ-). The differences of patient characteristics are summarized in Table 2. The detailed

analysis of selected variables is subsequently presented.

With regard to gender, a statistically significant difference of the proportions between both
groups can described (Figure 14). The LVZ+ group consisted of a larger fraction of female
(n=18; 72 %) than male patients (n=7; 28 %) and the LVZ- group of a larger fraction of male
(n=29; 71 %) than female patients (n=12; 29 %). Using Fisher's exact test a p-value <0.001
was determined, revealing a significant difference. The relative risk of the presence of LVZ for
male patients was estimated as 0.32 (95 %-Cl 0.16 — 0.64) and for female patients 3.09 (95 %-
Cl 1.56 — 6.45). This shows that female patients are 3 times more likely to present with a LVZ+
status. The risk difference between both genders was calculated as 0.41 (95 %-Cl
0.21 - 0.66).

i

Figure 14 Distribution of patient’s gender with regard to low voltage zone (LVZ) presence.

For the variable age both groups showed a normal distribution (LVZ+ K2=0.53; p=0.77 and
LVZ- K#=4.49; p=0.11). The overview of the variable measurements in both groups is shown
in Figure 15. The age in the LVZ+ group was significantly higher with a mean of
73.7 £ 6.34 years as compared to the LVZ- group with a mean of 64.9 + 10.1 years (p<0.001)
and a difference between means of 8.75 + 2.25 years with a 95 % confidence interval (Cl) from
4.27 -13.2.
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Figure 15 Comparison of age with regard to low voltage zone (LVZ) presence and mean difference displayed with
95 % confidence interval (Cl).

Patient’s BMI in the LVZ+ group showed a normal distribution (K2=3.39; p=0.18) as opposed
to the LVZ- group, in which BMI was not normally distributed (K?=10.98; p=0.004). The median
BMI in the LVZ+ group was determined as 29.07 with IQR 25.78 — 31.06 and in the LVZ- group
27.42 with IQR 25.41 — 31.39 (Figure 16). Analyzing the difference in medians of both groups
using the Mann-Whitney test for non-normal distributed variables, we can show no statistically

significant difference (p=0.66).

Figure 16 Distribution of body mass index (BMI) in patients regarding low voltage zone (LVZ) presence with
displayed median.

Looking at the type of AF in both groups (LVZ+ vs LVZ-), we can see no statistically significant
difference of the proportions between both groups, using the Fisher's exact test with a p-value
of 0.12. But we can observe a larger absolute number of patients with persistent
AF (n=19; 76 %) than paroxysmal AF (n=6; 24 %) in the LVZ+ group (Figure 17).
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Figure 17 Distribution of patients type of atrial fibrillation (AF) regard to low voltage zone (LVZ) presence.

For the remaining analyzed cardiovascular risk factors, it was not possible to find a statistical

difference of the proportions between both groups. A summary of all patient’s characteristics

is provided in Table 2.

LVZ+ patients

Variable
(n=25)
Gender (male), n (%) 7 (28)
Age (years) 73.7 £6.34
29.07
BMI (kg/m?)
(25.78 — 31.06)
BSA (m?) 1.93+£0.155
LVEF (%) 60 +10
Persistent AF, n (%) 19 (76)
Arterial hypertension, n (%) 23 (92)
Cerebrovascular incident, n
2(8)
(%)
Coronary artery disease, n (%) 7 (28)
Diabetes mellitus type Il, n (%) 7 (28)
Hyperlipoproteinemia, n (%) 12 (48)

LVZ- patients
(n=41)

29 (71)
64.9 + 10.1
27.42
(25.42 - 42.49)
2.09 + 0.252
59+5.9
6 (15)

34 (83)

5 (12)

6 (15)
5 (12)
22 (54)

p-value

<0.001
<0.001

0.66

0.008
0.71
0.12
0.70

0.70

0.21
0.19
0.80

Table 2 Patient’s characteristics summary. Results are displayed as number of cases (n) with percentage of total
patient cohort. For continuous variables with normal distribution the mean with standard deviation (SD) is
reported. Otherwise, median with interquartile range is used. Abbreviations: Body mass index (BMI), body surface
area (BSA), left ventricular ejection fraction (LVEF), atrial fibrillation (AF), low voltage zones (LVZ).
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4.4. Selected CMR parameter evaluation

4.4.1. Left atrial volume

Left atrial volume was normally distributed in both analyzed groups. The LVZ+ group showed
a K?=3.34 (p=0.19) and the LVZ- group a K2=2.21 (p=0.35) using D’Agostino-Pearson test. The
overview of the variable measurements in both groups is shown in Figure 18. Mean LAV was
significantly higher in LVZ+ than in LVZ- patients (145.3 £ 32.65 ml vs. 120.8 £ 31.68 ml), with
a mean difference of 24.46 + 8.13 ml (95 %- CI [8.22 — 40.71]), p=0.004.

Figure 18 Comparison of left atrial volume (LAV) distribution with regard to low voltage zone (LVZ) presence and
mean difference displayed with 95 % confidence interval (Cl).

Further a left atrial volume index was calculated, taking into account body surface area (BSA).
Both groups displayed a normal distribution, with K*=0.87 (p=0.65) and K2=3.78 (p=0.15). The
overview of the variable measurements in both groups is shown in Figure 19. The mean LAVi
was significantly higher in LVZ+ than in LVZ- patients (75.56 +17.86 ml/m?> vs.
58.12 + 14.83 ml/m?), with a mean difference of 17.45 £ 4.07 ml/m? (95 %- CI [9.32 — 25.57]),
p<0.001.
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Figure 19 Comparison of left atrial volume index (LAVi) distribution with regard to low voltage zone (LVZ)
presence and mean difference displayed with 95 % confidence interval (Cl).
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4.4.2. Left atrial epicardial adipose tissue volume

4.4.21. DIXON based left atrial epicardial adipose tissue imaging

For left atrial epicardial adipose tissue volume quantification two methods were employed, as
described above. The first variable evaluated was based on the DIXON imaging technique. For
this variable the abbreviation LA-EATV(DIXON) is used in this text. Analysis showed a normal
distribution in the two groups (LVZ+ K2=0.28 p=0.87 and LVZ- K2=0.24 p=0.89). The overview
of the variable measurements in both groups is shown in Figure 20. The mean LA-
EATV(DIXON) was significantly higher in the LVZ+ group (62.64 £ 20.61 ml) versus the LVZ-
group (52.51+16.67 ml), with a difference in means of 10.13+5.0ml
(95 %- C1[0.12 — 20.14]), p=0.05.

Figure 20 Comparison of left atrial epicardial adipose tissue volume LA-EATV(DIXON) distribution with regard to
low voltage zone (LVZ) presence and mean difference displayed with 95 % confidence interval (Cl).

After normalization for BSA analysis revealed that variables were still normally distributed in
both patient groups (LVZ+ K?=0.07 p=0.97 and LVZ- K?=0.12 P=0.94). The overview of the
variable measurements in both groups is shown in Figure 21. The mean LA-EATVi(DIXON)
was significantly higher in LVZ+ than LVZ- patients (32.27 +£10.08 mi/m?> vs.
2511 +£7.8 ml/m?). The difference between the means was 7.16 % 2.38 ml/m?
(95 %- CI [2.39 — 11.94]), p=0.004.
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Figure 21 Comparison of left atrial epicardial adipose tissue volume index LA-EATVi(DIXON) distribution with
regard to low voltage zone (LVZ) presence and mean difference displayed with 95 % confidence interval (Cl).
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44.2.2. T1 weighted left atrial epicardial adipose tissue imaging

The second variable describing epicardial adipose tissue was obtained using a T1w imaging
technique. Volume quantification was performed as described above and the variable was
named LA-EATV(T1w). Analysis showed a normal distribution in both patient groups (LVZ+
K?=1.19 p=0.55 and LVZ- K?=0.36 p=0.84). The overview of the variable measurements in both
groups is shown in Figure 22. The mean LA-EATV(T1w) was higher in the LVZ+ group
compared to the LVZ- groups (50.8 + 21.2 ml vs. 44.3 £ 16 ml). The difference in means of
6.44 £ 5.74 ml/m? (95 %- CI [-5.15 — 18.0]) was not statistically significant (p=0.27).

g

Figure 22 Comparison of LA-EATV(T1w) distribution with regard to low voltage zone (LVZ) presence and mean
difference displayed with 95 % confidence interval (Cl).

The variable was normalized for BSA showing a normal distribution of LA-EATVi(T1w) in both
groups (LVZ+ K2=1.05 p=0.59 and LVZ- K?=0.12 p=0.94). The mean LA-EATVi(T1w) was
estimated 25.79 + 10.21 ml/m? vs. 20.69 £ 7.16 ml/m?, being higher in LVZ+ patients. The
mean difference of 5.1 £ 2,68 ml/m? (95 %-CI [-0.32 — 10.51]) did not show a statistical
significance (p=0.06). The results are displayed in Figure 23.
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Figure 23 Comparison of left atrial epicardial adipose tissue volume LA-EATVIi(T1w) distribution with regard to low
voltage zone (LVZ) presence and mean difference displayed with 95 % confidence interval (C/
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4.4.3. Comparison of adipose tissue imaging techniques

A direct head-to-head comparison of estimated adipose tissue volumes from both employed
imaging techniques was performed using a correlation analysis and a paired t-test, with the
goal to reject the null hypothesis that the mean paired difference equals zero. The difference
between the variable pairs was assessed for normal distribution by D'Agostino-Pearson

omnibus (K?) test.

The variable pair LA-EATV(T1w) and LA-EATV(DIXON) show a moderate correlation r=0.65
(p<0.001). The graphical correlation plot is presented in Figure 24. When comparing individual
patients LA-EATV(T1w) and LA-EATV(DIXON) variable pairs, the former results in significantly
lower estimated volumes (Figure 25). A mean paired difference of -9.24 ml
(95 %- CI [- 14.47 — 4.02]), p<0.001, n=34 can be described. The distribution of paired

differences follows a normal distribution (K*>=1.53 p=0.47).
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Figure 24 Correlation plot of LA-EATV(T1w) and LA-EATV(DIXON) epicardial adipose tissue volume estimation
techniques.
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Figure 25 Comparison of left atrial epicardial adipose tissue volume LA-EATV(DIXON) and LA-EATV(T1w) as
paired variables and mean difference displayed with 95 % confidence interval (Cl).

When analyzing the indexed variable pair LA-EATVi(T1w) and LA-EATVi(DIXON), a strong
correlation r=0.70 (p<0.001) can be described. The graphical correlation plot is presented in
Figure 26. When comparing individual patients LA-EATVi(T1w) and LA-EATVi(DIXON)
variable pairs, the former results in significantly lower estimated volumes (Figure 27). The
mean paired difference between both variables is -4.55 ml/m? (95 %- CI [- 7.04 —-2.08]),
p<0.001; n=34.The distribution of paired differences follows a normal distribution (K*=1.46
p=0.48).
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Figure 26 Correlation plot of LA-EATVi(T1w) and LA-EATVi(DIXON) epicardial adipose tissue volume estimation
techniques.
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Figure 27 Comparison of left atrial epicardial adipose tissue volume index LA-EATVi(DIXON) and LA-EATVi(T1w)
as paired variables and mean difference with 95 % confidence interval (Cl).
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4.4.4. Reliability analysis

Measurements of the described CMR parameters were assessed for intra-rater reliability.
Absolute values for LAV, LA-EAT(DIXON) and LA-EAT(T1w) variables were measured by the
same investigator (rater) 2 times for 10 randomly selected patients from the study population
at a time difference of about 1 year between the measurements. The analysis was blinded to
the previous results. To assess for reliability, estimation of the intraclass correlation coefficient
(ICC) and its 95 % confidence interval was obtained based on single measurement with the
two-way mixed-effect model. As only one rater performed the measurements the absolute
agreement definition was selected. Interpretation of ICC values was performed in accordance

to generally accepted standards (Koo & Li, 2016).

The results of the reliability analysis are summarized in Table 3. Generally, it can be concluded
that CMR measurements of LAV and LA-EATV(DIXON) show excellent levels of reliability. The
use of these two variables obtained by the applied imaging technique can be recommended
for further investigation. The imaging approach to estimate epicardial adipose tissue using the

described T1w technique appears to be less reliable.

ICC 95 % Confidence Interval Significance p
LAV 0.983 0.910 — 0.996 <0.001
LA-EATV(DIXON) 0.935 0.757 — 0.984 <0.001
LA-EATV(T1w) 0.573 -0.053 - 0.90 <0.001

Table 3 Intraclass correlation coefficient (ICC) estimates using two-way mixed-effect model, single measurement
and absolute agreement for CMR derived variables. Left atrial volume (LAV), left atrial epicardial adipose tissue
volume (LA-EATV) by DIXON and T1w imaging methods were assed. ICC values with consideration of their
confidence intervals of less than 0.5 are indicative of poor reliability, values between 0.5 and 0.75 indicate
moderate reliability, values between 0.75 and 0.9 indicate good reliability, and values greater than 0.90 indicate
excellent reliability.
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4.5. LVZ prediction models

Binomial logistic regression analysis was preformed to predict the occurrence of LVZ as a
dichotomous variable. The goal of this analysis was to characterize individual patients for their
probability of presence or absence of a LVZ and to evaluate specific cutoff levels for clinical

use.

First, correlation analysis was performed for selected patient parameters with regard to LVZ
presence. Parameters with significant correlation to LVZ occurrence were: age (r=0.44;
p<0.01; n=66), BSA (r=-0.32; p<0.01; n=66), LAV (r=0.35; p<0.01; n=66); LAVi (r=0.47;
p<0.01; n=66), LA-EATV(DIXON) (r=0.26; p<0.05; n=58), LA-EATVIi(DIXON) (r=0.37; p<0.01;
n=58). Correlation for the two dichotomous variables gender and LVZ occurrence, was

calculated using tetrachoric correlation, with r:=0,62 + 0,14(SE), n=66.

Additionally, the parameters were correlated with LVZ size as a continuous parameter: age
(r=0.37; p<0.05; n=47), male gender (r= -0.35; p<0.05; n=47), BSA (r=-0.4; p<0.01; n=47),
LAV (r=0.39; p<0.01; n=47), LAVi (r=0.55; p<0.01; n=47), LA-EATVi(DIXON) (r=0.34; p<0.05;
n=42).

Variables without significant correlation to LVZ presence were: BMI, LVEF, LA monoplane
diameter, LA-EATV(T1w), LA-EATVi(T1w), diabetes mellitus type Il, arterial hypertension,
cerebrovascular incidents, coronary artery disease, other vascular disease and

hyperlipoproteinemia.

The collected variables were analyzed for their cross correlation. Results are reported in Figure
28, which displays an overview of Pearson correlation and Figure 29 with corresponding
significance levels. When viewing these results, it is important to emphasize that, no significant
correlation could be found between the CMR-derived parameters of left atrial volume and left
atrial epicardial adipose tissue volume. This allows the conclusion that these parameters can
be regarded as being independent of each other. It can further be noted that, BMI as the

traditional parameter of obesity, is not correlated with any parameter describing LA-EATV.
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4.5.1. Univariate non-CMR based LVZ prediction models

Binomial logistic regression was used to test, if selected patient characteristics significantly
predicted LVZ occurrence. This analysis estimates coefficients for each predictor and thereby
describes their influence on the outcome risk estimation. Predictor variables for inclusion in
logistic regression were selected after showing significant correlation with the outcome
variable. In the following section univariate logistic regression models for non-CMR dependent

variables like age, gender and BSA are described.

For age the following regression model was used:
LVZ~occurrence = —9.093 + 0.123 = age. The overall regression showed a good fit using the
log likelihood ratio test (G-test) with G?=14.67; p<0.01 with a relatively small amount of
explained variance (Nagelkerke’s R?=0.27). The area under the ROC curve was 0.76
(95 %- CI [0.64 — 0.87]), p<0.001; n=66). Age appears as a significant risk factor for LVZ
presence, with an odds ratio (OR) of 1.13 (95 %-ClI [1.06 — 1.23]). The accuracy for this model
was 69.7 %, with a sensitivity of 52 % and a specificity of 80.5 %. The positive predictive value
was 61.9 % and the negative predictive value 73.3 % using a classification cutoff of 0.5. The

graphical results are presented in Figure 30.
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Figure 30 a) Logistic plot for predicted low voltage zone (LVZ) presence by age (in years). b) ROC curve for age as
predictive variable. c) Predicted vs Observed LVZ using age as predictor in the regression equation.
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The categorical variable gender was used for regression analysis, as we could demonstrate a
significantly high proportion of female patients in the LVZ+ group with high correlation to LVZ
occurrence. The following regression equation was established: LVZ~occurrence =
—1.421 + 1.827 * female gender. Gender was transcribed into an indicator variable, setting
female gender as a baseline, with female gender represented by the number 0 and male by
the number 1. The overall regression showed a good fit using the log likelihood ratio test (G-
test) with G?=11.73; p<0.001 with a relatively small amount of explained variance
(Nagelkerke’s R?=0.22). The area under the ROC curve was 0.71 (95 %-Cl [0.58 — 0.84]),
p=0.004; n=66. Female gender was a relevant risk factor for LVZ presence, with an odds ratio
(OR) 0of 6.21 (95 %-ClI [2.14 — 19.8]). The accuracy for this model was 71.2 %, with a sensitivity
72 % of and a specificity of 70.7 %. The positive predictive value was 60 % and the negative

predictive value 80.6 % using a classification cutoff of 0.5.

For BSA the following fitted regression model was used: LVZ~occurrence = 6,632 — 3,554 *
BSA. The overall regression showed a good fit using the log likelihood ratio test (G-test) with
G2=7.73; p=0.005 with a relatively small amount of explained variance (Nagelkerke’s R*=0.15).
The area under the ROC curve was 0.7 (95 %-CI [0.57 — 0.82]), p=0.008; n=66. A higher BSA
appears as a factor predictive of LVZ absence, with an odds ratio (OR) of 0.03 (95 %-
CI [0.001 — 0.38]). The accuracy for this model was 66.7 %, with a sensitivity of 36 % and a
specificity of 85.4 %. The positive predictive value was 60 % and the negative predictive value
68.6 % using a classification cutoff of 0.5. The graphical results are presented in Figure
31Figure 30.
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Figure 31 a) Logistic plot for predicted low voltage zone (LVZ) presence by body surface area (BSA) in m? b)
ROC curve for BSA as predictive variable. c¢) Predicted vs Observed LVZ using BSA as predictor in the regression
equation.
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An overview of non-CMR based variables in LVZ prediction is provided in the following Table
4.

Sensitivity  Specificity

G2 R? AUC OR
% %
Age 14.67 0.27 0.76 1.13 52 82.5
Gender
11.73 0.22 0.71 6.21 72 70.7
(female)
BSA 7.73 0.15 0.7 0.03 36 85.4

Table 4 Summary of non-CMR based univariate binomial logistic regression models for low voltage zone (LVZ)
prediction using a classification cutoff of 0.5. All results showed statistical significance p<0.05. Abbreviations: G2
describes results of log likelihood ratio test. Nagelkerke’s R? describes the amount of explained variance by the
variable. Area under the curve (AUC) of the regression equation. Odds ratio (OR).

4.5.2. Univariate CMR based LVZ prediction models

Binomial logistic regression was used to test, if selected CMR-based variables significantly
predicted LVZ occurrence. Variables where selected after showing significant correlation with
the outcome variable. In the following section the univariate logistic regression models for LAV
LAVi, LA-EATV(DIXON) and LA-EATVIi(DIXON) are described

For LAV the following regression model was used: LVZ~occurrence = —3.589 + 0.023 = LAV.
The overall regression showed a good fit using the log likelihood ratio test (G-test) with G?=8.5;
p=0.004 with a relatively small amount of explained variance (Nagelkerke’s R?=0.16). The area
under the ROC curve was 0.71 (95 %-CI [0.59 — 0.84], p=0.004; n=66). LAV was a significant
risk factor for LVZ presence, with an odds ratio (OR) of 1.02 (95 %-CI [1.0 — 1.04]). The
accuracy for this model was 62.1 %, with a sensitivity of 36% and a specificity of 78 %. The
positive predictive value was 50 % and the negative predictive value 66.7 % using a

classification cutoff of 0.5. The graphical results are presented in Figure 32.
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Figure 32 a) Logistic plot for predicted low voltage zone (LVZ) presence by left atrial volume (LAV) in ml. b) ROC
curve for LAV as predictive variable. c) Predicted vs Observed LVZ using LAV as predictor in the regression
equation.

—4.730 + 0.064 *

LAVi. The overall regression showed a good fit using the log likelihood ratio test (G-test) with

For LAVi the following regression model was used: LVZ~occurrence =

G2=15.7; p<0.001 with a small amount of explained variance, shown by Nagelkerke’'s R?=0.29.
The area under the ROC curve was 0.77 (95 %-ClI [0.66 — 0.89], p<0.001; n=66). LAVi was a
risk factor for LVZ presence, with a odds ratio (OR) of 1.07 (95 %-CI [1.03 — 1.11]). The
accuracy for this model was 68.2 %, with a sensitivity of 48 % and a specificity of 80.5 %. The
positive predictive value was 60 % and the negative predictive value 71.7 % using a

classification cutoff of 0.5. The graphical results are presented in Figure 33.
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Figure 33 a) Logistic plot for predicted low voltage zone (LVZ) presence by left atrial volume index (LAVi) in ml/m?2
b) ROC curve for LAVi as predictive variable. b) Predicted vs observed LVZ using LAVi as predictor in the
regression equation.

54



For LA-EATV(DIXON) the following regression model was used: LVZ~occurrence =
—2.469 + 0.032 * LAEATV(DIXON). The overall regression showed a moderate fit using the log
likelihood ratio test (G-test) with G?=4.1; p=0.04 with a very small amount of explained variance
(Nagelkerke’s R?=0.099. The area under the ROC curve was not significant with 0.64 (95 %-
Cl1[0.48 — 0.80], p=0.08; n=58). Therefore, the absolute values of LA-EATV(DIXON) cannot be

used for prediction of LVZ occurrence.

The above-mentioned variable was indexed by BSA. The resulting variable LA-EATVi(DIXON)
was used in the regression model: LVZ~occurrence = —3.397 + 0.096 * LAEATVi(DIXON).
The overall regression showed a good fit using the log likelihood ratio test (G-test) with G?=8.5;
p=0.004 and a relatively small amount of explained variance Nagelkerke’s R*=0.19). The area
under the ROC curve was 0.72 (95 %-Cl [0.57 — 0.86], p=0.008; n=58). A higher LA-
EATVI(DIXON) was a risk factor for LVZ presence, with a odds ratio (OR) of 1.1
(95 %- CI [1.03 — 1.19]). The accuracy for this model was 70.7 %, with a sensitivity of 30 %
and a specificity of 92.1 %. The positive predictive value was 66.7% and the negative predictive
value 71.4 % using a classification cutoff of 0.5. The graphical results are presented in Figure
34.
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Figure 34 a) Logistic plot for predicted low voltage zone (LVZ) presence by LA-EATVi(DIXON) in ml/m? b) ROC
curve for LA-EATVIi(DIXON) as predictive variable. c) Predicted vs observed LVZ using LA-EATVi(DIXON) as
predictor in the regression equation.
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The above-described results are summarized in the following Table 5:

G? R?
LAV 85 0.16
LAVi 15.7 0.29

LA-EATV(DIXON) 4.1  0.09
LA-EATVi(DIXON) 85 0.19

AUC

0.71*
0.77*
0.63
0.72*

Sensitivity Specificity

% %
1.02 36 78
1.07 48 80.5
1.1 30 92.1

Table 5 Summary of CMR based univariate binomial logistic regression models for low voltage zone (LVZ)
prediction using a classification cutoff of 0.5. G2 describes results of log likelihood ratio test. Nagelkerke’s R?
describes the amount of explained variance by the variable. Area under the curve (AUC) of the regression
equation. Odds ratio (OR). * Statistically significant p<0.05.
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4.5.3. Multivariate LVZ prediction models

After initial univariate pre-selection of individual variables for the prediction of LVZ, further
assessment of a combination of independent variables was performed with the goal to improve
the prediction model. The strategy was to evaluate possible combinations of variables, that
showed a strong correlation with LVZ without multicollinearity in a stepwise approach. Variable
contribution to the prediction model was deemed as statistically significant up to a p-value of
0.2 (Hosmer et al., 2013; Steyerberg, 2009).

To establish a baseline for a comparison of combined prediction models, non- CMR variables
age and gender were used, which are known to be associated with LVZ occurrence (Huo et
al., 2017). The used regression model was:LVZ~occurrence = —8.050 + 0.099 * age +
1.269 = female gender . The overall regression showed a good fit using the log likelihood ratio
test (G-test) with G2=19.09; p<0.001 with a small amount of explained variance (Nagelkerke’s
R2=0.34). The area under the ROC curve was 0.8 (95 %-CI [0.7 — 0.91]), p<0.001; n=66. Odds
ratio for age was 1.10 (95%-ClI[1.03-1.20]) and female gender 3.56
(95 %- CI [1.09 — 12.21]). Both variables contributed significantly to the prediction model
(p<0.05). Multicollinearity between the variables could be excluded, with a calculated R?
between variables of 0.19 and a Variance Inflation Factor of 1.23. The accuracy for this model
was 69.7 %, with a sensitivity 52 % of and a specificity of 80.5 %. The positive predictive value
was 61.9 % and the negative predictive value 73.3 % using a classification cutoff of 0.5 for this

model. The graphical results are presented in Figure 35.
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Figure 35 a) ROC curve for the combined prediction model using age and gender as predictive variables.
b) Predicted vs observed low voltage zone (LVZ) using the combination of age and gender as variables in the
regression equation.
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To compare with the baseline prediction model, a combination of only CMR derived variables
LAVi and LA-EATVi(DIXON) was used to predict LVZ using the following regression equation:
LVZ~occurrence = —6.6+ 0.052 = LAVi + 0.088 *+ LAEATVi(DIXON). The overall regression
showed a good fit using the log likelihood ratio test (G-test) with G?=16.79; p<0.001 with a
small amount of explained variance (Nagelkerke’s R?=0.35). The area under the ROC curve
was 0.81 (95 %-CI[068 —0.93]), p<0.001; n=58. Odds ratio for LAVi of 1.05
(95 %- CI [1.02 — 1.10]) and LA-EATVIi(DIXON) 1.09 (95 %-CI [1.02 — 1.19]). Both variables
contributed significantly to the prediction model (p<0.05). Multicollinearity between the
variables could be excluded, with a calculated R? between variables of 0.05 and a Variance
Inflation Factor of 1.05. The accuracy for this model was 75.9 %, with a sensitivity 85 % of and
a specificity of 71.1 %. The positive predictive value was 60.7 % and the negative predictive

value 90 % using a classification cutoff 0.5 for this model. The graphical results are presented

in Figure 36.
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Figure 36 a) ROC curve for the combined prediction model using left atrial volume index (LAVi) and left atrial
epicardial adipose tissue volume index (LA-EATVi(DIOXN)) as predictive variables. b) Predicted vs observed LVZ
using the combination of LAVi and LA-EATVIi(DIXON) as variables in the regression equation.

A complex model using a combination of all 4 variables with correlation to LVZ occurrence as
described above, is presented in more detail. This model used a combination of age, gender,
LAVi and LA-EATVIi(DIXON) with the following regression equation: LVZ~occurrence =
—14.07 + 0.08 * age + 2.28 * female gender + 0.05 * LAVi + 0.12 * LAEATVi(DIXON) .

The overall regression showed a good fit using the log likelihood ratio test (G-test) with
G2=32.3; p<0.001 with a large amount of explained variance (Nagelkerke’'s R?=0.59). The area
under the ROC curve was calculated to be 0.91 (95 %-CI [0.83 — 0.98]), p<0.001; n=58. The
odds ratios are: for age 1.08 (95 %-CI[0.97 —1.23]), female gender 9.78 (95 %-
CI[1.8-75.70), LAVi 1.05 (95 %-CI[1.00-1.12]) and LA-EATVIi(DIXON) 1.13 (95 %-
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CI [1.04 — 1.26]). Variable contribution to the prediction model can be described with the
following significance levels: age (p=0.19), female gender (p=0.01), LAVi (p=0.06) and LA-
EATVIi(DIXON) (p=0.01). As literature suggests a higher significance level for variables in
regression analysis of up to 0.15 — 0.20 is acceptable (Hosmer et al., 2013; Steyerberg, 2009).
Therefore, the variables age and LAVi remain relevant contributors in this prediction model.
Multicollinearity between the variables could be excluded as shown by R?=0.31 for age,
R2=0.21 for female gender, R?=0.18 for LAVi and R?=0.06 for LA-EATVi(DIXON). The Variance
Inflation Factor equals 1.45 for age, 1.27 for female gender, 1.21 for LAVi and 1.06 for LA-
EATVIi(DIXON). The total percentage of accuracy in classification for this model was 84.5 %,
with a sensitivity 70 % of and a specificity of 92 %. The positive predictive value was estimated
to be 82.3 % compared to the negative predictive value of 85.3 % using a classification cutoff

0.5 for this model. The graphical results are presented in Figure 37.
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Figure 37 a) ROC curve for the combined prediction model using age, gender, left atrial volume index (LAVi) and
LA- EATVIi(DIXON) as predictive variables. b) Predicted vs observed LVZ using the combination of age, gender,
LAVi and LA-EATVIi(DIXON) as variables in the regression equation.
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Further combinations of non-CMR and CMR based variables were analyzed using regression

analysis, with the results summarized in Table 6.

To compare model performance, measures of calibration and discrimination are displayed.
Discrimination is the ability of a model to distinguish patients with or without an outcome (LVZ+
vs. LVZ-). It is assessed by the area under the receiver operating characteristic (ROC) curve,
abbreviated as AUC. A higher AUC vyields a higher probability to distinguish between
outcomes. Calibration describes the agreement of observed outcomes and predictions
(goodness-of-fit). Here the log likelihood ratio test (G?) is displayed, with higher results relating
to a better ability of the model to fit the data.

A measure of usefulness of the variables in predicting the outcome is provided by Nagelkerke’s
R2. It is a measure of the amount of variability in outcomes, that is explained by the variables

in the prediction model. A larger R? can be referred to a greater effect size.

To further compare the proposed models corrected Akaike information criterion (AICc) was
calculated. AICc is a measure of quality of a model relative to another model. It helps in model
selection by balancing model performance and complexity to avoid underfitting and overfitting.
The correction of AIC introduces a penalty for the number of variables in the equation and
improves assessment in a small sample size. AlCc estimates the relative information loss
compared to other models, consequently a smaller AlCc identifies a model that minimizes that
loss (Steyerberg, 2009).

OR OR OR OR

Sensitivity  Specificity
G? Rz AlCc AUC 1st 2nd 3rd 4th

% %
var var var var
Age + Gender
191 034 749 038 1.1 3.56 - - 52 80.5
(female)
Age + LAVi 236 041 704 082 1.1 1.06 - - 52 80.5
Gender (female) +
272 046 66.7 085 827 1.08 - - 72 90.2
LAVi
Age + LA-
2148 043 597 084 115 1.1 - - 65 89.5
EATVi(DIXON)
Gender (female) +
229 045 583 0.85 1355 1.15 - - 55 86.8
LA-EATVi(DIXON)
LAVi + LA-
16.8 035 644 0.81 1.05 1.09 - - 50 89.5
EATVi(DIXON)
Age + LAVi + LA-
2478 048 587 085 113 1.04 1.10 - 75 89.5
EATVi(DIXON)
Gender (female) +
LAVi + LA- 304 056 531 089 1587 1.06 1.13 - 70 89.5
EATVi(DIXON)
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Age + Gender

(female) +LAVi 298 049 665 0.87 1.08 547 1.07 - 76 82.9
Age + Gender
(female) + LA- 28.0 053 555 089 112 730 1.14 - 70 86.8
EATVi(DIXON)
Age + Gender
(female) + LAVi+ 322 059 536 0.91 1.08 978 1.05 1.13 70 92.1

LA-EATVi(DIXON)

Table 6 Summary of multivariate LVZ prediction models. G? describes results of log likelihood ratio test as a
measure of calibration. Nagelkerke’s R? describes amount of explained variance by the model. Akaike information
criterion (AICc) provides a measure of quality of the regression equation. Area under the curve (AUC) of the
regression equation describes the discrimination ability. All variables used mentioned combined regression
equations show statistical significance up to p<0.20. The classification cutoff 0.5 was used for regression analysis.
Abbreviations: Left atrial volume index (LAVi), left atrial epicardial adipose tissue index (LA-EATVi), odds ratio
(OR).

Comparing the results of the above mentioned prediction models by their performance
parameters, it can be concluded that the prediction model containing a combination of 4
variables (age, gender, LAVi and LA-EATVIi(DIXON) performs best in the studied patient
population (Figure 37). It displays the highest discrimination ability (AUC 0.91) and the highest
model fit (G 32.2) in calibration testing. Additionally, it shows the highest ability to explain the
variability of the outcome (R? 0.59). The model quality is high compared to the other presented

models with less variables, represented by a relatively low AlCc of 53.6.

To visualize the discrimination ability results, a selection of 3 exemplary ROC curves from

regression analyses is displayed in Figure 38.

P — Age + Gender (AUC 0.80 p<0.001)
= 0.6
5 h ) LAVi + LA-EATVi (AUC 0.82 p<0.001)
c
$ 0.4- ' — Age + Gender + LAVi + LA-EATVi (AUC 0.91 p<0.001)
0.21
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00 02 04 06 08 1.0
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Figure 38 Comparison of three selected prediction models previously outlined in Table 6 with displayed receiver
operating characteristics (ROC) curves. The combined prediction model using both CMR and non-CMR variables
performs best. The basic non-CMR derived model uses age and gender as prediction variables. The CMR-only
model uses left atrial volume index (LAVi) and left atrial epicardial adipose tissue volume index (LA-EATVi) from
DIXON imaging as variables.
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4.5.4. Example of clinical application

For clinical application of any of the above-mentioned prediction models, the classification
cutoffs can be adjusted or optimized according to the purpose of either identification of LVZ+
or LVZ- patients with a higher degree of certainty. Therefore, one aim of the process is to select
the optimal cutoff to exclude or rule out of the presence of LA myopathy, with atrial wall fibrosis
(represented by LVZ) being one of its many features. Identification of patients with a low risk
of LA fibrosis requires the selected cutoff to have a high specificity and negative predictive
value. On the other hand, the ability to identify patients with a constellation of variables resulting
in a high risk of LA fibrosis, demands a cutoff with a high sensitivity and positive predictive

value.

To sum up, cutoff selection in the currently investigated context might lead to distinguish 3

groups of patients (Figure 39):

o patients at low risk of LA fibrosis (predicted probability below a specified cutoff)

e patients at intermediate risk of LA fibrosis (predicted probability between two
cutoffs)

e patients at high risk of LA fibrosis (predicted probability above a specified
cutoff).

Cutoff #1 Cutoff #2

Predicted l l

probability of : :
LA fibrosis Low Intermediate High

Figure 39 Scheme of cutoffs to create 3 groups of patients by their predicted probability of left atrial (LA) fibrosis.

An example is presented using the prediction model with 4 variables (age, gender, LAVi and
LA-EATVI(DIXON) in the studied patient population. A lower classification cutoff set at 0.25
predicted probability, provides very good results in identification of patients without LVZ (Table
7). It results in a negative predictive value to 96.7 % with a specificity of 76.3 % and false

negative rate of 5 %.
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Predicted LVZ- Predicted LVZ+ Total Correctly classified %

Observed LVZ- 29 9 38 76.32
Observed LVZ+ 1 19 20 95.00
Total 30 28 58 82.76

Table 7 Classification table of the combined prediction model for low voltage zones (LVZ) including variables age,
gender, LAVi and LA-EATVIi(DIXON) with a cutoff 0.25.

An upper classification cutoff set at 0.8 predicted probability, provides very good results in
identification of patients with LVZ (Table 8). It results in a positive predictive value of 90% with
a sensitivity of 45% and a false positive rate of 3%.

Predicted LVZ- Predicted LVZ+ Total patients Correctly classified %

Observed LVZ- 37 1 38 97.37
Observed LVZ+ 11 9 20 45.00
Total patients 48 10 58 79.31

Table 8 Classification table of the combined prediction model for low voltage zones (LVZ) including variables age,
gender, LAVi and LA-EATVi(DIXON) with a cutoff 0.8
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4.5.5. Prediction model validation

In this section an overview on the validation of the previously described prediction models,
using bootstrap resampling as an internal validation method is provided. The aim of interval
validation is to assess the developed prediction models performance on a new sample of data
generated from the already present data set. Results are displayed for univariate regression
models (Table 9) and multivariate regression models (Table 10) with Bias-corrected (BCa)

confidence intervals for each regression coefficient.

B p in regression p in bootstrap BCa 95%-Confidence
coefficient analysis validation Interval
Age 0.123 0.001 0.001 0.064 0.231
Gender (female) 1.827 0.001 0.001 0.695 3.359
LAVi 0.064 0.001 <0.001 0.029 0.125
LA- 0.096 0.008 0.006 0.025 0.203

EATVi(DIXON)

Table 9 Univariate prediction model validation using bootstrap to estimate BCa 95%-Confidence intervals for
regression coefficients (B). Bootstrap validation at 2000 samples
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Age + Gender

(female)
Age + LAVi

Gender (female) +
LAVi
Age + LA-
EATVi(DIXON)
Gender (female) +
LA-EATVi(DIXON)
LAVi + LA-
EATVi(DIXON)

Age + LAVi+ LA-
EATVi(DIXON)

Gender (female) +
LAVi + LA-
EATVi(DIXON)

Age+ Gender
(female) + LAVi

Age+ Gender
(female) + LA-
EATVi(DIXON

Age+ Gender
(female) + LAVi +
LA-EATVi(DIXON

Variables

Age
Gender (female)
Age
LAVi
Gender (female)
LAVi
Age
LA-EATVi(DIXON)
Gender (female)
LA-EATVi(DIXON)
LAVi
LA-EATVi(DIXON)
Age
LAVi
LA-EATVi(DIXON)
Gender (female)
LAVi
LA-EATVI(DIXON)
Age
Gender (female)
LAVi
Age
Gender (female)
LA-EATVi(DIXON)
Age
Gender (female)
LAVi
LA-EATVi(DIXON)

B

coefficient

0.099
1.269
0.106
0.054
2.113
0.073
0.143
0.104
2.607
0.138
0.052
0.088
0.124
0.038
0.091
2.764
0.061
0.126
0.072
1.699
0.065
0.108
1.988
0.131
0.078
2.280
0.050
0.120

pin
regression
analysis
0.013
0.038
0.012
0.007
0.002
0.001
0.003
0.008
0.001
0.003
0.009
0.025
0.013
0.086
0.023
0.002
0.017
0.012
0.125
0.018
0.004
0.041
0.018
0.003
0.186
0.014
0.061
0.013

pin
bootstrap
validation

0.005
0.036
0.004
0.002
0.002
0.001
0.001
0.005
0.002
0.001
0.003
0.026
0.004
0.032
0.019
<0.001
0.010
0.003
0.123
0.014
<0.001
0.018
0.005
0.001
0.193
0.001
0.050
0.001

BCa 95%-

Confidence
Interval
0.023 0.214
0.116  2.961
0.023  0.248
0.015 0.115
0.370  8.383
0.026  0.261
0.053  0.408
0.015  0.310
1.090 5.993
0.049  0.321
0.008  0.137
-0.004 0.271
0.032 0.361
-0.12 0.168
-0.007  0.327
0.635 163.1
-0.005 0.357
0.003  0.773
-0.058  0.251
-0.174  6.441
0.007 0.25
-0.015  0.423
0.004  6.104
0.025 0.429
-0.110  0.483
-0.121  7109.7
-0.025 8.863
-0.004  20.06

Table 10 Multivariate prediction model validation using bootstrap to estimate BCa 95%-Confidence intervals for
regression coefficients (B). Bootstrap validation at 2000 samples

Summarizing the results from internal validation using the bootstrap approach for univariate

prediction models, all selected variables appear as statistically significant predictors and

associated regression coefficients show a relatively narrow BCa confidence interval. It can be

further stated that prediction models with 2 or less variables also show statistical significance

of variable coefficients at the level of <0.05, with relatively narrow BCa confidence intervals.
The exception being the combination of LAVi and LA-EATVIi(DIXON), were the latter variable

shows a negative lower confidence interval boundary and thereby a large spread for the

associated regression coefficient, revealing its imprecise estimation. Validation analysis of
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regression equations with 3 or more variables results shows similar results with a large spread
of BCa confidence intervals and with the lower boundary becoming negative in certain cases.
In these cases, the selected variable coefficients cannot be cannot be confirmed having a

precise estimation in the newly generated bootstrap cohort.

5. Discussion

5.2. General aspects

This research thesis verified the initially stated hypotheses. Data showed a significantly higher
left atrial volume in patients with LVZ compared to patients without LVZ. The same applies to
left atrial epicardial adipose tissue volume. Furthermore, the CMR variables LAVi and LA-
EATVIi(DIXON) can predict the presence of LVZ. It is worth noting that, both parameters are
independent of each other. In agreement with current knowledge, certain non-CMR variables,
like age and female gender also predicted LVZ presence in this study population (Kosiuk et
al., 2015).

To the best of our knowledge this work represents the first CMR-based analysis of association
between LA-EAT and invasive voltage measurements describing LVZ, as feature representing

fibrosis of the atrial wall in left atrial myopathy.

From the practical point of view the estimation of left atrial volume and left atrial epicardial
adipose tissue from CMR images before an invasive procedure can be easily acquired during
the routine clinical workflow. Patients can be scanned in an outpatient setting or on the first
day of admission. Evaluation of relevant parameters from the acquired images and an
individual risk assessment for presence of atrial myopathy is manageable in an acceptable
time frame of about 20 min. This allows for individual decision making by the interventional
electrophysiology team before the AF ablation procedure is performed. In addition to the CMR-
derived information of the PV anatomy, knowledge of the potential risk for the presence of left
atrial myopathy can contribute to the selection of the appropriate ablation technique and
facilitate shorter ablation procedure times without performing endocardial voltage maps in
selected patients with an estimated low risk. In patients, where risk analysis does not indicate
a low-risk constellation, endocardial mapping of the left atrial wall and consideration of an
extended ablation approach is warranted. The ultimate goal being the improvement of ablation

outcome and AF free survival.

One previous investigation of LA-EAT volume in association with invasive assessment of LVZ

was carried out using a CT based assessment (Figure 40). The main findings were, that AF
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patients had higher LA-EAT volume and lower EAT radiation attenuation (measured in
Hounsfield Units) then patients without AF. Further LVZ+ patients had larger LA-EAT volume
and lower radiation attenuation then LVZ- patients. Independent risk factors for the presence
of LVZ were age, increased LA-EAT volume and decreased attenuation of LA-EAT. It was
suggested that LA-EAT attenuation is a better predictor for LVZ then LA-EAT volume (Y. Shao
et al., 2022). A decreased CT based EAT attenuation has been proposed to correlate with

hypertrophic adipocytes, adipose tissue hypoxia, macrophage accumulation and inflammation,

as well as increased metabolic activity and secretion of cytokines (Goeller et al., 2018; Skurk
et al., 2007; Venteclef et al., 2015).

Figure 40 LA-EAT volume and attenuation by post-processing software. A -B view of cardiac structures with LA-
EAT highlighted in green. C 3D model of LA-EAT calculated by software. D LA-EAT attenuation (Y. Shao et al.,
2022).

As current evidence shows the presence of left atrial arrhythmogenic substrate, defined as low
voltage zones is associated with increased AF recurrence risk post ablation. Extensive ablation
approaches in patients with arrhythmogenic substrate (beyond ablation of the pulmonary vein
ostia) are associated with higher freedom from AF recurrence (Huo et al., 2022; Kircher et al.,
2018; Rolf et al., 2014). Procedures using extensive ablation approaches are more

challenging, more time consuming and associated with higher complication risk (Marrouche et
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al., 2022). These interventions should be planned and prepared in the best way possible, with

appropriate patient informed consent and would be best performed at high volume centers.

5.3. EAT image acquisition

Two different approaches for quantification of LA-EAT were performed and compared. The
conclusion can be drawn that estimation of LA-EAT volume using the T1w imaging approach
did not provide satisfying results, leading to no significant LVZ prediction model, despite
showing a positive correlation to LVZ occurrence. Possible reasons were inconsistencies
during image acquisition leading to worse image quality and a too small FOV in the sagittal
plane, leading to possible underestimation of adipose tissue on the superior and inferior
aspects of the left atrium. Additionally, the individual selection of the inversion time for each
patient, with the aim of differentiating adipose tissue form myocardium and blood pool, suffers
operator dependent variability. This represents the largest issue for good image quality, as the
intensity of fatty tissue in the obtained images served for selection using intensity thresholds
in ADAS 3D software.

The DIXON based approach using a fat-water separation imaging for LA-EAT volume
quantification showed a superior predictive performance of LVZ. The imaging acquisition is
standardized with no need for manual adjustment of scanning parameters. This approach uses
a summation of slices technique for 3D volume quantification. A DIXON based image
acquisition with equal voxel size in all three dimensions would provide even more precise

estimation of volumes.

5.4. Clinical relevance

The prediction of left atrial low voltage zones in patients with AF is currently a topic of ongoing
research and could have major implications in clinical treatment decisions for AF patients.
Recently, a modification of a previously proposed prediction score has been published with
improved parameter selection. The original APPLE score, uses a one point per parameter
scheme including: age >65 years, persistent AF, impaired eGFR <60ml/min/1.73m?, left atrial
diameter = 43mm (echocardiography-derived), and LVEF <50% (echocardiography-dervived)
(Kornej et al., 2015). The modified score (MAPPLE) exchanged echocardiographic parameters
for CMR based LA Volume per BSA and LA-ejection fraction. A tendency of prediction

improvement based on ROC curve analysis could be noted, without being statistically
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significant (APPLE AUC 0.704 vs. mAPPLE AUC 0.779, p=0.233). Therefore no benefit of
CMR based LA structural and functional parameters in prediction could be demonstrated,
advocating for the use of simple echocardiographic assessments (Seewodster et al., 2021).
Further research and adjustment of these prediction models including other LA functional

parameters, like LA strain analysis might improve these kind of prediction models in the future.

An association of LA epicardial adipose tissue as assessed by CMR and AF is readily reported
and allows risk stratification, making it a feasible parameter to include in new prediction models
(Nakamori et al., 2018). Furthermore, attempts are made to visualize atrial fibrosis directly by
LGE imaging, with results showing association with increased AF recurrence rates after AF
ablation. Also association of LGE based fibrosis assessment and LA-EAT has been described
(Chahine et al., 2022). Despite these results, LGE based atrial fibrosis identification currently
does not provide a benefit in decision making about an extensive ablation approach beyond
standard PV-isolation (Marrouche et al., 2014, 2022).

The proposed prediction model in this thesis, using clinical parameters (age and gender)
combined with a CMR-based assessment of LAVi and LA-EATVIi(DIXON) showed the best
ability of prediction of LVZ in the studied patient cohort. It allows to assess the probability of
left atrial fibrosis presence as a feature of advanced LA myopathy. With the selection of
appropriate cutoffs, providing a high negative predictive value these predictors seem to be
especially useful for identification of patients with low risk of left atrial fibrosis. This approach
could be applied to identify patients assumed to be in an early stage of LA myopathy. From the
interventional point of view, it seems reasonable to select a low-risk population to undergo
catheter ablation without the need for invasive high resolution electroanatomic mapping to
detect LVZ, as it is the case with single shot ablation techniques like for example cryo-balloon
ablation. Patients not considered low-risk by the prediction model, would undergo
electroanatomic mapping with the possibility for an extended radiofrequency ablation
approach. A clinical decision rule could be developed from the described prediction model,
after a more precise estimation of the predictor variable regression coefficients using a larger
patient cohort for model development. Further validation analysis is necessary, including
external validation on a new patient population. Whether this proposed algorithm translates

into better ablation outcomes in the long term remains to be investigated.
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5.5. Future developments

The development of simple, potentially imaging based low voltage zone prediction models with
possible application in the outpatient setting or at large academic centers is still ongoing. The
results from the presented research warrant the future inclusion of epicardial adipose tissue in

projects to establish even better prediction results.

Treatment of AF patients requires a multimodal approach aiming not only at rhythm control via
ablation, but at treatment of modifiable risk factors to influence the phenotype of epicardial
adipose tissue, taking into account its role in inflammatory remodeling of the left atrium. Future
treatment strategies might additionally adopt a specific molecular approach with a direct
intervention in the inflammatory pathway and promote “browning” of the epicardial adipose

tissue.

Presently it remains unclear if any intervention, including ablation techniques may result in a
reverse remodeling of left atrial myopathy and how such an assessment should be performed.
One might hypothesize that interventions that influence the phenotypic shift of epicardial
adipose tissue towards the anti-inflammatory phenotype, could to some degree reverse
proarrhythmogenic changes of the left atrial myocardium. Whether this might express itself in
a reduction of LVZ on the left atrial wall remains an open question. Currently our understanding
assumes that LVZ represent parts of the left atrial wall that have irreversibly changed into
fibrotic tissue. This assumption might not take into account the full picture of underlying
inflammatory processes influencing electrical signal generation and conduction. Recent
evidence is challenging the current paradigm, showing that LVZ display dynamic changes with
the possibility of regression after successful AF-ablation with a decrease in AF burden (Marcon
et al., 2023).

Furthermore, serial assessment of epicardial adipose tissue volume in patients treated for AF
either by a novel therapy influencing the local inflammatory process or by standard AF-ablation,

might give insights if any reduction of EAT volume can be achieved.

Concerning the development of a routine patient assessment to guide the AF treatment
approach, CMR provides unique possibilities. The ability to noninvasively determine
anatomical variables associated with the progression of LA myopathy towards a state of severe

disease has the potential to improve the morbidity and mortality of patients with AF.

This work provides the encouraging basis for further investigation of epicardial adipose tissue
in connection with AF treatment. With the improvement of CMR imaging sequences and
software used for visualization and quantification of epicardial adipose tissue the process of

obtaining reproducible and reliable results for individual patients can be optimized and made
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5.6. Limitations

This study was indented as a single center prospective exploratory observational study. The
main limitation is the small number of included patients. Image quality for analyzed T1w
adipose tissue sequences was dependent on the selection of an ideal inversion time (TI), which
suffers operator dependent variability. This inconsistency of adipose tissue visualization
together with a loss of image intensity towards the peripheral borders of the field of view (FOV)
resulted in T1w imaging being unsuitable for reliable EAT volume estimation. Regarding left
atrial volume assessment based on contrast enhanced angiography imaging without an ECG
trigger, it has to be noted that it only represents an average volume between LA systole and
diastole. An ECG triggered sequence would allow to estimate left atrium at its smallest or

largest volume.

Concerning the technical aspects of post processing of acquired imaging, all segmentation and
analysis was performed by the author of this thesis, as single investigator. The approach using
ADAS 3D software allowed for semi-automatic volume quantification with manual correction
steps. The degree of manual adjustment remains operator dependent and time consuming. An
improved dedicated software tool, with a specific workflow and more automation for the applied
processes in this thesis is currently under development. It can be expected, that the analysis

steps will become easier and faster.

Certain limitations with regard to the results become obvious after conducting internal
validation. ldeally the estimated regression coefficients would show a narrow range of
confidence intervals, confirming a precise estimation. The predictor female gender is a good
example for an imprecisely estimated coefficient, as it displays a wide range of its BCa
confidence interval. It makes estimation of the true influence of this variable in a new and larger
population less precise and more uncertain. Further, the prediction model combination of
LAVi + LA-EATVIi(DIXON) despite showing statistical significance of the individual variable
coefficients, results in a negative lower boundary of the BCa confidence interval for the
LA- EATVIi(DIXON) coefficient in validation analysis. Therefore, the true impact of this variable

in the regression equation remains imprecise.

The major limiting factor in the development of the described prediction models and for the
bootstrap coefficient validation analysis is the relatively small size of the original patient
population included in this study. This becomes even more evident for the analysis of
regression equations with a combination of 3 or more variables, where also a large spread of
BCa confidence intervals for the regression coefficients can be observed. This leads to the

conclusion that these prediction models derived from the current relatively small data set
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6. Summary

Atrial fibrillation (AF) is the most prevalent cardiac arrhythmia. It shows an increasing
prevalence in developed countries with a strong association to cardiovascular risk factors. It
has become a major challenge to the healthcare system with a high morbidity and increased
AF-related mortality. Recommended treatment approaches favor rhythm control strategies,
which aim to restore sinus rhythm. The pathophysiologic concept of atrial fibrillation has
evolved towards defining the term atrial myopathy, recognizing inflammation mediated
remodeling of the left atrium (LA) as a source for and result of arrhythmogenesis. One of many
features of atrial myopathy is the development of left atrial fibrosis by fibro-fatty infiltration. This
corresponds to low voltage zones (LVZ), that are characterized by impaired myocardial
electrical conduction during invasive electroanatomic mapping. Epicardial adipose tissue
(EAT) has been revealed to be a key player in this inflammatory process that nourishes the
development of left atrial fibrosis. Traditional cardiovascular risk factors favor the
transdifferentiation of EAT towards a pro-inflammatory phenotype. Recently, evidence has
proven the positive effect of new generation anti-diabetic drugs like sodium-glucose
cotransporter 2 (SGLT-2) inhibitors and glucagon-like peptide-1 (GLP-1) receptor agonists on
EAT by inducing a favorable phenotypic shift with local anti-inflammatory effect and potential

influence on atrial reverse remodeling.

This thesis sought to confirm the ability to predict LVZ from cardiac magnetic resonance (CMR)
derived parameters and to describe the differences of left atrial volume and left atrial epicardial

adipose tissue volume in AF patients with and without LVZ.

Patients with indication for primary AF ablation were prospectively enrolled. CMR imaging
sequences included an LA angiography and two different techniques for left atrial epicardial
adipose tissue imaging (T1 weighted and fat-water separation DIXON-based), which were

compared.

Left atrial volume index (LAVi) and left atrial epicardial adipose tissue volume index (LA-EATVi)
from the DIXON-based technique proofed to be significant predictors of LVZ presence. No
significant results could be obtained for the epicardial adipose tissue quantified from
T1 weighted imaging. LA-EATVIi(DIXON) was significantly higher in patients with LVZ than
without, with a mean difference of 10.13 £ 5.0 ml. The same could be shown for LAVi, with a
mean difference of 24.46 £ 8.13 ml. Both parameters were independent of each other.
Additionally, it could be shown that higher age and female gender are associated with LVZ
occurrence. CMR based quantification of LA-EATVi(DIXON) alone or in combination with other

predictive variables of LVZ, like LAVi, age and female gender was able to identify patients at
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7. Zusammenfassung

Vorhofflimmern (AF) ist die haufigste Herzrhythmusstérung. In den Industrielandern nimmt die
Pravalenz zu, wobei ein enger Zusammenhang mit kardiovaskularen Risikofaktoren besteht.
Vorhofflimmern ist zu einer gro3en Herausforderung fir das Gesundheitssystem geworden,
da es eine hohe Morbiditat und eine erhdhte vorhofflimmerbedingte Mortalitdt aufweist. Die
empfohlenen Behandlungsansatze favorisieren Rhythmuskontrollstrategien, die auf die
Wiederherstellung des Sinusrhythmus abzielen. Das pathophysiologische Konzept des
Vorhofflimmerns hat sich dahingehend weiterentwickelt, dass der Begriff Vorhofmyopathie
definiert wurde, wobei unter anderem der entziindungsbedingte Umbau (Remodeling) des
linken Vorhofs (LA) als eine Ursache und Folge der Arrhythmogenese anerkannt wird. Eines
der vielen Merkmale der Vorhofmyopathie ist die Entwicklung einer Fibrose im Bereich des
linken Vorhofs durch fibrés-fettige Infiltration. Dies entspricht Niederspannungszonen (LVZ),
die bei invasiven elektroanatomischen Kartierungen durch eine beeintrachtigte elektrische
Leitung des Myokards gekennzeichnet sind. Es hat sich gezeigt, dass epikardiales Fettgewebe
(EAT) eine Schlisselrolle in diesem entziindlichen Prozess spielt, der die Entwicklung einer
linksatrialen Fibrose beglinstigt. Traditionelle kardiovaskulare Risikofaktoren verursachen die
Transdifferenzierung des epikardialen Fettgewebes in Richtung eines pro-inflammatorischen
Phanotyps. In letzter Zeit hat sich gezeigt, dass Antidiabetika der neuen Generation, wie z. B.
Natrium-Glukose-Cotransporter-2-Inhibitoren (SGLT-2) und Glucagon-like Peptide-1 (GLP-1)
Rezeptor Agonisten, eine positive Wirkung auf EAT haben, indem sie eine glnstige
phanotypische Verschiebung mit lokaler Entzindungshemmung und potenziellem Einfluss auf

ein ,reverses Remodeling“ des Vorhofs bewirken.

Ziel dieser Arbeit war es, die Fahigkeit der Vorhersage von LVZ anhand von Parametern aus
der kardialen Magnetresonanztomographie (CMR) zu bestatigen und die Unterschiede des
Volumens des linken Vorhofs und des linksatrialen epikardialen Fettgewebes bei

Vorhofflimmerpatienten mit und ohne LVZ zu beschreiben.

Patienten mit Indikation zur primaren Vorhofflimmerablation wurden prospektiv
eingeschlossen. Zu den akquirierten CMR-Bildgebungssequenzen zahlte eine
LA- Angiographie und zwei verschiedene Techniken zur Darstellung des linksatrialen
epikardialen Fettgewebes (T1-gewichtet und Fett-Wasser-Trennung auf DIXON-Basis).

Letztere wurden miteinander verglichen.

Der Volumenindex des linken Vorhofs (LAVi) und der Volumenindex des linksatrialen
epikardialen Fettgewebes (LA-EATVi) aus der DIXON-basierten Bildgebung erwiesen sich als

signifikante Pradiktoren fir das Vorhandensein von LVZ. Fir das epikardiale Fettgewebe, das
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