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Abstract 

Atrial fibrillation (AF) is the most prevalent arrhythmia affecting humans. The 

identification of risk factors for AF has ushered a risk factor based approach for 

management. Obesity is a highly prevalent and novel risk factor for AF with a 

potential for reversibility. The epidemiological link between obesity and AF has 

been established in population based studies; however the atrial substrate remains 

to be fully characterized. Furthermore, mechanism and degree of reversibility with 

weight reduction has not been described. This thesis evaluates the various aspects 

of endocardial and epicardial atrial remodeling with sustained obesity and the 

underlying mechanisms in an ovine model.  It also examines the endocardial atrial 

remodeling with obesity in humans and its relationship with epicardial adipose 

tissue.  In addition, the reversal of obesity related atrial substrate with weight 

reduction has been characterized in a sustained obesity ovine model.  

Chapter 2 examines the endocardial electrophysiological remodeling with 

sustained obesity in an ovine model. Sustained obesity was associated bi-atrial 

slow and heterogeneous atrial conduction with increased fractionation and greater 

vulnerability for AF. There is no significant alteration in endocardial atrial 

refractoriness. Although there was no difference in mean voltage there was 

increased voltage heterogeneity. Obesity was associated with overexpression of 

pro-fibrotic TGFβ1 and increased atrial fibrosis. Infiltration of the epicardial atrial 

musculature by the contiguous fat was seen and this could represent a unique 

substrate for AF in obesity.  
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Chapter 3 describes the reversal of the obesity related atrial substrate with weight 

reduction in an ovine model. Sustained obesity was associated with bi-atrial 

epicardial slow and heterogeneous conduction, reduced atrial refractoriness 

(epicardial) and increased propensity for AF. This was associated with 

hemodynamic stress and diastolic dysfunction. Histologically obesity was 

associated with atrial fibrosis, inflammation and fatty infiltration. There was up-

regulation of atrial TGFβ1 expression and Endothelin receptor B. The TGFβ1 

expression correlated with electrophysiological changes and atrial fibrosis, and 

this relationship persisted even after adjusting for left atrial pressure. There was 

decreased expression of atrial gap junction protein Connexin43 expression.  The 

changes observed with sustained obesity were reversed with moderate weight 

reduction.  

Chapter 4 describes the electrophysiological reverse remodeling with weight 

reduction in an ovine model.  Weight reduction resulted in improvement in 

endocardial atrial conduction velocity and decrease in conduction heterogeneity. 

However, the atrial refractoriness from endocardial sites did not change with 

either obesity or weight reduction. This is in contrast to epicardial atrial 

refractoriness which shortened with sustained obesity and improved to control 

values with weight reduction. This endocardial- epicardial dissociation in atrial 

refractoriness may represent part of the unique substrate for AF in obesity.  

Chapter 5 describes the validation of atrial pericardial fat assessment on cardiac 

magnetic resonance imaging against the gold standard of autopsy.  

Chapter 6 describes the electroanatomic remodeling with obesity in humans and 

describes the association with atrial pericardial fat. 
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Chapter 1 

Literature Review 

1.1 Atrial Fibrillation: background 

Atrial fibrillation(AF) is the most common sustained arrhythmia in humans. Its 

prevalence is estimated to be 1% in the general population(1-3). The lifetime risk 

of developing AF at age 40 or older is one in four(4). AF is encountered more 

frequently with age, with the prevalence increasing to one in 10 in those aged 

older than 80 years(5). The prevalence of AF continues to rise and is projected to 

affect more than 10 million Americans by 2050(6).  AF is rapidly overtaking other 

cardiovascular causes for hospitalization(7) and is responsible for a huge 

economic burden(8). AF results in a gamut of clinical sequel ranging from 

symptomatic distress , heart failure(9), to thromboembolic events(10) culminating 

in reduced quality of life(11), frequent hospitalization and increased mortality(11-

13). Of these, thromboembolic events remain the most devastating complications 

of AF(10). Cardioembolic strokes are more severe, with greater disability and 

mortality(14). Recent data suggests a link between AF and cognitive decline(15-

17). Recent data highlights that the risk of dementia is comparable in magnitude to 

stroke risk(16). As a potential consequence of these several morbidities, AF 

increases the risk of dying, 1.5- 1.9 fold, after adjusting for other cardiovascular 

factors(11,18).  

AF is often associated with significant structural heart disease. The Framingham 

heart study identified several independent risk factors for AF. These are increasing 
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age (odds ratio (OR) 2.1 for men and 2.2 for women), diabetes (OR 1.4 for men and 

1.6 for women), hypertension (OR 1.5 for men and 1.4 for women), congestive 

heart failure (OR 4.5 for men and 5.9 for women), myocardial infarction (OR 1.4 for 

men and 1.2 for women), and valvular disease (OR 1.8 for men and 3.4 for 

women)(19). After adjusting for the above risk factors, men were also found to 

have a 1.5 times greater likelihood of developing AF than women(19). Smaller 

studies have also identified atrial septal defects(20), pericardial disease(20), 

myocarditis(20), hypertrophic cardiomyopathies(21), conduction system 

disorders such as sinus node disease(22), thyrotoxicosis, alcohol use and 

pulmonary pathology as risk factors for AF. More recently genetic predisposition 

has been identified in some patients(23). AF can occur in the absence of structural 

risk factors and is considered “lone AF”(24,25).  Although, recent evidence 

suggests that these patients also may not be without concurrent abnormalities(26-

28). With the identification of novel risk factors like obstructive sleep 

apnoea(29,30) and obesity(29,31-33) in the last decade, this group of lone AF is 

shrinking further. Furthermore, there is familial aggregation in lone AF(34,35). 

While an association with the above conditions is recognized, the mechanisms of 

AF are still not completely understood. 

 1.2 Electrophysiological basis of AF 

Over the last century much has been learned of the electrophysiological basis of 

atrial fibrillation, which has shaped our current understanding and management 

this arrhythmia. 
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1.2.1 Mechanisms of AF 

As early as the turn of the 20th century, mechanisms underlying AF were 

hypothesized along two main themes- rapidly discharging ectopic foci and circus 

movement.  In the first known experiments conducted by Mayer in 1906, he 

observed isolated rings of jellyfish muscle could sustain circulating activity for long 

periods of time(36). Mines(37,38) and Garrey(39), further developed the concept 

of reentry in independently performed experiments in cold blooded animal hearts. 

Following this, Lewis postulated that AF and atrial flutter could be attributed to a 

circulating reentrant wavefront that encroached on its own partially refractory 

tail(40,41). He proposed that the main difference between fibrillation and flutter 

was the degree and nature of the encroachment of the leading edge into the tail 

which was smaller in flutter, whereas greater and intermingled front and tail in AF. 

In the 1960s, Moe postulated the ‘multiple wave hypothesis’ for AF supported with 

computer modeling studies(42,43). More than a decade later, Allessie et al(44,45) 

proposed the concept of leading circle hypothesis and subsequently provided the 

first experimental proof for Moe’s multiple wavelet hypothesis of AF. It differed 

from Mines’ concept of re-entry that it explained re-entry in absence of an 

anatomical barrier and forced the crest of the leading wave to encroach on its own 

refractory tail. This concept remained the most acceptable explanation for 

functional re-entry until it was demonstrated to be inadequate to explain the 

dynamics of fibrillation(46). High resolution recording studies later demonstrated 

the drifting and meandering nature of circulating waves which could not be 

explained by the leading circle concept(47,48). Meanwhile, the concept of rotors 

generating spiral waves was developed via theoretical studies by Krinsky(49) and 
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Winfree(50,51) independently. The first experimental demonstration proof of a 

spiral wave in the heart was provided by Davidenko et al an isolated sheep 

ventricular muscle slice high-resolution optical mapping(48). The rotor concept 

differs from the leading circle hypothesis in several aspects, importantly, absence 

of refractory core which can allow the rotor to meander. More recently rotors have 

been mapped in humans (52); and ablation successfully targeted based on this 

information (53,54). 

1.2.2 Left atrial dominance in AF 

Schuessler et al. showed the transition of activation patterns characterised by 

multiple re-entrant circuits converted to a single, relatively stable, high-frequency 

re-entrant circuit that resulted in fibrillatory conduction in isolated canine right 

atrial preparations that with increasing concentrations of acetylcholine(55). 

Thereafter, not only dominant frequencies were found in the left atrium(56-58) 

but also that there was a significant left to right atrial gradient in fibrillatory 

intervals(58,59).  Based on this, Mansour et al postulate that these of high 

frequency waves sources within the left atrium may act as drivers or a dominant 

rotor, which maintains AF(59). This was supported work demonstrating 

termination of AF on targeting areas with the shortest cycle length in the posterior 

LA in a canine rapid atrial pacing model of atrial fibrillation(60). Li et al have also 

provided evidence that there may in fact be intrinsic differences between the left 

and right atrium myocardium(61).  

While these observations suggested left atrial dominant rotors, they could also be 

explained by the existence of multiple anatomical structures within the left atrium 

that result in greater fractionation of the wavelet and therefore higher frequency 
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waves(62). However, the demonstration of surgical isolation of the left atrium, 

resulting in sinus rhythm in the right atrium with persistent AF in the left atrium in 

half the cases provided support to the left atrium being the dominant location of 

rotors(63,64).   

However recent data from mapping and ablation in humans suggest the presence 

of rotors in right atrium as well. 

1.2.3 Importance of atrial foci in AF 

While the concepts of the mechanism of AF were been developed in animal and 

computer models, seminal observations in humans led Haissaguerre et al (65) to 

propose that sources in thoracic veins, particularly the pulmonary veins, play an 

important role in initiation and maintenance of AF.  

Clinically it is now apparent that the pulmonary veins not only result in ectopy but 

also atrial tachycardia and initiate atrial fibrillation(65-67). It was soon realized 

that patients who develop ectopy from the pulmonary veins frequently have more 

than one pulmonary venous source of ectopy(68,69). Based on these finding, PV 

isolation forms the integral part of AF ablation strategy today. 

The atrial muscle fibers at the atrio-venous junction are variably arranged 

(sphincter like) and that the peripheral zones of these myocardial sleeves are 

variably associated with connective tissue(70-72). This creates regions of 

anisotropy and therefore substrate for micro re-entry. The electrophysiological 

consequences were supported by a study of the canine pulmonary veins, in which 

significant conduction delay correlated with myocardial fiber orientation 

producing non-uniform anisotropy and fractionated electrograms(73). Clinically 

this is confirmed with the observation of decremented conduction to the atrium 
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and the documentation of long fractionated electrograms in close juxtaposition to 

the sharp spikes within the pulmonary veins(74,75). Further histological evidence 

of cardiac conduction tissue within the pulmonary veins in embryonal stage 

suggests potential for automaticity(76). A higher incidence of DADs or EADs has 

been observed in PV cardiomyocytes in AT remodeling canine model further 

providing evidence that sustained atrial tachyarrhythmias may promote to PV 

firing(77,78). The evidence for the pulmonary veins to act as drivers comes from 

cardioversion studies in chronic AF where pulmonary vein ectopy re-initiate 

AF(79-81). Non-re-entrant focal activations have also been reported in the PVs of a 

canine model of pacing-induced sustained AF (82). However, PVs are not essential 

for AT-induced atrial tachyarrhythmia promotion in this model as resection of all 

PVs does not prevent atrial tachyarrhythmia inducibility in AT-remodeled LA 

preparations. High recurrence rate of AF during long term follow up persistent AF 

also suggest that non-pulmonary vein triggers may be important in this 

subset(83). 

1.2.4 Substrate and triggers in the genesis of AF 

With advances in our knowledge of AF, it is clear that AF results from a complex 

interaction of several mechanisms, which can be broadly classified as the triggers, 

initiators, and substrate. The triggers are varied yet do not initiate AF in the 

absence of an appropriate initiator or substrate. The initiation and maintenance of 

atrial fibrillation may depend on the uninterrupted periodic activity of a few 

discrete re-entrant sources, which propagates and interacts with anatomical 

and/or functional obstacles, leading to fragmentation and wavelet formation(84). 
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Once initiated a host of factors act as perpetuators to sustain AF. AF causes 

electrical and structural remodeling of the atrium and begets more AF(85). 

1.3 Atrial remodeling and AF 

Significant advances have been made in understanding the substrate underlying 

AF in the last two decades. Experimental and clinical studies have identified ionic, 

cellular and histological remodeling culminating into a substrate for AF. A great 

deal of understanding of the remodeling processes has emerged from preclinical 

models which can be broadly classified as atrial tachycardia remodeling models 

and atrial structural remodeling models.  Wijffel et al. in the seminal work on 

chronically instrumented goats demonstrated electrical remodeling and put 

forward the concept of ‘AF begets AF’(85). Alteration in ionic currents and 

properties of cellular excitability resulting in abbreviated ERP was termed as 

‘electrical remodeling’. Subsequently a ‘different sort of remodeling’ involving 

conduction abnormalities and structural changes in atrial architecture, particularly 

diffuse atrial fibrosis was described in an experimental heart failure model. (86).  

These findings were subsequently confirmed to be the unifying feature of 

structural remodeling in other conditions, both in pre-clinical studies (87-91) and 

clinical studies (92-99). 

1.3.1 Atrial tachycardia remodeling model 

Wijffels et al. demonstrated experimentally that maintained AF modifies atrial 

electrophysiology to enhance AF vulnerability and persistence in chronically 

instrumented goats, positing that AF begets AF (85).  Atrial burst pacing led to 

atrial ERP shortening, lack of ERP adaptation to rate changes and enhanced 
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perpetuation of AF. These changes in atrial refractoriness secondary to AF and in 

turn promoting AF have been termed as ‘atrial tachycardia remodeling’. Atrial 

tachycardia remodeling has since been demonstrated in other large animal models 

(100,101). Rapid atrial rates cause dispersion of refractoriness, increased AF 

Inducibility and persistence.  

1.3.1.1 Alteration in ion channel in atrial tachycardia remodeling 

 Atrial tachycardia remodeling alters Ionic currents and gene expression of ion 

channels. Rapid atrial rates causes intracellular Ca2+ overload(102). This in turn 

activates the Ca2+-dependent calmodulin–calcineurin–nuclear factor causing 

transcriptional down regulation of ICaL in an attempt to restore intracellular 

Ca2+(103). The reduction in ICaL is mediated by down regulation of Cav1.2 mRNA and 

protein expression (104,105).  Reduction in ICaL causes action potential duration 

(APD) shortening and reduced rate adaptation. In addition to this, atrial 

tachycardia causes spontaneous IKACh  channel opening (106). This further 

contributes to APD shorting. Abnormal channel phosphorylation by PKC has been 

described in chronic AF and result in increased IKACh activity and APD abbreviation 

(107). 

In addition to APD abbreviation, long-term rate-related remodeling is associated 

with conduction velocity slowing (108). This is thought to be mediated by down 

regulation of the Na+ channel α-subunit expression, thereby resulting in a 

decreased Na+ current (INa) (108).  Rapid atrial activation over a period of time 

reduces transient outward current (Ito) and increases background inward-rectifier 

K+ current (IK1 and IKACh). This can modulate conduction by opposing early 

depolarizing currents and INa inactivation by hyperpolarizing atrial cells 
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respectively (104,106,109). Furthermore, decreased expression of gap junction 

proteins and their altered distribution are thought to contribute to conduction 

slowing (110).   

1.3.1.2 Long term atrial tachycardia remodeling causes structural 

changes 

Preclinical studies have shown that structural changes can develop after prolonged 

AT remodeling (111). This includes loss of myofibrils, accumulation of glycogen, 

altered mitochondrial shape and size, fragmentation of SR, and dispersion of 

nuclear chromatin are observed (112). Remodeling of the cellular ultrastructure 

develops progressively over 16 week of AF, and recovery remains incomplete 16 

week post-AF (111,113).  

Rapid ventricular response to AT and tachycardia-induced ventricular dysfunction 

may contribute to atrial stretch and fibrosis. This has been elegantly demonstrated 

in ovine model. In comparison to sheep with His bundle ablation and ventricular 

pacing, sheep with intact atrio-ventricular conduction and rapid ventricular 

response were associated with diminished atrial matrix metalloproteinase (MMP)-

2, increased tissue inhibitor of metalloproteinase (TIMP)-2 expression, and more 

extensive atrial fibrosis and AF(101). Inhibition of the angiotensin pathway has 

been shown to suppress fibrosis and the development of persistent AF in sheep. 

Atrial fibrosis and structural changes have also been observed in a canine atrial 

tachypacing model in the absence of LV dysfunction (114). Canine atrial fibroblasts 

cultured in the medium from rapidly paced atrial cardiomyocytes adopt an 

activated myofibroblast phenotype, as indicated by increased α-smooth muscle 
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actin (SMA) protein expression (115). Furthermore, increased secretion of 

collagen and fibronectin by fibroblasts may explain increased atrial fibrosis with 

AT. In summary, maintained AF especially in the setting of tachycardiomyopathy 

may result in structural changes in addition to the electrical remodeling. 

1.3.2 Atrial structural remodeling model 

In contrast to ERP shortening with electrical remodeling, slow and heterogeneous 

conduction is the electrophysiological hallmark of structural remodeling and is 

represented by atrial fibrosis at the ultra-structural level and left atrial 

enlargement grossly. The importance of diffuse atrial fibrosis and conduction 

abnormalities within the atria for the substrate for AF was initially described in 

experimental heart failure (86). In this ventricular tachypacing canine model, the 

AF inducibility was increased, atrial refractoriness  unchanged or increased with 

localized regions of conduction slowing occurring in association with marked 

interstitial fibrosis (86). Expansion of extracellular connective tissue, myolysis, 

alteration in myocyte size and hypertrophy are other features of structural 

remodeling. Atrial structural remodeling has been demonstrated in several pre-

clinical studies evaluating substrate in heart failure(87), hypertension(88-90) and 

coronary artery disease(91,116). Consistent are the observations in several clinical 

studies that have studied the substrate predisposing to AF due to heart failure(92), 

sinus node disease(93), aging(94), hypertension(96), valvular heart 

disease(97,98), congenital heart disease(99), and sleep apnea(95). Interestingly, 

evaluation of patients with “lone AF(117)” has also demonstrated similar findings, 

suggesting the presence of under recognized(118) or novel risk factors. 
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1.4 Structural remodeling in common clinical substrates 

Observations from the Framingham Heart study cohort have shown that 

cardiovascular risk factors like hypertension, diabetes, smoking , congestive heart 

failure, myocardial infarction, valvular heart disease, male gender and advanced 

age are associated with increased risk for AF (5,19). Atrial septal defect has also 

been shown to be associated with AF. Further studies have shown that obesity 

(29,31,32), obstructive sleep apnoea (29) and end stage renal disease (119) are 

independently associated with atrial fibrillation. In contrast to electrical 

remodeling, these disease processes have been associated with ‘remodeling of a 

different sort’. This type of remodeling as earlier described has been labelled as 

structural remodeling with conduction abnormalities and interstitial fibrosis being 

the prominent and constant features. Structural remodeling has been observed in 

animal models (86-89,91,116,120-122) and clinical studies (92,95,96,123) with a 

number of these clinical conditions associated with AF. They provide insight into 

the mechanism of structural changes that predispose to AF. The following section 

will discuss the structural remodeling with important risk factors for AF.  

 

1.4.1 Age 

AF is uncommon in individuals younger than 40 years. However, the lifetime risk 

of developing AF after the age of 40 is one in four (4).  The estimated prevalence of 

AF increases from 2.3% in those older than 40 years to 5.9% beyond 65 years of 

age(124). After the age of 50years, the prevalence of AF doubles every passing 

decade, from incidence increasing from 0.5% at age 50 to 59 years to almost 9% at 

age 80 to 89 years (125). In fact, approximately 70% of individuals with AF are 
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aged 65 to 85 years. With increasing age, there is structural remodeling and 

increase in interstitial fibrosis (126,127). Aging is associated with increased 

regions of low voltage areas, electrograms fractionation and importantly 

conduction slowing and anisotropy (94,128-132). In one study, the increased 

electrograms fractionation correlated with age and occurred in regions of low 

voltage and conduction slowing (133). 

1.4.2 Hypertension 

Hypertension is one of the most common known risk factors for AF. Population 

based studies have demonstrated a robust association between hypertension and 

AF (5,19). Observations from the Framingham Heart Study show an increase risk 

of 1.5- and 1.4 –fold in men and women respectively. Similarly, analysis from the 

Women health Study cohort of initially healthy 34,221 women, BP was strongly 

associated with incident AF (134). In this study, systolic BP was a better predictor 

than diastolic BP. Systolic blood pressure levels within the non-hypertensive range 

were independently associated with incident AF even after adjusting for BP 

changes over time. The study hypothesized that this association with in the non-

hypertensive range may have been secondary to unmeasured confounders in 

participants with low systolic BP, such as coronary artery disease. Increased 

brachial pulse pressure has also been shown to be an important determinant of the 

incidence of AF. Analysis from 5331 Framingham Heart Study participants showed 

that the incidence rates of AF were 5.6% for pulse pressure of 40 mm Hg or less 

(25th percentile) and 23.3% for pulse pressure greater than 61 mm Hg (75th 

percentile). After adjusting for other risk factors, pulse pressure was associated 

with an increased risk of AF (HR of 1.26 per 20-mm Hg increment). This has been 
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confirmed in another study evaluating the relationship between aortic stiffness 

indices and AF (118). 

Observations from preclinical studies have shown that hypertension was 

associated with widespread conduction slowing, increased conduction 

heterogeneity, no change/ increase in atrial refractoriness, inflammation, atrial 

fibrosis and increase duration of induced AF (88-90). Similar conduction 

abnormalities have been confirmed in humans (96). The time course of 

development of these changes has been studied in an ovine model. In the ‘one 

kidney one clip’ hypertensive ovine model, hypertension was associated with early 

and progressive changes in atrial remodeling suggesting that short term elevated 

blood pressure may cause significant atrial remodeling suggesting timely 

intervention may be required to prevent such changes after onset of hypertension 

(88,89).  

1.4.3 Congestive heart failure 

Chronic heart failure was the strongest predictor for incident AF, with a nearly 5-

fold risk in men and 6-fold in women in the Framingham Heart study (19). Not 

only is heart failure a strong predictor, the prevalence of AF increases with 

severity of heart failure.  In clinical trials enrolling chronic heart failure  patients, 

the prevalence of AF increased  stepwise from 4% in functional class I (135),  10%-

27% in class II-III (136,137), to 50% in class IV patients (138).  

Chronic heart failure is associated with elevated left atrial pressure atria; dilatation 

and stretch. Atrial structural remodeling has been first described in an 

experimental heart failure canine model (86). In this ventricular tachypacing 

canine model, the AF inducibility was increased, atrial refractoriness  unchanged 
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or increased with localized regions of conduction slowing occurring in association 

with marked interstitial fibrosis (86). Cessation of ventricular tachypacing allowed 

ventricular function and atrial dilatation to reverse completely with resolution of 

congestive heart failure. However, fibrosis persisted after 4 weeks of tachypacing 

cessation and so did the ability to induce prolonged AF (139). Similar changes have 

been observed in an anthracycline-induced non-ischemic heart failure ovine model 

(87). The electrophysiological substrate in human heart failure has been further 

characterised by Sanders and coworkers (92). They demonstrated increased atrial 

refractoriness, conduction slowing, sinus node dysfunction, increased 

fractionation, low voltage area and electrical scars in ischemic and non-ischemic 

cardiomyopathy. 

Increased angiotensin II expression in heart failure promotes atrial interstitial 

fibrosis and structural remodeling that create areas of slowed conduction and 

heterogeneity in repolarization, serving as substrates for AF generation (140). 

Activation of the sympathetic nervous system causes abnormalities of atrial action 

potentials and automaticity that can trigger arrhythmias as well (141). Alterations 

in the matrix metalloproteinase signaling pathway have been shown to be 

associated with myocardial infarction related heart failure in rats (142). Heart 

failure causes profound changes in calcium handling in the atrial cardiomyocyte 

that promotes triggered activity and AF (143). Experimental CHF in canine 

tachypacing model selectively has been shown to decrease atrial Ito, ICa, and IKs, 

increase NCX current. This, in particular NCX increased current, may promote 

afterdepolarizations and triggered activity (144). 
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1.4.4 Mitral valve disease 

Mitral valve stenosis and incompetence are both recognised risk factors for AF 

(19,145). There is 5% annual risk of AF with increased morbidity and mortality in 

patients with mitral valve incompetence over a 10 year follow up period (146). 

Other studies have reported greater progression to AF with mitral stenosis than 

with incompetence (147,148). 

A preclinical study evaluating the AF substrate in a canine mitral regurgitation 

model has reported increased interstitial fibrosis and fibrosis (149). This was 

accompanied by glycogen deposition ultra-structurally. However the atrial 

conduction pattern and velocities were not significantly altered. The atrial 

refractory periods were increase. The authors explained the absence of conduction 

changes to potential subtlety of changes undetected by their epicardial mapping 

techniques. In keeping with this, the degree of interstitial fibrosis was modest as 

compared to heart failure model (86,144). 

Electrical substrate for AF has been investigated in patients with mitral stenosis 

(97,98,150). John and co-workers have demonstrated no change/ elevated 

effective refractory periods, site specific conduction slowing, low voltage areas, 

electrical scarring in both left and right atria of patients with mitral stenosis (98). 

Of considerable interest, they also demonstrated that conduction velocity 

improved immediately after removing chronic stretch by mitral valvotomy in 

mitral stenosis. The improvement was maintained at when re-evaluated at 6 

months (97). 
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1.4.5 Atrial septal defect 

Atrial septal defect (ASD) is associated with atrial arrhythmias that may persist 

even after closure of these defects (151,152). ASD is associated with reduction in 

peak myocardial strain and strain rate which reached statistical significance for the 

right atria indicating there was decrease in reservoir function of the atria and 

increased atrial stiffness (153).  

Left to right shunt associated with ASD results in right atrial stretch and result in 

electrical remodeling with modest increases in right atrial refractoriness, 

conduction delay at the crista terminalis, and sinus node dysfunction (154).  

Although the shunt in ASD is pre- tricuspid with predominant right heart overload, 

there is left atrial remodeling characterized by loss of myocardium, and electrical 

scar that results in widespread conduction abnormalities but with no change or an 

increase in ERP. These abnormalities were associated with a greater propensity for 

sustained AF (99). 

ASD closure is associated with incomplete right atrial reverse remodeling with 

pre-closure RA size predicting degree of reverse remodeling (155). Similarly, 

electrophysiological abnormalities may not completely reverse after ASD closure 

(154). 

1.4.6 Coronary artery disease 

 Myocardial infarction increases the risk of AF by 1.4 fold (19). In another study, 

both myocardial infarction and angina are associated with an increase AF risk of 

3.6 and 2.8 respectively (156). AF is often encountered at the time of myocardial 

infarction and is associated with adverse prognosis (156-158). The occurrence of 

AF during the index myocardial infarction increases the risk of subsequent AF 
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(159,160). In fact, a number of post-mortem studies have demonstrated atrial 

infarction in patients who has AF complicating myocardial infarction (161,162). 

However, the pathogenesis of AF in myocardial ischemia is thought to be multi-

factorial with  ventricular dysfunction (163), pericarditis (164), increase atrial 

stretch (163,165,166), hypoxia (167,168) and neuro-hormonal changes (169) 

contributing to it . Recent data implicates an important role of atrial ischemia 

(170).There is evidence from a preclinical ovine study that atrial infarction results 

in greater atrial electrophysiological changes and propensity for AF and is the 

predominant substrate for AF (91). This study demonstrated reduced atrial 

refractoriness, slow and heterogeneous atrial conduction with atrial infarction that 

resulted in greater propensity for AF. Similar findings have been reported by other 

investigators in a canine model (116,171). An experimental study in a canine 

model has further shown increased spontaneous atrial ectopy associated with 

calcium handing and substrate for re-entry at the infarct border zone further 

elucidating the mechanism of atrial arrhythmias in chronic coronary artery disease 

(116). 

1.4.7 Obstructive sleep apnoea 

Obstructive sleep apnea (OSA) has been shown to be an independent risk factor for 

AF (30). OSA increases the risk of AF by 2.4 folds as compared to the control 

population. OSA commonly occurs in association with obesity; the latter being an 

important risk factor for OSA (172,173). Furthermore, there is a graded increase in 

the risk of OSA with increasing obesity. Patients with untreated OSA have also 

been found to have a higher incidence of recurrent AF after cardioversion than 
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patients with treated OSA or patients without OSA (217). Several studies have 

shown a strong association between OSA and AF (29,30,174,175).  

Possible mechanisms by which OSA predisposes to AF include intermittent 

nocturnal hypoxemia and hypercapnia (176); enhanced sympathetic tone with 

surges in blood pressure during apneic episodes leading to left atrial stretch 

through pressure and volume overload (177,178);  and increased oxidative stress 

and inflammatory signaling pathway activation contributing to left atrial 

remodeling and fibrosis (176,179). Blood pressure surges and left ventricular 

afterload due to sympathetically mediated vasoconstriction during an apneic 

episode may lead to left atrial enlargement. There is evidence from an 

experimental study in an obese rat model that forced inspiration induced acute 

atrial stretch and diastolic dysfunction may have an important role in predisposing 

to AF (122). Dimitri and co-workers have further described low voltage area, site 

specific and widespread conduction abnormalities and abnormal sinus node 

recovery in patients with OSA (95). 

Several studies indicate that OSA may also be an independent factor for AF 

recurrence after catheter ablation (175,180). The likely mechanism could be the 

presence of AF triggers outside the PVs, recurrent acute and chronic atrial stretch 

related to apneic episodes or possibly more extensive arrhythmic substrate 

(181,182). The use of continuous positive airway pressure (CPAP) significantly 

reduces AF recurrence after ablation (181,183,184). In one such study, the CPAP 

therapy resulted in 71.9% AF free survival after AF ablation as compared to 36.7% 

AF free survival in control patients undergoing AF ablation (183). 
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1.4.8 Obesity 

This risk factor is covered under a separate section 1.7.  

1.5 Histological abnormalities with atrial structural remodeling 

The altered cytokine milieu contributes to the alteration in atrial tissue structure 

resulting in a substrate for AF. These structural changes have not only been 

described with different risk factors but also with lone AF. Frustaci and coworkers 

described the presence of myocardial necrosis, myocarditis and fibrosis in septal 

biopsies of patients with lone AF (26). Atrial fibrosis, inflammation, myolysis, 

myocyte hypertrophy and altered gap junction protein expression and distribution 

have been described with risk factors for AF.  

1.5.1 Atrial fibrosis 

Atrial fibrosis is considered an important factor in the development of substrate 

for AF (185,186). Atrial fibrosis has been observed in both preclinical (88,89) and 

clinical studies (187-189) with structural heart disease and with lone AF (26) as 

well. 

The cardiomyocytes are organized in bundles which are separated by perimysial 

fibrous tissue. Within each bundle, the muscle fibres are further separated from 

each other by endomysial fibrous tissue. Structural remodeling is associated with 

increased extracellular tissue volume in experimental models (89) as well in 

humans (187). Furthermore difference in endo-epicardial endomysial fibrosis has 

been shown to be associated with AF complexity and potentially progression to 

permanent AF in an experimental goat model (190).  In addition to this increase in 

interstitial fibrosis, experimental canine model of congestive heart failure (86) has 
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demonstrated large areas of fibrosis, similar to “replacement fibrosis” secondary to 

tissue damage and cell death.  

Atrial fibrosis alone may be sufficient to increase AF vulnerability (191). Although 

atrial fibrosis has been shown to be correlated with AF in post-operative patient, 

significant fibrosis may be seen in absence of AF (126). However the quantitative 

relationship between atrial fibrosis is still not clear. In addition it is not clear 

whether there is a ‘threshold effect’ exists for fibrosis beyond which it predisposes 

the AF. Despite the lacunae in the knowledge, experimental and clinical studies 

have shown that therapies directed at prevention of atrial fibrosis may delay 

development of substrate for AF (140,192,193). 

1.5.2 Myocyte hypertrophy 

Myocyte hypertrophy has been observed with structural remodeling in 

experimental rapid atrial pacing models (111), congestive heart failure (86) and 

right atrial dilatation (194). Spash and coworkers have demonstrated that cell 

hypertrophy, in contrary to the cable theory, would lead to conduction delays and 

anisotropy during transverse propagation (185,186). This finding explains the 

conduction disturbances seen with myocyte hypertrophy in absence of fibrosis in 

the experimental chronic AV block model (194). 

1.5.3 Atrial architecture 

Structural remodeling can accentuate the anisotropy in regions of strong 

preferential orientation like bundle of Bachmann, crista terminates and posterior 

left atrium. Increased fractionation has been described in these regions in 

congestive heart failure and sleep apnoea. With intrinsic anisotropy in these 

regions, structural remodeling predisposed to abnormal conduction. 
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1.5.4 Connexin expression and AF 

Revel and Karnovsky described gap junctions for the first time in 1967 when they 

observed membrane associated particle aggregates that allowed tracer lanthanum 

hydroxide to pass through small gaps in them (195). These particle aggregates 

were located at the long ends of the cardiomyocytes, identified as intercalated 

discs (ID)(196). The primary component of these gap junctions were subsequently 

identified as a 43-kD protein and named connexin43 (Cx43) (197). The Cx43 were 

identified to be located primarily at the ID, staining as a straight line at the 

cardiomyocyte ends. However, on transverse sections of the ID, connexins stain as 

a ring demonstrating that the ID is not covered with gap junction proteins. The 

Cx43 is anchored to the ID by the zonula ocludens-1 (ZO-1) (198). The gap junction 

proteins and their distribution are highly conserved across different species 

(199,200) and they are understood to act as electrical conduits between cells. Five 

different types of connexins are seen in the heart with Cx43, connexin-40 (Cx40) 

and connexin-45 (Cx45) being most abundant in the atria.  Cx40 is distributed 

heterogeneously in the atria with greater expression in the right atrium. Cx43 is 

more homogeneously distributed. Unlike in the ventricle, the presence of several 

connexin isoforms in the atria may results in different types of gap junctions  

(heteromers / homomers of different isoforms) in the atrial make it difficult to 

interpret alteration of connexin expression and distribution of individual isoforms 

(201). 

The degree of reduction in gap junction expression that can alter conduction is a 

matter of debate. Observations from a transgenic mouse model suggests a high 

degree of safety factor, with no alteration in atrial conduction velocity in  Cx40 
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heterozygous mice and 30% reduction in Cx40 knockout mice (202). However, a 

reduction of a lesser degree of connexin expression creating conduction 

abnormalities at rapid rates during AF is potentially possible. Prolonged AF in a 

rapid atrial pacing goat model resulted in 60% reduction in Cx43 expression and 

this, unlike the expanded extracellular matrix,  completely reversed after 4 months 

of sinus rhythm (113). Bikou and coworkers have reported that restoration of 

Cx43 protein to control levels by gene therapy prevented progression to persistent 

AF in a pacing induced AF porcine model (203). It is also hypothesized that 

alteration in distribution may alter transverse conduction predisposing to AF. 

Lateralization of Cx43 has been demonstrated in response to ischemia in the 

ventricle. Endothelin dependent reduction in connexin43 expression with 

reduction in conduction velocity has been described in a mouse model suggesting 

the possibility of endothelin system playing a role in creating a substrate for AF by 

altering Cx43 expression(204). 

1.6 Atrial fibrosis and signal transduction alterations in atrial 

structural remodeling 

Fibrosis occurs as a result of persistent tissue repair process due to dys-regulated 

profibrotic signaling pathways. During tissue repair, activated fibroblasts migrate 

to the injured tissue and synthesize and remodel newly laid extracellular matrix. 

The special type of fibroblast involved in the tissue repair is the α-smooth muscle 

expressing myofibroblast. Abnormal persistence of this myofibroblast is the ‘sine 

quo non’ of fibrosis(205). Cardiac fibroblasts and myofibroblasts lack the ion 

channels necessary to initiate an action potential and are considered unexcitable. 
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Interstitial fibrosis is therefore postulated to increase AF vulnerability by causing 

separating muscle fibre resulting in slow and circuitous conduction promoting 

AF(206). 

The signaling pathways that participate in atrial fibrosis are incompletely 

understood and their relative contribution governed by the inciting injury. Often a 

common feature to most disease processes is chronic stretch which activates these 

signaling pathways. Angiotensin II, Transforming growth factor β (TGFβ) and 

Endothelin pathways are the more established with emerging role of platelet- 

derived growth factor (PDGF) and matricellular protein connective tissue growth 

factor (CTGF). The TGFβ is central to the fibro-proliferative signaling pathways 

with endothelin pathway works downstream to both Angiotensin II and TGFβ in a 

highly interactive signaling network. Figure 1 shows the fibro-infiltrative signaling 

network. 

1.6.1 Transforming growth factor β 

There is robust data supporting the role of TGFβ1 in atrial fibrosis. Overexpression 

of constitutional TGFβ1 in transgenic mice led to selective atrial fibrosis, 

conduction heterogeneity and AF(191). TGFβ acts downstream to Angiotensin II 

and acts in a paracrine-autocrine fashion(207). Angiotensin induces the synthesis 

of TGFβ1 which in turn stimulates fibroblast to produce Angiotensin II. 

 TGFβ has three isoforms, the most important being TGFβ1. TGFβ1 acts primarily 

via the SMAD signaling pathway(208). It also activates a variety of noncanonical 

signaling pathways including: ras/MEK/ERK; p38(209); and c-Jun N-terminal 

kinase (JNK)(210). To activate the SMAD signalling pathway, it binds to TGFβ 

receptor type I (activin linked kinase [ALK]5) and type II receptor (TFGβR2) to 
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form a complex. ALK5 phosphorylates Smad2 and -3, which bind to Smad4, 

translocate into the nucleus, and activate transcription of target genes(208). 

Smad7, however, inhibits TGFβ signaling. Cross talk adds another level of 

complexity with mitogen activated protein kinases (ERK, JNK, p38) also 

phosphorylating SMAD proteins(211). TGFβ, in addition, induces fibroblasts to 

differentiate into α-SMA expressing myofibroblasts(212) with CTFG acting as a co-

factor(213). When applied to fibroblasts, TGFβ directly induces ECM gene 

expression and promotes ECM deposition by simultaneously suppressing matrix 

metalloproteinase gene expression and inducing tissue inhibitors of matrix 

metalloproteinase gene expression (214). Experiments in SMAD3-/-  

fibroblasts(215) and intervention study in organculture model(216) have shown 

that SMAD3(215) and Activin(216) are essential for TGFβ1 mediated collagen 

deposition. 

ALK5 inhibitor and TGFβ1 antibody have shown promise in animal models to 

supress TGFβ1 mediated fibrosis (217). 

1.6.2 Angiotensin II  

Angiotensin II (Ang II) has been studies in varies cardiac pathologies including 

hypertensive heart disease, myocardial infarction and congestive heart failure. 

Chronic atrial stretch increase atrial synthesis of Ang II. Ang II mediates fibrosis 

through the AT I receptor. The signaling pathways associated with AT I receptor 

are linked to G proteins and mediate fibrosis through mitogen activated protein 

kinases, viz., ERK1/2 (218) , JAK/ STAT 1,3(219) and Ang II/Rac1/STAT3 signaling 

pathways(220).  

The signaling pathways of Ang II and TGFβ1 are interwined and act as part of an 

integrated  signaling network to mediate fibrosis(221). Ang II upregulates TGFβ1 
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expression through the angiotensin type 1 (AT1) receptor in cardiac fibroblasts 

and cadiomyocytes(221).  Ang II induces collagen in cardiac fibroblasts through 

TGFβ and ERK (222). In addition, Ang II has been shown to require TGFβ to be able 

to induce cardiac hypertrophy and fibrosis in vivo(223). 

Angiotensin receptor inhibitors have been shown to be effective in suppressing 

cardiac fibrosis in animal models (224) and in humans (225). 

1.6.3 Endothelin-1  

There are 3 isoforms of Endothelin (ET), the most important being ET1 in humans. 

It is secreted predominantly from endothelial cells but is also expressed by 

epithelial cells, bone marrow mast cells, macrophages, polymorphonuclear 

leukocytes, cardiomyocytes, and fibroblasts. Endothelin is a vasoconstrictor with 

mitogenic properties, acting through 2 subtypes of receptors (ET receptor subtype 

A [ETA] and ET receptor subtype B [ETB]). Endothelin system acts downstream to 

TGFβ1 and activates the procollagen I promoter and collagen synthesis in 

fibroblasts (226). It also stimulates aldosterone release via ET-B receptor (227). 

ET1 induces ECM production and in association with TGFβ1 promotes 

differentiation of fibroblasts to myofibroblasts (214,228). However, constitutive 

ET signaling, operating through an ALK5 (TGFβ superfamily) - independent 

mechanism, is also responsible for the persistent myofibroblast phenotype of 

fibrotic lung fibroblasts (229). Moreover, Ang II also induces ET-1 via ERK and 

reactive oxygen species (230). These results suggest that ET operates downstream 

of both TGFβ and Ang II pathways in the fibrosis signaling network. 

 Previous studies in hypertensive and heart failure rat models have shown that the 

effect of cardiac fibrosis is mediated through the ET-B receptor (231,232). Since 

there are no truly selective ET-B receptor blockers available, the effect has been 
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observed by subtraction i.e. intervention with non-selective blockers prevented 

fibrosis while ET-A receptor blockers did not prevent fibrosis (231). 

Considering the dowmstream position of ET1 in the signaling network, ET receptor 

antagonism represents a potential candidate as an inhibitor of atrial fibrosis. 

1.6.4 Connective tissue growth factor 

CCN2 is a matricellular protein which promotes angiogenesis (213). CCN2 acts 

through various integrins and HSPGs or receptor trkA to promote cell adhesion 

(213). CCN2 is induced by TGFβ1, Ang II and ET1 and is potentially a downstream 

mediator of these proteins (214,233). CCN2 acts as a cofactor with TGFβ1 to 

induce fibrogenesis (234,235). CCN2, on its own accord, is weakly fibrogenic. 

However, CCN2 enhances the ability of TGFβ1 to induce (236,237). CCN2 is not 

essential for all of TGFβ’s actions, but in constitutively expressing CCN2 mouse 

embryonic fibroblasts, it is vital for TGFβ to maximally induce type I collagen and 

α-SMA mRNA and protein (235,237). Though direct evidence functionally linking 

CCN2 to cardiac disease is sparse, CCN2 has been shown both in vitro and in vivo 

to cause hypertrophy of rat cardiomyocytes (236). 

1.6.5 Platelet derived growth factor 

PDGF consist of a family of growth factors comprising PDGF-AA, PDGF-AB, PDGF-

BB, PDGF-CC, and PDGF-DD (238). There are 2 different PDGF receptors, α and β. 

PDGF stimulates proliferation and differentiation of fibroblasts and pericyte 

migration to the injury site. PDGF receptor inhibitor imatinib mesylate has been 

shown to delay wound closure by predominantly by inhibiting fibroblast 

proliferation and migration  and pericyte migration in a collagen type I transgenic 

reporter mouse (239).  The gene expression of PDGF and its receptors is stronger 
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in the atrial than ventricular rat fibroblasts and PDGF receptor inhibition exerts 

greater suppression atrial myofibroblast suppression (240). PDGF has been shown 

to up regulate TGFβ mRNA in rat cardiac allografts, thereby demonstrating the 

close interaction of profibrotic signaling molecules (241).  

1.6.6 Oxidative stress and Inflammation 

There is preclinical and clinical evidence to suggest that inflammation plays an 

important pathological role leading to fibrosis in several cardiovascular conditions 

(242-244). Liu et al conducted a systematic review and meta-analysis to examine 

the association between baseline CRP and recurrence of AF after successful 

electrical cardioversion (245). Seven prospective studies with 420 patients were 

analyzed. Overall, baseline CRP levels were greater in patients who experience a 

recurrence of AF. Similarly, Aviles et al showed in a prospective cohort study that, 

with regards to baseline CRP, patients in the highest quartile had an odds ratio of 

1.8 compared to those in the lowest quartile, for having atrial fibrillation (246). 

The risk of atrial fibrillation persisted even after adjusting for relevant variables. 

Despite this evidence whether inflammation is the cause or effect of atrial 

fibrillation is not clear. The high rate activity of AF may lead to myocyte calcium 

overload and in some cases to the initiation of apoptotic loss of atrial myocytes 

(247). CRP has been shown to act as an opsonin and may participate in the 

clearance of apoptotic myocytes (248). Myocyte loss is typically accompanied by 

replacement fibrosis. This low-level inflammatory response may thus be part of 

the structural remodeling process associated with persistence of AF (249). 

Alternatively, the inflammatory state may predispose to the frequent triggering of 

the foci in the pulmonary veins. It is well established that baseline CRP is related to 

metabolic syndrome and vascular risk.  
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In addition to elevation of CRP, AF is considered to promote AF with evidence 

arising from experimental (242) and human studies (242,243) showing an 

association between chronic AF and elevated atrial oxidative stress and 

peroxynitrite formation. Rapid atrial pacing has been shown to be associated with 

increased activity of matrix metalloproteinases (MMP 2, 9) and its tissue inhibitor 

(TIMP1, 3) in a porcine model (250).  

Cardiovascular disease mediated tissue injury result in secretion of 

proinflammatory cytokines and hormones, such as tumour necrosis factor (TNF α), 

interleukin 6 (IL6), interleukin 8 (IL8). These cytokines promote activation of 

leucocytes with subsequent release of cytokines and reactive oxygen species (ROS) 

(251). Inflammatory stimuli such as myeloperoxidase (MPO), nicotine adenine 

dinucleotide phosphate (NADP) oxidase, and ROS are established triggers of 

fibroblast proliferation, migration and differentiation into myofibroblasts, which 

are important players in development of fibrosis. Leucocyte derived haeme 

enzyme myeloperoxidase (MPO), via generating hypochlorous acid,  has been 

shown to be a critical regulatory switch modulating matrix metalloproteinases 

(MMP), a key enzyme in extracellular matrix (ECM) turnover leading to atrial 

fibrosis (250,252). MPO mediated MMP activity regulation is an important 

contributor to increased extracellular matrix (ECM) and atrial fibrosis. MPO 

increases NADPH oxidase related ROS production which in turns enhances 

expression of Rac 1. The Rac1 protein, a member of Rho GTPase superfamily and a 

target for statins, mediates upregulating of CTGF, fibronectin and transcriptional 

factors involved in collagen deposition.  

The histological proof for the role of inflammation in AF was first provided by 

Frustaci et al (26). They demonstrate the presence of inflammatory infiltrates in 
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atrial septum biopsy of patients with atrial fibrillation (26). Patients with history 

of AF have also been shown to have inflammatory CD45+ cell infiltration in the 

atrial myocardium as compared to those without history of AF (253). 

1.6.7 Matrix metalloproteinase proteins (MMP) and tissue 

inhibitor of MMP (TIMP) 

MMPs are a family of zinc-dependent endopeptidases that are essentially involved 

in extracellular matrix (ECM) protein degradation by cleavage of internal peptide 

bonds. They are secreted by a variety of endothelial cells, monocyte derived- and 

tissue macrophages. MMP-1, -8, -13 and -18 are collagenases that cleave interstitial 

collagen I, II and III at a specific site and also cleave other ECM and non-ECM 

molecules. The fragments of collagen are then degraded by gelatinases (MMP- 2 

and -9). They are responsible for type IV collagen degradation.  Stomelysins (MMP-

3) degrade fibronectins, laminin, gelatins I, III, IV and proteoglycans. MMPs activity 

is regulated by tissue inhibitors of MMP (TIMPS). An abnormal increase in MMP 

activity results in degradation of the matrix proteins(254,255) while TIMPs 

directly inhibit the proteolytic activity of MMPs by binding to them (256). 

Several clinical and preclinical studies in AF have focussed on altered MMP and 

TIMP expression heart failure and myocardial infarction (257-259). MMP-9 

protein level was up-regulated and TIMP-1 protein level down-regulated in a 

canine model with AF as compared to controls (260). The MMP-9 activity was 

increased in a rapid atrial pacing canine model (261). Similarly, up-regulation of 

MMP-9, TIMP-1 and -3 was reported in a rapid atrial pacing porcine model (250). 

Similar changes in MMP-9 and TIMP-1 activity has been confirmed in clinical 

studies.  Atrial ECM remodeling in conjunction with up-regulation of MMP-2 and 
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down-regulation of TIMP-2 have been associated with development of sustained 

AF in patients with cardiomyopathy and heart failure (262). 

1.7 Obesity 

The risk factors for AF have a common feature of ‘atrial stretch’ which causes 

structural remodeling   and predisposes to AF. The presence of structural and 

electrical remodeling in patients with apparently ‘lone AF’ could suggest the 

presence of unknown risk factors. Obesity has been identified as a risk factor for 

AF only in the last decade. Considering the obesity epidemic, this risk factor is of 

considerable public health importance.  

Obesity has been a rampant epidemic with more than one third of the population 

being overweight or obese. The prevalence of obesity in some parts of the western 

world has increased by 50% over the last few decades with 75% of adults over 40 

years being classified as overweight or obese (263). Obesity is associated with 

several co-morbidities like diabetes, hypertension, obstructive sleep apnea and 

sleep related disorders, ventricular hypertrophy, left atrial enlargement and 

congestive heart failure. Several studies have reported an association between 

obesity and stroke. For every 1 unit increase in BMI there was a 4% increase in 

ischemic and 6% increase in haemorrhagic stroke (264). 

1.7.1 Obesity and Atrial Fibrillation- the epidemiologic link 

 The increasing prevalence of AF despite the improved prognosis of hypertension, 

coronary artery disease and heart failure, has been attributed to the aging 

population. However, there is evidence that obesity is contributing to it. Analyses 

of the Framingham Heart study and Women Health Study suggest that obesity is 
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associated with long term increased risk of AF independent of other traditional 

risk factors (31,32). This has been confirmed in other population based studies 

(29,265,266). The study from Mayo clinic in particular demonstrated that the risk 

of developing incident AF was additive for obesity and obstructive sleep apnea 

(29). This is important considering the close association of obesity and sleep 

apnoea. In a meta-analysis performed by Wanahita and co-workers, they reviewed 

16 studies enrolling 123,243 patients to assess the impact of obesity on AF (33). In 

the subgroup of 5 population-based cohort studies enrolling 78,602 patients, obese 

patients had a 49% increased risk of developing AF that rose with increasing BMI. 

On the other hand, post-cardiac surgery studies enrolling 44,647 patients failed to 

show an increased risk of AF in obesity, possibly suggesting an alternative 

mechanism. Importantly, there was  a graded ‘dose-response relationship’ in the 

general population cohort with the relative risk of developing AF  incrementally 

rising from 1.3% to 2.1% to 3.2% in the normal weight, overweight and obese 

population respectively (33). 

1.7.2 Obesity mediators of Atrial Fibrillation 

Obesity is closely association with obstructive sleep apnea, components of 

metabolic syndrome namely hypertension and diabetes mellitus, and coronary 

artery disease and congestive heart failure. This clouds the elucidation of the 

mechanistic link between obesity and AF.  Nonetheless, left atrial enlargement, 

direct lipotoxicity and inflammation and excessive activation of signaling pathways 

have been hypothesized to mediate the effect of obesity in creating a substrate for 

AF. 
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1.7.2.1 Left atrial enlargement and diastolic dysfunction 

Data from the Framingham Heart study suggest that left atrial enlargement and 

diastolic dysfunction may be the mediators of atrial fibrillation (31). A substudy of 

Framingham Heart study, demonstrated that with every 5mm rise in left atrial 

diameter, there was a corresponding increase in risk of AF by 39% (267). In a 

study of 5,881 Framingham Heart Study participants, Kenchaiah et al. 

demonstrated a graded increase in the risk of HF was observed across all 

categories of BMI (268). During a 14-year follow-up, the risk of heart failure 

increased 5% in men and 7% in women for every 1 kg/m2 increment in BMI (268).  

1.7.2.2 Inflammatory milieu 

Histological studies have demonstrated the presence of inflammation in biopsies of 

patients with isolated AF (26). It is well-established that several cardiovascular 

diseases, such as coronary artery disease and hypertension, involve an 

inflammatory mechanism. A recent study has demonstrated inflammatory 

infiltrates in atrial tissue with short term weight gain in an ovine model (121). 

Obesity has been shown to be associated with over expression of the endothelin 

(269) and TGFβ superfamily (270,271) signalling pathways. An experimental study 

has demonstrated increased expression of endothelin receptors with short term 

weight gain (121). 

1.7.2.3 Direct Lipotoxicity  

Knockout Zucker rat model (leptin receptor deficient) and acyl-CoA sythetase 

deficit models have demonstrated the accumulation of triglycerides in the 

myocardial cells with lipo-apoptosis and replacement fibrosis (272,273).  
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1.7.2.4 Obstructive sleep apnea 

OSA is often commonly associated with obesity (172,173) and the data from Mayo 

clinic suggest additive effect of both OSA and obesity on the risk of developing new 

AF (29,30).  Intermittent hypoxia and hypercapnea (176), forced inspiration 

induced acute atrial stretch (122), autonomic surges (177,178) are the likely 

mechanism by which OSA predisposes to AF. 

1.7.3 Electrical remodeling in obesity 

 A preclinical study has demonstrated conduction slowing, fibrosis without 

alteration of the atrial refractory periods with progressive weight gain (121). A 

human study has shown similar findings with slower conduction from the LA 

entering into the pulmonary veins in obese patients undergoing AF ablation (123).  

1.7.4 Pericardial fat and Atrial Fibrillation 

Evidence is mounting that pericardial lipid, which surrounds the heart, may also 

play a significant role in the development of both cardiac and vascular disease. 

While population based studies have reported the association between obesity and 

AF using BMI, there are reports to suggest that pericardial fat measures are more 

precise in predicting AF than the traditional measures of obesity (274,275). Data 

from the Framingham Heart Study Offspring and Third Generation Cohorts 

involving over two thousand participants, Thanassaulis et al measured pericardial 

fat with computed tomography (CT) and showed that each SD increase in 

pericardial fat volume increased AF risk 1.28 fold independent of other measures 

of adiposity (276). Total pericardial fat, but not the intra-thoracic or visceral fat 

was associated with AF. In keeping with this, Batal et al, studied 169 consecutive 

patients with CT angiograms for either coronary artery disease or AF and 
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demonstrated that posterior LA fat thickness predicted AF burden, independent of 

LA area and body mass index (277). In this study, a 10mm increase in posterior LA 

fat thickness was increased the risk of AF by 6.06 fold. The association between 

cardiac ectopic fat depots and AF was further confirmed by Al Chekakie et al, who 

demonstrate that pericardial fat volume (CT) was associated with AF with an OR of 

1.13 (for every 10ml increase in pericardial fat volume) after adjusting for BMI and 

other risk factors (278). Wong and co-workers studied pericardial fat with cardiac 

magnetic resonance (CMR) in 130 patients and reported the association between 

pericardial fat volumes with prevalence and severity of AF(274). In this study, both 

periatrial fat (odds ratio 5.33, 95% CI: 1.25-22.66; p=0.02) and periventricular fat 

(odds ratio 11.97, 95% CI: 1.69 to 84.88; p=0.01) were predictive of AF after 

adjusting for other risk factors and BMI. Recently, Shin et al also reported that CT 

measured epicardial fat volume and peri-atrial fat thickness were associated with 

prevalence and chronicity of AF(279). The  term ‘pericardial and epicardial fat’ has 

been used interchangeably in AF literature, with some studies defining pericardial 

fat as fat inside the pericardial sac(276,278) while others defining pericardial fat 

as a sum of epicardial (fat inside pericardial sac) and paracardial adipose tissue 

(outside pericardial sac) (274) and others reporting epicardial fat (fat inside 

pericardial sac) (279). Nonetheless, these studies have shown that cardiac ectopic 

fat depots predict the presence and severity of AF independent of the traditional 

measures of obesity. More recently, Nagashima and co-workers have shown a 

spatial relationship with epicardial fat with high dominant frequency sites but 

poor correlation with complex fractionated signals(280).These studies has evoked 

interest into the mechanism by which local cardiac fat deposits create a substrate 

for AF. 



35 
 

As adipose tissue is highly vascular, it has been hypothesized that mediators of 

lipid metabolism and inflammation may be supplied by the pericardial adipose 

tissue surrounding the heart, thereby directly affecting cardiac function in a site-

specific manner. Venteclef et al have provided insights in the mechanistic link 

between epicardial fat and AF substrate. They performed experiments in an rat 

organo-culture model and demonstrate atrial fibrosis in rat tissue incubated with a 

secretrome isolated from  human epicardial fat (216). They then performed an 

intervention showing that the fibrosis is mediated by activin A, a member of the 

TGFβ superfamily. In summary, there is indirect evidence to suggest that 

pericardial fat is metabolically active and may act in a paracrine fashion to create a 

substrate for AF.  

1.7.5 Weight reduction and risk of atrial fibrillation 

Analyses from the Women health study have shown that the risk for incident AF 

changes with alteration in weight (32). The women in whom obesity developed 

during follow-up in the study showed a significant 41% increase in AF risk 

compared with women who maintained a BMI <30 kg/m2. This increased risk 

even exceeded the risk of women who were obese at baseline and remained obese. 

In contrast, the AF risk of women who were obese at baseline but lost weight and 

reached a BMI <30 kg/m2 during follow-up did not differ from the risk of women 

who were non-obese at baseline and remained non-obese during follow-up. 

Although the strength of the latter analysis is somewhat limited by the relatively 

small number of subjects (n - 599) who lost weight during follow-up, these 

findings suggest a potential reversibility of the obesity associated AF risk increase. 

Moreover, the authors estimated the proportion of the observed AF cases that 
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were attributable to short-term BMI increases and found that this proportion was 

significant (18%). 

Although the reversibility of risk for AF was suggested by this study, the 

underlying mechanism is unclear. Reversal of electrophysiological substrate has 

been scarcely studied. In addition, degree of reversibility with removal of inciting 

factor or intervention in previous studies has been variable and not fully 

characterized. Improvement in conduction abnormalities with reduced 

fractionation has been previously demonstrated following mitral commissurotomy 

in mitral stenosis and this was associated with decreased propensity to AF(97). 

However, another study reported persistence of conduction abnormalities in right 

atrium after closure of atrial septal defect (154). Reversibility of substrate has 

been addressed in an experimental heart failure canine model, which 

demonstrated extensive electrical abnormalities and atrial fibrosis with 5 weeks of 

ventricular tachypacing (139). In this study, despite the reversal in atrial size and 

AF inducibility over the next five weeks of recovery, the atrial fibrosis persisted. 

However, the study was limited by the short period of recovery phase. The degree 

of recovery may depend on the underlying inciting factor, extent of changes and 

degree of removal of the inciting factor. 

This thesis examines the mechanism of development of substrate for AF in an 

ovine model of sustained obesity, a state more analogous to human obesity. The 

changes occurring at the electrophysiological, histological and molecular level are 

evaluated. Following this, the effect of weight reduction on the AF substrate in 

sustained obesity is examined. The latter half of the thesis evaluates the AF 

substrate in humans with focus on the role of pericardial fat in electroanatomic 

remodeling. The cardiac MRI measures of pericardial fat were also validated. 
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Figure 1 Signaling pathways in fibrosis 
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Chapter 2 

Electrophysiological, electroanatomical and structural 

remodeling of the atria as a consequence of sustained 

obesity 

2.1 Introduction 

Obesity is a rampant epidemic with more than one third of the population being 

overweight or obese(263). Similarly, atrial fibrillation is an important heath problem 

especially in the aging population. It is estimated that nearly 1% of the population 

suffers from atrial fibrillation and the prevalence is projected to increase 2.5 fold by 

2050.(2,3,7) Atrial fibrillation is an independent risk factor for stroke and causes 

significant cardiovascular morbidity in the form of congestive heart failure and 

impaired quality of life.(10,281,282).  Thus obesity and atrial fibrillation are two 

important present day public health issues.  

The increasing prevalence of atrial fibrillation has been previously attributed to 

the aging population. However, emerging evidence over the last decade has 

observed that aging alone does not account for the exponential rise in the 

prevalence of AF.(6) It is in this setting that new risk factors such as obesity have 

been proposed as important contributors to the epidemic of atrial fibrillation. 

Analysis of the Framingham Heart study, Women Health Study and other 

population based studies suggest that obesity is associated with long term 

increased risk of AF independent of other traditional risk 
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factors.(29,32,266,283,284) In a recent meta-analysis by Wanahita et al, there was  

a graded ‘dose-response relationship’ in the general population cohort with the 

incidence of developing atrial fibrillation incrementally rising from 1.3% to 2.1% 

to 3.2% in the normal weight, overweight and obese population respectively.(33) 

The mechanism by which obesity predisposes to AF is confounded by the 

coexistence of obstructive sleep apnea, hypertension, diabetes and coronary artery 

disease, all well-established pre-cursors for the development of atrial fibrillation; 

thereby clouding interpretation in population based studies. We have previously 

shown using limited epicardial mapping conduction slowing and atrial fibrosis 

with short term weight gain in an open chest ovine model(121). In the present 

study we investigate the global endocardial electrophysiological structural changes 

with sustained obesity, a state more comparable with humans.  

 

2.2 Methods 

All animal handling was conducted in accordance to the guidelines for use and care 

of animals for research by the National Health and Medical Research Council of 

Australia on research animal use. The study was approved by the Animal Research 

Ethics Committee of the University of Adelaide and SA Pathology, Adelaide, 

Australia. 

2.2.1 Obese Ovine Model 

 A total of 10 sheep had obesity induced through a previously described protocol 

based on ad-libitum regimen of hay and high energy pellets, was utilized to induce 

progressive weight gain.(285) At baseline, healthy sheep were commenced on a 

high caloric diet of energy-dense soybean oil (2.2%) and molasses fortified grain 
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and maintenance hay with weekly weight measurement. Excess voluntary intake 

was predominantly of grass alfalfa silage and hay. For the obese sheep, pellets 

were gradually introduced at 8% excess basal energy requirements, and rationed 

to ≥70% of total dry matter intake. Blood samples were periodically collected to 

ensure electrolyte and acid-base homeostasis. The sheep gradually gained weight 

to peak obesity in 36 weeks and were subsequently maintained in this state for 36 

weeks.  

2.2.2 Control Group 

Ten age-matched sheep were maintained as controls at their baseline weight. To 

do this, high quality hay was provided ad-libitum, while energy dense pellets were 

rationed at 0.75% of live weight to maintain weight. Nutritional content of food 

and housing conditions were identical between both groups, but only the amount 

of food intake was varied.  

2.2.3 Study Preparation 

Animals were pre-acclimatized for at least one week prior to any surgery. Shorn 

weight was recorded immediately prior to surgery. 

2.2.4 Body Composition 

The Dual-energy x-ray absorptiometry (DEXA) scan was performed to determine 

total body fat in the animals. The DEXA scan was performed under general 

anesthesia. 

2.2.5 Transthoracic echocardiography 

 An echocardiogram was performed under general anesthesia prior to the 

electrophysiology study. The left atrial dimensions were measured in apical 4-
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chamber view. The left ventricular dimensions were measured in M-Mode in 

parasternal long axis view at the level of mitral leaflet tips. The left ventricular 

dimensions were utilized for determination of global left ventricular function by 

Teicholz formula. 

2.2.6 Hemodynamic assessment 

Invasive blood pressure monitoring was performed during the electrophysiology 

study.  Left atrial, right atrial and pulmonary artery pressures were recorded. 

2.2.7 Electrophysiological study 

Electrophysiological study was performed in the post absorptive state under 

general anesthesia. A 10-pole catheter with 2-5-2 mm inter-electrode spacing 

(Daig Electrophysiology, Minnetonka, MN) was positioned in the coronary sinus 

with the proximal bipole positioned at the ostium of coronary sinus in the best left 

anterior oblique view. A conventional transeptal puncture was performed using an 

SLO sheath and a BRK1 needle (St Jude Medical) using fluoroscopic and pressure 

monitoring to access to the left atrium.  

Surface electrocardiogram (ECG) and bipolar endocardial electrograms were 

continuously monitored and stored on a computer based digital 

amplifier/recorder system for off-line analysis (LabSystem Pro, Bard 

Electrophysiology, Lowell, MA, USA). Intracardiac electrograms were filtered from 

30 to 500 Hz, and measured with computer assisted calipers at a sweep speed of 

200 mm/s. 
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2.2.8 Electroanatomical mapping 

Electroanatomic maps of the right and left atrium was created during sinus rhythm 

and pacing from proximal CS (CL 300ms) using the CARTO XP mapping system and 

a 3.5-mm tip catheter (Navistar, Biosense Webster, Diamond Bar, CA, USA). The 

electroanatomic mapping system has been previously described in detail(286); the 

accuracy of the sensor position has been previously validated and is 0.8 mm and 

5°. In brief, the system records the surface ECG and bipolar electrograms filtered at 

30 to 400 Hz from the mapping and reference catheters. Endocardial contact 

during point acquisition was facilitated by electrogram stability, fluoroscopy, and 

the catheter icon on the CARTO system. Points were acquired in the auto-freeze 

mode if the stability criteria in space (≤6mm) and local activation time (LAT; 

≤5ms) were met. Mapping was performed with an equal distribution of points 

using a fill-threshold of 15 mm. Editing of points was performed offline. Local 

activation time was manually annotated to the peak of the largest amplitude 

deflection on bipolar electrograms. In the presence of double potentials, the LAT 

was annotated at the largest potential. If the bipolar electrogram displayed 

equivalent maximum positive and negative deflections, the maximum negative 

deflection on the simultaneously acquired unipolar electrogram was used to 

annotate the LAT. Points were excluded if they were not conforming to the surface 

ECG P-wave morphology  or if  they were < 75% of the maximum voltage of the 

preceding electrogram. Regional atrial bipolar voltage and conduction velocity 

were analyzed offline and are detailed below.  
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2.2.9 Effective Refractory Period 

Effective refractory period (ERP) testing was performed after the electroanatomic 

mapping. Atrial ERPs were evaluated at twice the diastolic threshold at cycle 

lengths ( CLs) of 450 and 300ms using an 8-beat drive train followed by an extra-

stimuli (S2), starting with an S2 coupling interval of 120ms increasing in 10ms 

increments. The ERP was defined as the longest coupling interval failing to 

propagate to the atrium. ERP was measures from the following 7 sites: (1) right 

atrial appendage, (2) right atrial lateral wall- upper, (3) right atrial free wall- 

lower, (4) proximal CS, (5) distal CS, (6) left atrial appendage and (7) left atrial 

posterior wall. ERP was measured 3 times at each cycle length at each site and 

averaged. If ERP varied by more than 10ms, an additional 2 measurements were 

made and the total number averaged. ERP heterogeneity was determined by the 

coefficient of ERP variation at each cycle length (CoV = SD/mean × 100%).  

2.2.10 Atrial conduction velocity 

Isochronal activation maps (5-ms intervals) of the atria were created and regional 

conduction velocity determined in the direction of the wave-front propagation 

(least isochronal crowding). The CARTO system determines conduction velocity by 

expressing the distance between 2 points as a function of the difference in local 

activation time. For analysis, each atrium was segmented as previously 

described.(92,99) The mean conduction velocity for each segment was determined 

by averaging the conduction velocity between 3-5 pairs of points, as previously 

described.(92,99)  

The proportion of points demonstrating delayed conduction was determined using 

the following definitions: 1) fractionated signals: complex activity of 50ms 
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duration with 3 or more deflections crossing baseline; and 2) double potentials: 

potentials separated by an isoelectric interval and the total electrogram duration 

≥50ms. (92,99) 

2.2.11 Atrial voltage 

For the purpose of evaluating regional bipolar voltage, the atria were segmented as 

above. For each region the mean voltage was obtained by determining the mean of 

the bipolar voltage of the points within the given region. The global voltage of the 

chamber was obtained by calculating the mean of the means of the different 

segments. An index of heterogeneity of the bipolar voltage amplitude was 

determined by calculating the coefficient of variation of the different regions in 

each chamber. Low voltage areas were defined as three contiguous points with a 

bipolar voltage <0.5 mV. Electrically silent areas (scar) was defined as three 

contiguous points with absence of recordable activity or a bipolar voltage 

amplitude <0.05 mV (the noise level of the system). 

2.2.12 AF vulnerability and duration 

AF vulnerability was assessed during ERP testing. Atrial fibrillation was defined as 

irregular atrial activity lasting at least 2 seconds. AF lasting more than 10 minutes 

was considered sustained; when this occurred no further data was acquired. 

2.2.13 Histological assessment 

The animals were euthanized following the electrophysiology study. Isolated atrial 

tissues from the left atrial posterior wall (LAPW) and left atrial appendage (LAA) 

of the control, obese and weight loss sheep were perfusion-fixed with 4% 

paraformaldehyde and immersed in 10% buffered formalin. Sections were 

processed and embedded in paraffin. From each site at 1cm intervals, 5μ serial 
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sections were then taken from each block and stained with hematoxylin and eosin 

and Masson’s trichrome. In addition, samples were frozen at -70oC.   

Fatty infiltration of atrial muscle by epicardial fat: The fat infiltration of the atrial 

muscle from the epicardial fat was evaluated in low power (X1.25) magnification 

with hematoxylin and eosin (HE) staining. Fatty infiltration of the atrium by the 

overlying epicardial adipose tissue was graded 1-3 based on severity. 

1. None or focal infiltration of adjacent outer third of the atrial muscle layer by 

the overlying epicardial adipose tissue. 

2. Coalescent infiltration of outer third and/or focal infiltration up to the middle 

third of the atrial muscle layer. 

3. Coalescent infiltration extending from the epicardial adipose tissue to the 

middle or inner third of the atrial muscle layer. 

Fibrosis assessment: Morphometric analysis of Masson’s trichrome-stained sections 

was performed utilizing ‘analySIS LS Professional’ software (Olympus Soft Imaging 

Solutions, Münster, Germany) to obtain a quantitative estimate of collagen within 

the tissue. Stained sections from LAPW and LAA from of 6-8 animals per group 

were digitally captured (from 5 random fields per section using NanoZoomer 

Digital Pathology System software (Hamamatsu Phonetics, Japan); at a 

magnification of x5) with an area of Masson’s trichrome selected for its colour 

range and the proportional area of tissue with this range of colour quantified, as 

previously described(89). 

Atrial TGFβ1 assessment: Western blotting was used to assess changes in TGFβ1 

tissue concentration in left atrial myocardium. TGFβ1 concentration in atrial tissue 

was assessed with western blot. Cells were sonicated in homogenization buffer 
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(20mM Tris-HCl, pH 7.4, 25oC; containing 2mM EDTA, 0.5mM EGTA, 1mM 

dithiothreitol, 50µg/ml leupeptin, 50µg/ml pepstatin A, 50µg/ml aprotinin and 

0.1mM phenylmethylsulphonyl fluoride). An equal volume of sample buffer 

(62.5mM Tris-HCl, pH 7.4, containing 4% SDS, 10% glycerol, 10% β-

mercaptoethanol and 0.002% bromophenol blue) was then added and samples 

were boiled for 3 minutes; protein concentrations in each sample were equalized 

according to the method of Bradford(287). 

Electrophoresis was performed using a Mini-PROTEAN® TGX™ precast gel system 

(Bio-Rad Laboratories Pty Ltd, Gladesville, New South Wales, Australia). 

Denaturing polyacrylamide gels (10% w/v) were employed for protein separation, 

which was undertaken as described previously(288). After separation, proteins 

were transferred to polyvinylidine fluoride (PVDF) membranes for 

immunoprobing (Bio-Rad Laboratories Pty Ltd). Membranes were incubated with 

antiserum for TGF-β1 overnight (1:1000), and labeling carried out using a two-

step detection procedure: first, biotinylated secondary antibody (Vector 

Laboratories; 1:500; 30 minutes) was reacted with membranes and then 

streptavidin-peroxidase conjugate was applied (Pierce, Rockford, Il, USA). Positive 

antibody labeling was detected as described previously(288) and quantification of 

detected proteins was achieved using the program, Adobe PhotoShop CS2. 

Detection of β-actin (Sigma; mouse anti-β-actin; 1:10000) was assessed in all 

samples as a positive gel-loading control.  

2.3 Statistical Analysis 

Normally distributed continuous data were expressed as mean ± standard 

deviation and tested with unpaired t-tests between groups. Skewed distributions 
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were expressed as median and inter-quartile and means tested using Mann-

Whitney U.  To compare voltage, conduction velocity, and atrial refractory period 

across regions, chambers, rhythm and group (obese and control), mixed effects 

models were fitted to the data. Fixed effects included combinations of group 

(obese, control), map type (sinus rhythm or pace), region and chamber (RA, LA) 

with a maximum of two fixed effects entered into the statistical model at one time.  

Main effects and their interaction were tested. Random effects of sheep ID were 

fitted to all models to account for the dependence in observations from the same 

animal.   In the case of skewed distribution (i.e. for fibrosis assessment via Masson 

Trichrome staining), the data were log transformed prior to further analysis. Two 

sided p-values of less than 0.05 were considered statistically significant. All 

analyses were performed using SPSS/PASW version18 (SPSS Inc. Chicago, IL). 

2.4 Results 

2.4.1 Group characteristics 

The study sheep achieved peak obesity over a period of 36 weeks and remained in 

this state of sustained obesity for another 36 weeks. The control sheep were 

maintained lean during this period.  The obese sheep weighted twice the control 

animals and had significantly greater total body fat. Table 1 presents the 

characteristics of the two groups. 

 

2.4.2 Structural and hemodynamic remodeling 

Table 1 describes the hemodynamic characteristics of the two groups. The left 

atrium (LA) was enlarged (p=0.01) with increase in left atrial pressure (p<0.001) 

without a change in left ventricular ejection fraction (p=0.8) in the obese sheep as 
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compared to the controls. In addition, there was significant increase in right atrial 

and pulmonary artery pressures (p<0.001) with obesity. The systemic blood 

pressure was also elevated in the obese as compared to the controls (p 0.02). 

2.4.3 Electroanatomic remodeling 

The electroanatomic maps of the atria were created in sinus rhythm and during 

proximal coronary sinus (PCS) pacing (CL=300ms). The electrophysiology data has 

been summarized in Table 2. Both the left and right atria (RA) volumes were 

increased in the obese sheep as compared to the controls (p<0.001).  

2.4.4 Atrial refractoriness 

 The atrial ERP, at both 450 and 300 ms cycle length, from the seven sites did not 

differ significantly between the two groups (CL 300ms p=0.8, CL 450ms p=0.9) 

(Table 2, Figure 1). The ERP heterogeneity, at both 450 and 300ms cycle length, 

from the seven sites, also did not significantly differ between the obese and control 

groups (CL 300ms p=0.8; CL 450ms p=0.1) (Table 2). 

2.4.5 Conduction velocity 

The mean conduction velocity was greater in the left atrium compared to the right 

atrium in both obese and control groups both during sinus rhythm (p<0.001) and 

PCS pacing (p<0.001). However, the mean conduction velocity was significantly 

slower in the obese group (LA 1.18±0.04m/s and RA 1.03±0.04m/s) in both atrial 

chambers as compared to the controls (LA 1.58±0.04m/s and RA 1.43±0.04) (p 

<0.001) in sinus rhythm (Figure 2). Similarly during PCS pacing, the mean 

conduction velocity was significantly slower in the obese group (LA 0.99±0.05m/s 

and RA 0.92±0.05m/s) in both atrial chambers as compared to the controls (LA 

1.41±0.04m/s and RA 1.33±0.04) (p <0.001). Importantly, the conduction was 
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more heterogeneous in the obese as compared to the controls (CoV: 22.0 ±6.1% vs 

9.1± 4.9%) in sinus rhythm (p<0.001) (Figure 1). Likewise, the conduction was 

more heterogeneous during PCS pacing (p< 0.001) in obese as compared to 

controls (CoV: 21.4±6.1% vs 8.3±3.0%).  

In addition, conduction velocity (p<0.001) was reduced and conduction 

heterogeneity (p<0.001) increased in the obese animals even after adjusting for LA 

pressure. 

2.4.6 Complex fractionation 

The left atrium demonstrated greater fractionation/ double potentials (FP/DP) as 

compared to the right atrium in both obese and control groups during sinus 

rhythm (p<0.001) and PCS pacing (p<0.001).  During sinus rhythm, 53.2±13.5% 

and 36.0±2.8% of the signals in the LA and RA respectively were FD/DP in the 

obese group. In contrast, only 10.8±4.4% and 8.2±2.8% of all signals in the LA and 

RA respectively were FD/DP in the control group (p <0.001). Similarly during PCS 

pacing, 34.2±3.1% and 32.8±11.9% of signals were FP/DP in left and right atria 

respectively in the obese sheep as compared to 9.8±3.0% and 6.1±3.9% in LA and 

RA respectively in control group (p<0.001).   

2.4.7 Voltage  

The mean voltage did not differ between obese (LA 4.5±1.7 mV; RA 4.1±1.6 mV) 

and controls (LA 4.4±1.4 mV; RA 3.6±0.9) in sinus rhythm (p=0.3) (Figure 3). 

There was no areas of low voltage or scar in either chamber in both control or 

obese. However, regional voltage heterogeneity was elevated in the obese group 

(CoV: 32.1±8.8%) as compared to the controls (CoV: 24.6±7.5%) in sinus rhythm 

(p<0.001) (Figure 2).   
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2.4.8 Vulnerability for atrial fibrillation 

 Figure 4 shows the AF vulnerability in the two groups. The median number of AF 

episode were 4.5 (2.0-7.0) were greater in the obese group as compared to 

controls 1 (0.0-2.0) (p=0.02)). The total AF episode duration per animal was 

increased in the obese group (75.2±90.4 seconds) as compared to the controls 

(12.0±16.4 seconds) (p=0.05). Likewise, the average AF episode length was longer 

in the obese (11.4±9.1 seconds) as compared to controls (3.2±1.7 seconds) 

(p=0.01).  

2.4.9 Atrial musculature infiltration by epicardial adipose tissue 

Distribution of epicardial adipose tissue: The epicardial adipose tissue, in relation to 

the atria, was distributed adjacent to left atrial posterior wall and atrioventricular 

groove. There was minimal epicardial adipose tissue adherent to the appendage. In 

contrast the paracardial adipose tissue was more diffuse in distribution with 

prominent deposit between the appendage and great arteries. 

Fatty infiltration by epicardial fat: Moderate (Grade II) to severe infiltration (Grade 

III) of the left atrial posterior wall by the overlying epicardial fat was seen 

significantly more in the obese sheep (mean grade: obese-2.5±0.7, controls-

1.0±0.0; p value <0.001). There was minimal fatty infiltration in the left atrial 

appendage in both groups (p=0.18) (mean grade: 1.2±0.4 and 1±0 for obese and 

control groups respectively). The Grade III Fatty infiltration was not seen in the left 

atrial appendage in either group, where epicardial fat was minimal. Figure 5 

depicts representative HE stained sections (X1.25) demonstrating fatty infiltration 

of the atrial musculature by the epicardial adipose tissue in the obese and control 

groups. 
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2.4.10 Fibrosis 

Morphometric analysis of the Masson trichrome stained sections of the left atrial 

demonstrated 8.14±2.39%, and 5.31±0.95% staining in the obese and control 

groups respectively. There was increase in interstitial fibrosis in the obese as 

compared to the control animals (p=0.003).  Figure 6, upper panel shows 

representative Masson trichrome stained sections from the two groups. 

2.4.11 Atrial TGFβ1 protein 

Atrial TGFβ1 protein was assessed by Western blot (Figure 6, lower panel). The 

atrial TGFβ1 protein expression increased 5 fold in the obese as compared to 

control group (p=0.002, table 2). 

 

2.5 Discussion 

2.5.1 Major Findings 

This study presents new information on the global endocardial 

electrophysiological and electroanatomical remodeling of the atria due to 

sustained obesity.  In the present study, animals gained weight over 36 weeks to 

achieve stable obesity and maintained at this sustained obesity for another 36 

weeks to replicate a state more analogous with chronic obesity in humans. The 

obese group accumulated fivefold greater total body fat (34.5kg) as compared to 

controls (8.7 kg). The obese sheep model is unique as it does not suffer from 

obstructive sleep apnea, due to the typical habitus and sleeping posture. Hence this 

model allows us to study the relationship between obesity and AF in absence of 

confounding effects of sleep apnea. It demonstrates:  

Structural and hemodynamic changes  
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 Bi-atrial enlargement with diastolic dysfunction reflected by elevated left 

atrial pressure in presence of normal ventricular function, 

 Elevated right heart pressures and 

 Elevation of systemic blood pressure. 

 Increased expression of pro-fibrotic TGFβ1 and increased interstitial 

fibrosis. 

 Decreased connexin-43 expression 

Electrophysiological remodeling  

 Slowed  and heterogeneous conduction,  

 Increased complex fractionated electrograms and double potentials, 

 Increased voltage heterogeneity without significant change in mean voltage 

or appearance of scar/low voltage and,  

 No change in mean endocardial ERP and ERP heterogeneity,  

As a result of these hemodynamic and electrophysiological changes, obese animals 

were more vulnerable to AF. Importantly, this study provides causative evidence 

that links obesity directly with the development of AF substrate.  

2.5.2 Atrial substrate in AF  

Wijffel et al. in the pivotal work on chronically instrumented goats demonstrated 

electrical remodeling and put forward the concept of ‘AF begets AF’(85). They 

showed that rapid atrial rates caused alteration in ionic currents and cellular 

excitability resulting in abbreviated ERP. This was termed as ‘electrical remodeling’. 

Subsequently a ‘different sort of remodeling’ involving conduction abnormalities 

and structural changes, particularly diffuse atrial fibrosis was described in an 

experimental heart failure model. (86).  These findings were subsequently 
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confirmed to be the unifying feature of structural remodeling in other conditions, 

both in pre-clinical studies (87-91) and clinical studies (92-99).  

2.5.3 AF substrate in Obesity  

Although an epidemiological link has been established between obesity and atrial 

fibrillation over the last decade, the underlying electrophysiological changes and 

mechanism still remain to be clearly defined.(29,32,266,283,284,289) Obstructive 

sleep apnea (OSA) is closely associated with obesity in humans and predisposes to 

AF by causing hypertension, diastolic dysfunction and heart failure, and 

catecholaminergic surges during sleep.(30,290)  Iwasaki and coworkers have 

demonstrated obesity facilitated AF inducibility in presence of acute obstructive 

sleep apnea. However, in absence of obstruction, the basic electrophysiological 

parameters were unaltered and AF inducibility not enhanced in obese rate despite 

structural remodeling. The ovine model allows evaluation of obesity in absence of 

OSA and in this study demonstrated diffuse conduction abnormalities and 

interstitial fibrosis with chronic obesity alone.  

2.5.3.1 Electroanatomic remodeling with Obesity 

The chronically obese animals demonstrated global endocardial bi-atrial 

conduction slowing. However the degree of slowing varied in different regions 

resulting in increased conduction heterogeneity. This is consistent with finding 

with limited epicardial mapping with short term weight gain in an ovine 

model(121). Munger and coworkers have also reported slowed longitudinal 

conduction velocities from the left atrium to the pulmonary veins in obese patients 

with AF(123). However, this human study did not observe any significant change 

in conduction velocity along the coronary sinus. The obese animals did not 
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demonstrate electrical scars or alteration in mean voltage. Despite this increased 

voltage heterogeneity was observed in obese animals. We hypothesize that fatty 

infiltration and interstitial fibrosis could explain the heterogeneity.  As with other 

studies evaluating clinical substrate for AF, endocardial atrial refractoriness was 

not altered with sustained obesity.  This finding differs from those reported by 

Munger et al who reported shortened atrial refractoriness in obese patients 

undergoing ablation for AF.  They however acknowledged that AF induced during 

ERP testing could potentially impact atrial refractoriness. In addition, marked 

increase in complex fractionated signals was observed with sustained obesity in 

our study.  

2.5.3.2 Atrial fibrosis and atrial TGFβ1 with sustained obesity 

Sustained obesity was associated with diffuse atrial interstitial fibrosis. This is 

consistent with changes observed with heart failure(86) and chronic 

hypertension(89). Spach and coworkers have demonstrated elegantly that fibrosis 

can produce conduction abnormalities promoting re-entry and AF(185,186). The 

fibrosis observed in the study was only interstitial in nature without areas of 

replacement fibrosis usually seen with infarction(116) and with congestive heart 

failure(86). This may suggest a more subtle insult occurring with sustained 

obesity, albeit sufficient to cause interstitial fibrosis.  

TGFβ1 has been shown to be a crucial cytokine in the signal transduction pathways 

responsible for fibrosis. It occupies a central position, downstream to angiotensin 

and upstream to endothelin pathways and acts in a paracrine- autocrine 

fashion(207,291). Verhuele and coworkers have shown that overexpression of 

constitutional TGFβ1 in transgenic mice led to selective atrial fibrosis, conduction 

heterogeneity and AF(191). TGFβ1 expression was increased fivefold with 
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sustained obesity in our study and could explain the increase in interstitial fibrosis. 

We have previously reported increased endothelin receptor expression with short 

term weight gain. Overexpression of the TGFβ superfamily(270,271) and 

endothelin(269) signaling pathways has been similarly reported in humans. 

2.5.4 Pericardial fat and AF 

There is emerging evidence that localized epicardial fat depots may have a 

significant role in development of AF. Several groups including ours have shown an 

association of pericardial fat with AF independent of other measures of 

obesity(274,276-278). Epicardial fat, a kind of visceral fat, behaves like an 

endocrine organ secreting a myriad of adipo-cytokines including TGFβ 

superfamily. The further absence of fascial barriers and common vascular supply 

with the underlying myocardium may facilitate paracrine action. This has been 

elegantly demonstrated in an organo-culture model by Venteclef and 

coworkers(216). They incubated rat atrial tissue in a secretome derived from 

human epicardial fat and demonstrated that atrial fibrosis mediated by members 

of TGFβ superfamily. We demonstrated several fold increased expression of TGFβ1 

in atrial tissue but source of this cytokine was not evaluated. In addition, a new 

finding was observed with epicardial fat infiltrating the underlying myocardium. 

We hypothesize that fat infiltration separates myocytes and could result in 

conduction abnormalities in a fashion similar to microfibrosis(186). Considering 

the infiltration was observed only adjacent to epicardial fat depots, the distribution 

of epicardial fat could be contributing to conduction heterogeneity.  
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2.5.5 Study limitations 

This study addressed substrate development with sustained obesity. Although the 

observed electrical and structural abnormalities predispose to AF, the 

development of clinical AF is a complex process, with other factors such as triggers 

and perpetuators which the not addressed in the current study.  We also did not 

address the impact of fluctuating weight which is often observed in clinical obesity. 

Furthermore, the pro-fibrotic signal transducing pathways responsible for AF in 

obesity have not been fully elucidated in this study.  

2.5.6 Conclusion 

Sustained chronic obesity results in chronic stretch, diffuse interstitial fibrosis and 

conduction abnormalities and increased vulnerability to AF. TGFβ signaling 

pathway may have an important role in mediating interstitial fibrosis in sustained 

obesity. Infiltration of underlying atrial musculature by the epicardial fat may be a 

unique feature of AF substrate in obesity.  This study provided direct evidence for 

the role of obesity in the development of AF. 
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Table 1: Structural and hemodynamic characteristics of the 

control and obese groups. 

 
 Controls Obese P value 
Weight (Kg) 60±7 110±9 <0.001 
Total Body fat (Kg) 9±6 35±6 <0.001 
TBF/TST 15.2±7.8 36.9±4.3 <0.001 
LA major axis (mm) 36.2±1.3 38.3±1.9 0.01 
LA minor axis (mm) 27.7±1.1 30.1±1.4 <0.001 
LVEF (%) 67±5 70±6 0.81 
LA Pressure (mmHg) 3.7±1.4 8.1±1.6 <0.001 
RA Pressure (mmHg) 1.8±1.1 4.6±1.2 <0.001 
PA Pressure (mmHg) 9.8±2.6 15.0±0.9 <0.001 
Systemic Mean BP (mmHg) 71±12 86±13 0.02 
TBF/TST- Total body fat/ total soft tissue (DEXA); LA-Left atrium; LVEF- Left ventricular ejection 
fraction; RA- Right Atrium; PA- Pulmonary Artery; BP- Blood Pressure. 
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Table 2: Electrophysiology and structural characteristics of the 

control and obese groups. 

 

 Controls Obese P value 
LA CARTO volume (ml) 74±13 86±15 <0.001 
RA CARTO volume (ml) 75±15 89±16 <0.001 
FP/DP LA sinus rhythm (%) 10.8±4.4 53.2±13.5 <0.001 
FP/DP RA sinus rhythm (%) 8.2±2.8 36.0±2.8 <0.001 
CV LA (sinus rhythm) (m/s) 1.58±0.04 1.18±0.04 <0.001 
CV RA (sinus rhythm)(m/s) 1.43±0.04 1.03±0.04 <0.001 
Conduction heterogeneity (SR) (%) 9.1± 4.9 22.0 ±6.1 <0.001 
Voltage LA (SR) (mV) 4.4±1.4 4.5±1.7 0.3 
Voltage RA (SR) (mV) 3.6±0.9 4.1±1.6 0.3 
Voltage heterogeneity (Sinus rhythm) (%) 24.6±7.5 32.1±8.8 <0.001 
ERP mean (ms) CL 300ms 180 182 0.8 
ERP heterogeneity at CL 300ms (%) 10.0±4.2 10.5±3.3 0.70 
ERP mean (ms) CL 450ms 190 190 0.99 
ERP heterogeneity at CL 450ms (%) 10.3±3.3 13.6±5.4 0.32 
AF episodes- total (median) 1(0-2) 4.5(2-7) 0.02 
AF cumulative duration (median)(seconds) 4.1(3-15) 46(10-112) 0.05 
AF episode duration (median)(seconds) 2.7(2-5) 7.9(5-17.7) 0.005 
Fatty infiltration posterior LA (Grade) 1±0 2.5±0.7 <0.001 
Fibrosis (% staining-morphometry) 5.31±0.95 8.14±2.39 0.003 
Atrial TGFβ1 protein OD 0.41±0.35 2.07±1.04 0.002 
LA- Left atrium; RA- Right atrium; FP/DP- Fractionated potential/ Double potential; PCS- 
proximal coronary sinus; SR- sinus rhythm; ERP- Effective refractory period 
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Figure 1: Distribution of ERP in obese and control groups at two 
cycle lengths.  
 

  
The top and the bottom panels depict ERP at 300 and 450ms cycle length respectively. CS_P- 
proximal coronary sinus; CS_D- distal coronary sinus; LAA- left atrial appendage; LAPW- left 
atrial posterior wall; RAA- right atrial appendage; RAFW_U- upper right atrial free wall; 
RAFW_L- lower right atrial free wall.  
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Figure 2: Conduction velocity slowing and increased conduction 
heterogeneity with obesity 
 

 

The top panel shows the mean conduction velocity (A) and conduction heterogeneity (B) in 
obese and control groups in sinus rhythm. * Conduction heterogeneity= Coefficient of CV 
variation (SD/mean × 100%). The middle and bottom panel shows representative left and right 
atrial isochronal maps (5ms) demonstrating conduction in obese and control groups in sinus 
rhythm. The isochrones in the obese sheep are more crowded and greater time to activate the 
atria. 
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Figure 3: Changes in mean endocardial voltage and voltage 
heterogeneity with obesity 

 
Representative left atrial voltage maps of the control and obese group upper limit 
5.0mV. Note the heterogeneity in the voltage across different regions in the obese sheep.  
There was no area of electrical scar. There was increased number of fractionated/double 
potentials in the obese animal.  
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Figure 4: Atrial fibrillation vulnerability in the obese and control 

groups. 
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Figure 5 Distribution of epicardial fat and infiltration of atrial 

myocardium by contiguous epicardial fat 

 

 
Top panel shows gross specimen of sheep heart after removal of parietal pericardium with the 
paracardial fat. PA View- arrow points to epicardial fat adjacent to left atrial posterior wall. AP 
view- arrow points to left atrial appendage which has very little epicardial fat. Middle and 
bottom panels show representative H&E stained sections (X1.25) of LA posterior wall and 
appendage respectively from control and obese groups. Arrow shows infiltration of atrial 
musculature with fat cells.  
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Figure 6: Atrial fibrosis and atrial TGFβ1 expression with obesity 

 
 

The top panel shows the representative Masson trichome stained sections (X5) of the LA 
posterior wall in the control and obese groups. Masson trichome stains collagen blue and the 
fibrosis was assessed morphometically. The bottom panel show the Western blots showing 
expression of TGFβ1 in the left atrial tissue. 
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Chapter 3 

Atrial fibrillation and obesity: Reversibility of atrial 

substrate with weight reduction  

3.1 Introduction 

The rise in prevalence of atrial fibrillation (AF) has been accompanied by its 

increasing contribution to cardiovascular mortality and morbidity(2,7). This has 

coincided with the obesity epidemic and the emergence of obesity as a new risk 

factor for AF(29,31,32,266). The identification of risk factors for AF and improved 

understanding of the pathophysiology has ushered a paradigm shift in the 

approach to management of AF from anti-arrhythmic and ablation strategies to 

upstream therapy and risk factor management. Although the upstream therapies 

have been successful in primary prevention, the benefits have been equivocal in 

secondary prevention(292). 

The mechanistic link between obesity and AF is confounded by the coexistence of 

obstructive sleep apnea, hypertension, diabetes and coronary artery disease, 

thereby clouding interpretation in population based studies. However, left atrial 

enlargement and recently pericardial fat have been implicated in the role of 

obesity in AF(31,274). Recent experimental work in an ovine model has shown 

conduction slowing, atrial fibrosis and alteration in pro-fibrotic markers 

expression with short term weight gain(121). In addition, there is evidence for a 

complex interplay in the development of AF due to obesity with the presence of 

sleep apnea(95,122). 
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Here we utilized a previously validated obese ovine model; a model not known to 

suffer from sleep apnea.  In this model we evaluated the effect of weight reduction 

on reversibility of the epicardial electrophysiological, structural and molecular 

substrate for AF.  

3.2 Methods 

All procedures were conducted in accordance with guidelines outlined in the 

“Position of the American Heart Association on Research Animal Use”, adopted on 

November 11, 1984. This study was approved by the Animal Research Ethics 

Committees of the University of Adelaide and SA Pathology, Adelaide, Australia.  

3.2.1 Study Groups 

Figure 1 provides the study outline. Thirty sheep had induced obesity by ad-

libitum calorie dense diet over a 36 week period and maintained obese for another 

36 weeks. Eight lean sheep of similar age were maintained lean to serve as control. 

The obese animals were randomized to three groups of 10 animals each: obese, 15 

and 30% weight reduction groups. The control group of 8 lean sheep was 

maintained lean over this period.  

3.2.2 Obese Ovine Model 

Weight gain: A previously described ovine model of progressive weight gain, based 

on ad-libitum regimen of hay and high energy pellets, was utilized to induce 

progressive weight gain(285). At baseline, healthy sheep were commenced on a 

high caloric diet of energy-dense soybean oil (2.2%) and molasses fortified grain 

and maintenance hay with weekly weight measurement. Excess voluntary intake 

was predominantly of grass alfalfa silage and hay. For the obese sheep, pellets 
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were gradually introduced at 8% excess basal energy requirements, and rationed 

to ≥70% of total dry matter intake. The sheep gradually gained weight to a plateau 

in weight at 36 weeks and were subsequently maintained at this weight for a 

further 36 weeks.  

Weight reduction: The obese sheep, assigned to weight loss, underwent gradual 

weight reduction over 32 weeks. The weight loss sheep were housed in groups of 

fours. The energy-dense soybean oil and molasses fortified feed was gradually 

withdrawn and replaced with high quality cereal hay which was reduced to two-

third of the normal intake. The weight was monitored weekly. If weight loss was 

inadequate in a particular sheep, it was housed separately. Blood samples were 

collected four weekly to ensure electrolyte and acid-base homeostasis. 

Control sheep: The control sheep were maintained at their baseline weight with 

high quality cereal hay provided ad-libitum and energy dense pellets rationed at 

0.75% of live weight daily. The housing conditions were identical between all 

groups, but only the amount was varied. Shorn weight was recorded immediately 

prior to surgery. 

3.2.3 Study Protocol 

All animals were pre-acclimatized for at least one week prior to the study and 

underwent: imaging (DEXA, Echocardiography, and cardiac magnetic resonance), 

hemodynamic assessment, and bi-atrial epicardial electrophysiological studies, 

histology, immunohistochemistry and molecular analysis. 

3.2.4 Body Composition 

The Dual-energy x-ray absorptiometry (DEXA) scan was performed under general 

anesthesia to determine total body fat (TBF) in the animals.  
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3.2.5 Transthoracic echocardiography 

 An echocardiogram was performed under general anesthesia prior to the 

electrophysiology study. The left atrial dimensions were measured in apical 4-

chamber view. The left ventricular dimensions were measured in M-Mode in 

parasternal long axis view at the level of mitral leaflet tips. The left ventricular 

dimensions were utilized to determine global left ventricular function utilizing 

Teicholz formula. 

3.2.6 Cardiac Magnetic Resonance 

Cardiac magnetic resonance (CMR) wcould not be performed in the obese group as 

they did not fit into the bore of the scanner. Chamber volumes were measured 

using CMR (Siemens Sonata 1.5 Telsa, MR Imaging Systems, Siemens Medical 

Solutions, Erlangen Germany) with 6mm slice-thickness and no interslice gaps 

through both the atrial and the ventricles.  The animals were anaesthetized and 

placed supine within the CMR chamber. The animals were mechanically ventilated 

to allow breath holding sequences to be performed. Analyses were performed 

offline by blinded operators using proprietary software, QMass MR (Medis medical 

imaging systems, Leiden, Netherlands). Chamber size, ventricular mass and 

pericardial fat volumes were measured using previously described methods. 

3.2.7 Electrophysiological study 

Electrophysiological study was performed in the post absorptive state under 

general anesthesia.  A midline sternotomy was utilized to facilitate access to 

pericardium and epicardial application of custom designed 54-electrode plaque 

with 5mm spacing, spanning the appendage and free wall. This was positioned on 

the left atria and right atria sequentially. Surface electrocardiogram (ECG) and 
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bipolar electrograms were continuously monitored and stored on a computer 

based digital amplifier/recorder system for off-line analysis (LabSystem Pro, Bard 

Electrophysiology, Lowell, MA, USA). Intracardiac electrograms were filtered from 

30 to 500 Hz, and measured with computer assisted calipers at a sweep speed of 

200 mm/s. The following parameters were determined:  

3.2.7.1 Atrial conduction 

Conduction was assessed during stable S1 pacing at 400, and 300 and 200 ms from 

the RAA, RA free wall, LAA, and LA free wall. Activation maps of the atria were 

created using semi-automated custom software and verified manually. Isochronal 

lines were superimposed to further illustrate conduction patterns. Conduction 

velocity was calculated from the local vectors within each triangle of electrodes as 

described previously(293). 

3.2.7.2 Heterogeneity of conduction (CHI) 

Conduction heterogeneity was assessed using an established phase mapping 

method during S1 pacing. Absolute conduction phase delay was calculated by 

subtracting the 5th from the 95th percentile of the phase difference distribution 

(P5-95). Conduction heterogeneity index was derived from dividing P5-95 by the 

median (P50) as previously described(89). 

 

3.2.7.3 Atrial effective refractory period 

Atrial effective refractory period (ERP) was measured at twice diastolic threshold 

at 400, 300 and 200 ms from 8 sites- 4 corners of plaque positioned on the right 

and left atrium each. Eight basic (S1) stimuli were followed by a premature (S2) 

stimulus in 10-ms increments starting at a coupling interval of 80 ms. Atrial ERP 
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was defined as the longest non-propagated S1-S2. ERP was measured thrice at 

each cycle length and averaged. If ERP varied by greater than 10 ms, an additional 

2 measurements were made and then averaged.   

3.2.7.4 AF vulnerability 

AF vulnerability was assessed during ERP testing. AF was defined as rapid 

irregular atrial rhythm. The cumulative duration was calculating by summation of 

all episodes of AF≥10 seconds. 

3.2 8 Hemodynamic assessment 

Invasive blood pressure monitoring was performed during the electrophysiology 

study. Left atrial and pulmonary artery pressures were recorded directly at the 

end of the electrophysiology study. 

3.2.9 Histological assessment 

The animals were euthanized following the electrophysiology study. Isolated atrial 

tissues from the left atrial posterior wall (LAPW) and left atrial appendage (LAA) 

were perfusion-fixed with 4% paraformaldehyde containing 0.02% heparin and 

immersed in 10% neutral buffered formalin. They were then paraffin-embedded 

and, from each site at 1cm intervals, 5μ serial sections were cut and stained with 

hematoxylin and eosin, Masson’s trichrome, and immunohistochemically for 

connexin43.  

3.2.9.1 Inflammation 

Morphometric analysis of hematoxylin and eosin stained sections for perivascular 

inflammation was performed utilizing Image J 1.3 software (National Institutes of 

Health, Bethesda, MD, USA). Stained sections from LAPW and LAA each from 8-10 
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animals per group were digitally captured (from 5 random fields per section using 

NanoZoomer Digital Pathology System software (Hamamatsu Phonetics, Japan). 

The inflammatory cells were identified to surround the vessel wall and infiltrate 

the fat and interstitial regions of the tissue. The endogenous cells in the vessel wall 

were not included for analysis. The results were expressed as the mean 

inflammatory cells/field in each animal. 

3.2.9.2 Fibrosis assessment 

 Morphometric analysis of Masson’s trichrome-stained sections was performed 

utilizing ‘analySIS LS Professional’ software (Olympus Soft Imaging Solutions, 

Münster, Germany) to obtain a quantitative estimate of collagen within the tissue. 

Stained sections from LAPW and LAA from of 8-10 animals per group were 

digitally captured (from 5 random fields per section; magnification x5) with an 

area of Masson’s trichrome selected for its color range and the proportional area of 

tissue with this range of color quantified, as previously described(89).  

3.2.9.3 Connexin43 expression 

 Sections from paraffin embedded atrial tissues were cut and dewaxed using 

xylene and rehydrated through alcohols and antigen retrieval was performed using 

citrate buffer (pH 6). Slides were allowed to cool and washed twice in PBS (pH 7.4), 

then endogenous peroxidise activity was quenched. Non-specific proteins were 

blocked using normal horse serum for 20 min. Connexin43 (Sigma, USA, Cat No. 

C6219) was applied at 1:8000 at room temperature overnight. The following day, 

the sections were given two washes in PBS and then a biotinylated anti-rabbit 

secondary (Vector Laboratories, USA, Cat # BA-1000) was applied for 60 min at 

room temperature. Following two PBS washes, the slides were incubated for 1 
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hour at room temperature with a streptavidin-conjugated peroxidise tertiary 

(ThermoScientific, USA, Cat # 21127). Sections were then visualized using 

diaminobenzidinetetrahydrochloride (DAB), washed, counterstained with 

hematoxylin, dehydrated, cleared and mounted on glass slides. Sections were then 

visualized using diaminobenzidine tetrahydrochloride (DAB), washed, 

counterstained with hematoxylin, dehydrated, cleared and mounted on glass 

slides. Morphometric analysis of DAB-stained sections was performed utilizing 

Image J 1.3 software (National Institutes of Health, Bethesda, MD, USA) to obtain a 

quantitative estimate of connexin43 expression within each tissue. Stained 

sections from LAPW and LAA from 8-10 animals per group were digitally captured 

(from 10 random fields per section, as above; at a magnification of x20) with an 

area of Connexin43 selected for its color range and the proportional area of tissue 

with this range of color quantified, as previously described(89). 

3.2.10 Western blot 

Left atrial appendage tissue was span frozen in liquid nitrogen and stored at -80◦C. 

Electrophoresis and Western immunoblotting were used to assess changes in the 

tissue concentration of TGFβ1, Endothelin-1, Endothelin receptor A and B in the 

left atrium. Tissue samples (approximately 100mg) were sonicated in modified 

500ul RIPA buffer (50mM Tris HCl, pH8.0 at 25oC containing 150mM NaCl, 1% 

IGEPAL, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulphate, 1mM 

dithiothreitol, 50µg/ml leupeptin, 50µg/ml pepstatin A, 50µg/ml aprotinin and 

0.1mM phenylmethylsulphonyl fluoride). Supernatants were prepared from 

successive centrifugation of samples at 13000g, 15 minutes, room temperature 

and then 13000g, 45 minutes, room temperature before an equal volume of sample 

buffer (62.5mM Tris-HCl, pH 7.4, containing 4% SDS, 10% glycerol, 10% β-
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mercaptoethanol and 0.002% bromophenol blue) was added and samples boiled 

for 5 minutes.  Protein concentrations in each sample were equalized according to 

the method of Bradford(287). Electrophoresis was performed using a Mini-

PROTEAN® TGX™ precast gel system (Bio-Rad Laboratories Pty Ltd, Gladesville, 

New South Wales, Australia). Denaturing polyacrylamide gels (10% w/v) were 

employed for protein separation, which was undertaken as described 

previously(288). After separation, proteins were transferred to polyvinylidine 

fluoride (PVDF) membranes for immunoprobing (Bio-Rad Laboratories Pty Ltd). 

Membranes were incubated with antiserum for TGFβ1 (mouse anti-TGF-β1; 

Abcam, Cambridge, UK; 1:1000), endothelin-1 (Acris Antibodies, Herford, 

Germany; 1:10000), endothelin receptor A (Alomone Labs, Jerusalem, Israel; 

1:2000)  or endothelin receptor B (Alomone Labs, Jerusalem, Israel; 1:2000), 

overnight, and labeling carried out using a two-step detection procedure:: first, 

biotinylated secondary antibody (Vector Laboratories; 1:500; 30 minutes) was 

reacted with membranes and then streptavidin-peroxidase conjugate was applied 

(Pierce, Rockford, Il, USA).  Positive antibody labeling was detected as described 

previously and quantification of detected proteins was achieved using the 

program, Adobe PhotoShop CS2(288). Detection of β-actin (Mouse anti-β-actin; 

Sigma Chemical Company, North Ryde, Australia; 1:10000) was assessed in all 

samples as a positive gel-loading control.  

3.3 Statistical Analysis  

Normally distributed continuous data are expressed as mean ± standard deviation, 

whilst median and inter-quartile range [in square brackets] were utilized for 
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middle descriptors for significantly skewed distributions (KS <0.05). Statistical 

significance was set as p<=0.05 and a trend at p<=0.10. 

A mixed effects model was used for all analyses that contained multiple regional 

measures within each animal (eg. 8 x ERPs, CV, CHI per animal; 2 sites [LAA and 

LAPW] for Cx43 and Masson’s, inflammation).  To investigate potential atrial 

specific changes, atria (left or right) and group (obese, 15% weight loss, 30% 

weight loss and lean control) were modeled as fixed effects with an interaction 

term (atria*group).  If no interaction was present, the model was re-run with the 

main effects only, with post-hoc tests using Sidak significance adjustment for 

multiple comparisons where required. The normality of the residuals of the mixed 

effects model were visually inspected to ensure that the parametric model was 

suitable for the dataset).  

For data without multiple measures or levels of data within an animal (eg. fat 

mass, LA size, LVEF) a conventional one way ANOVA methodology was used with 

Sidak adjusted post-hoc testing as warranted. In the case of skewed distributions 

(e.g. TGF-β1 protein), the data were log transformed prior to performing an 

ANOVA. Fatty infiltration was coded into a dichotomous variable (at least 

moderate fatty infiltration or mild/none) and compared using an overall chi-

squared statistic with post-hoc tests if the overall model was significant. The 

cumulative time of AF episodes (≥10 secs) were calculated for each animal and 

were compared between groups using the Kruskal Wallis non-parametric test, 

with post-hoc testing to explore pairwise differences using the Mann-Whitney U 

statistic.      

All analyses were performed using SPSS/PASW version18 (SPSS Inc. Chicago, IL). 
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All procedures were conducted in accordance with guidelines outlined in the 

“Position of the American Heart Association on Research Animal Use”, adopted on 

November 11, 1984. This study was approved by the Animal Research Ethics 

Committees of the University of Adelaide and SA Pathology, Adelaide, Australia.  

3.4 Results 

The obese, 15-, 30% weight loss and control sheep weighed 111±12, 112±11, 

109±9 (p=NS) and 59±7 kg respectively at the time of randomization and weighed 

111±12, 94±10, 77±8 and 58±6 kg (p<0.001) respectively at time of 

electrophysiology study (Table 1) 

 

3.4.1 Hemodynamic and imaging characteristics  

Table 1 and 2 show the hemodynamic and imaging characteristics of the different 

groups. The mean left atrial (LA) and the pulmonary artery pressures was greater 

in the obese group (vs controls <0.001) and reduced upon 30% weight reduction 

(LA mean; p=0.01 and PA mean; 0.002). The systemic blood pressure did not differ 

across the groups (p =NS). The left atrium (LA) was enlarged with obesity and 

reverse remodeled to control size with weight reduction. The LV mass did not 

change significantly upon weight reduction but was significantly greater than the 

control group.  The left ventricular ejection fraction did not differ significantly 

between the different groups (p = NS).   

 

3.4.2 Electrophysiological remodeling  

A custom made multi-electrode plaque was placed over the epicardial surface of 

the left and the right atrium. The plaque was paced from the different corners at 
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three cycle length to perform the electrophysiology study. Figure 2 shows the 

representative activation maps and corresponding phase histograms of the left 

atrium signifying conduction velocity and heterogeneity respectively in the 

different groups. Figure 3 and table 1 show the electrophysiological characteristics 

of the groups. 

3.4.2.1Conduction velocity 

The mean conduction velocity was significantly slower in the obese group as 

compared to controls (p<0.001). It improved progressively with weight loss to 

achieve control values at 30% weight reduction. There was no difference in 

conduction velocities between the right and left atrium (p=0.224). 

3.4.2.2 Conduction heterogeneity Index (CHI):  

The conduction heterogeneity (assessed as CHI) in the obese group was greater 

compared to controls (p<0.001). The conduction heterogeneity progressively 

improved with weight loss (vs obese; p<0.001) but did not achieve controls levels 

(p=0.09).  

3.4.2.3 Atrial refractoriness  

The atrial ERPs (400, 300ms cycle lengths) were shorter in the obese group as 

compared to controls (p=0.03, 0.01 respectively). At both these cycle lengths, atrial 

ERPs improved with 30% weight loss (vs obese; p<0.001 each) to control levels 

(30% weight loss vs control p=0.37). The atrial ERP were significantly shorter in 

left atrium compared to right atrium in obese and weight loss groups (p=0.01) as 

compared to lean controls (p=0.11). 
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3.4.2.4 Vulnerability for atrial fibrillation  

The cumulative AF induced in the control, obese, 15%- and 30% weight reduction 

groups was 135[34-214], 323[198-1331], 118[20-1671] and 93[0-573] 

respectively. As compared to the controls, the obese group had greater AF 

vulnerability during ERP testing (p=0.03). The cumulative duration of induced AF 

reduced significantly with 30% weight reduction (p=0.05) to control levels (30% 

weight loss vs control; p=0.9).  

3.4.3 Structural and molecular remodeling 

3.4.3.1 Inflammation 

Morphometric analysis was performed to assess perivascular inflammation in the 

LA (Figure 5.I).   The perivascular space was expanded with increased 

inflammation in the obese animals as compared to controls (p<0.001). With weight 

reduction, the inflammation reduced stepwise at each step (obese vs 30% weight 

loss; p<0.001) but not to control levels (15% weight loss vs controls; p<0.001). The 

median number of inflammatory cells/field were 0.8 [0.4-2.0], 8.9 [7.6-12.8], 5.1 

[3.0-8.0] and 3[1.8-3.8] in the lean controls, obese, 15-, and 30% weight loss 

groups respectively.   

3.4.3.2 Fibrosis 

Morphometric analysis of the Masson’s trichrome stained sections of the LA 

demonstrated that there was significantly increased interstitial fibrosis in the 

obese group as compared to the controls (p=0.01). Fibrosis regressed with 30% 

weight reduction (p=0.01) to control values (p=0.98). The percentage of staining 
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for fibrosis were 5.1±0.7, 7.5±2.4, 7.8±2.5 and 5.5±1.5% in the lean controls, obese, 

15-, 30% weight loss groups respectively (Figure 5-II). . 

3.4.3.3 Atrial TGFβ1 protein expression 

Atrial TGFβ1 protein levels were assessed by Western blot (Figure 6). Atrial TGFβ1 

expression was elevated in the obese group (vs controls p<0.001). Furthermore, 

TGFβ1 showed a trend towards regression upon 30% weight loss (p=0.07) to a 

level that it did not significantly differ from controls (p=0.10).  There was 

significant correlation between atrial TGFβ1 and left atrial volume (r=0.45, 

p=0.004) and trended to correlate with atrial fibrosis (r=0.35, p=0.07). After 

adjustment for mean LA pressure and LA volume, the association with atrial 

conduction velocity (r=0.51; p=0.01) and conduction heterogeneity (r=0.66; 

p=0.004) was maintained.   The atrial pericardial adipose tissue volume 

significantly correlated atrial TGFβ1 expression (r=0.61; p=0.02) and this 

relationship remained after adjustment for total body fat (p=0.09). 

3.4.3.4 Atrial Endothelin-1 and ER-A and B receptor expression 

Endothelin-1 and ER-A and B receptor expression was evaluated with western blot 

(Figure 6). The endothelin-1 and ER-A receptor expression was similar across the 4 

groups (p=NS). However, the ER-B receptor expression was increased with obesity 

(vs controls; p=0.04) and reduced stepwise with weight reduction (obesity vs 30% 

weight reduction; p=0.01) to control levels (control vs 30%weight reduction; 

p=1.0) 
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3.4.3.5 Connexin43 expression 

Connexin43 expression was analyzed in the LA appendage and posterior wall by 

immune-histochemistry (IHC). Connexin43 was distributed along the intercalated 

disc and cell membrane of the atrial myocytes. Morphometric analysis of DAB 

stained connexin43 demonstrated that there was significant reduction in 

connexin43 expression in the obese group (vs controls; p=0.03). Connexin43 

expression improved significantly upon weight loss (p=0.01) to reach control 

values (p=0.96).  The percentage of connexin43 staining was 2.7±0.6, 1.8±0.4, 

2.0±0.4, 2.5±0.5% in the lean controls, obese, 15- and 30% weight loss groups 

respectively.  There was no alteration in connexin43 distribution with weight 

change (Figure 5.III). 

3.5 Discussion 

3.5.1 Major Findings 

This study provides new information on the hemodynamic, structural, 

electrophysiological, histological and molecular remodeling of the atria with 

sustained obesity and marked reverse remodeling following modest weight 

reduction.  

Sustained obesity was associated with elevated LA and right heart pressures, 

perivascular atrial inflammation, over-expression of pro-fibrotic factor TGFβ1 and 

ER-B receptor, atrial fibrosis, diminution in connexin-43 expression and increased 

propensity for AF. 
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Weight reduction resulted in a significant decrease in total body fat from 40±9kg 

to 20±8kg after 30% weight reduction (albeit still greater than controls) and was 

associated with:  

(i) Decrease in LA size, LA and PA pressures signifying improvement of 

obesity related diastolic dysfunction and reversal of stretch;  

(ii) Reversal of the obesity related atrial fibrosis. This correlated with 

changes in the expression of pro-fibrotic factor TGFβ1 and ER-B 

receptor.  

(iii) Reversal of the obesity related reduction in atrial connexin43.  

(iv) Reversal of the obesity related detrimental changes in atrial conduction 

and refractoriness.  

(v) These improvements in the hemodynamic, structural and molecular 

milieu associated with reversal of atrial fibrosis culminated in a reduced 

vulnerability for AF. 

3.5.2 AF substrate in Obesity  

Population based studies have established a strong epidemiological link between 

obesity and atrial fibrillation.(29,32,266,283,284,289) However, there is paucity of 

information on the substrate for AF in obesity. Obstructive sleep apnea (OSA) is 

closely associated with obesity in humans and predisposes to AF through several 

mechanisms that include hypertension, diastolic dysfunction, heart failure, and 

catecholaminergic surges during sleep.(30,290)  Iwasaki and coworkers have 

shown that AF inducibility was facilitated by obesity in acute obstructive 

apnea.(122) However inducibility for AF was not increased in obese rats in the 
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absence of obstruction. The ovine model allows evaluation of obesity in absence of 

obstructive sleep apnea.  

3.5.3 Electrophysiological remodeling in sustained obesity 

Our study shows diffuse atrial fibrosis and conduction abnormalities with 

sustained obesity. Similar findings have been observed with structural remodeling 

in other substrates.  In addition, abbreviated atrial refractoriness was seen with 

sustained obesity. The shortening of refractoriness is consistent the observations 

of Munger and coworkers, who reported shortened ERPs in patients with elevated 

body mass index.(123) In contrast, shortening of atrial refractoriness has not been 

observed with short term weight gain.(121) The shortening of the refractoriness 

could potentially represent changes in the expression of Ito and L type ICa ion 

channels.(104) These changes could be related to the either obesity per se or 

secondary to electrical remodeling due to spontaneous AF. However, this cannot 

be confirmed as the sheep did not undergo ambulatory ECG monitoring. 

3.5.4 Determinants of atrial fibrosis in obesity  

Atrial fibrosis is postulated to result in conduction abnormalities and increase the 

propensity for AF. Our study describes several key changes that play a crucial role 

in deposition of collagen and extracellular matrix proteins. In our study, sustained 

obesity was associated with perivascular inflammatory infiltrate in the atria. Given 

the ability of the leucocytes to leave the circulation, these inflammatory cells may 

contribute to interstitial fibrosis in the atria. Leucocyte derived haeme enzyme 

myeloperoxidase has been shown to be a critical regulatory switch modulating 
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matrix metalloproteinases (MMP), a key enzyme in extracellular matrix (ECM) 

turnover leading to atrial fibrosis.(250,252) 

TGFβ superfamily and endothelin-1 system overexpression was seen in our 

obesity model as has been described in human obesity.(294,295) TGFβ signaling 

pathway is crucial regulating systems in cardiac fibrogenesis acting primarily 

through SMAD protein pathway(296).  Endothelin system acts downstream to 

TGFβ1 and activates the procollagen I promoter and collagen synthesis in 

fibroblasts(226). It also stimulates aldosterone release via ET-B receptor(227). 

Previous studies in hypertensive and heart failure rat models have demonstrated 

that the effect of cardiac fibrosis is mediated through the ET-B receptor(231,232). 

Our study confirmed atrial TGFβ1 protein and ET-B receptor (key endothelin 

receptor mediating fibrosis) over-expression with obesity. The atrial TGFβ1 

protein also correlated strongly with atrial fibrosis, conduction velocity and CHI, 

even after adjusting for hemodynamic parameters. 

Sustained obesity was associated with diminution of connexin-43 expression. The 

alteration in distribution and degree of expression of gap junction proteins has 

been shown to predispose to AF by causing slow and/or inhomogeneous 

conduction(201). 

3.5.5 Reversal of obesity related AF substrate with weight 

reduction 

The Women Health study has shown potential reversibility of risk for developing 

new AF in women reducing weight over a period of 5 years.(32) A recently 

published randomized study has demonstrated reduction in AF burden and 
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severity with weight reduction and cardiometabolic risk factor management in 

obese patients with diagnosed AF.(297)   

Our study describes the reversal in electrophysiological substrate with 

improvement in conduction abnormalities and normalization of atrial 

refractoriness. The reduction in inflammation, normalization of ER-B receptor 

expression and reduction in TGFβ1 expression potentially resulted in reabsorption 

of collagen and reversal of fibrosis leading to reversal of electrophysiological 

abnormalities. Normalization of connexin-43 expression with weight reduction 

could have contributed to decreased propensity for AF.(203) Reversal of 

electrophysiological substrate has previously been scarcely studied. Reversibility 

of substrate was first addressed in an experimental heart failure canine model, 

which demonstrated extensive electrical abnormalities and atrial fibrosis with 5 

weeks of ventricular tachypacing (139). In this study, despite the reversal in atrial 

size and AF inducibility over the next five weeks of recovery, the atrial fibrosis 

persisted. However, the study was limited by the short period of recovery phase. 

Reversal has also been studied following mitral commissurotomy in mitral stenosis 

which led to improvement in conduction abnormalities, reduced fractionation and 

decreased propensity to AF(97). However, another study reported persistence of 

conduction abnormalities in right atrium after closure of atrial septal defect(154). 

The difference in the reversibility may be a factor of duration of exposure to 

underlying condition, degree of changes and effectiveness of the intervention. 

The reversal of substrate and reduced propensity for AF seen in this study with 

weight reduction is in contrast with the conflicting results with ACE inhibitors and 

statins which target molecular milieu responsible for fibrosis. However, removal of 
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the ‘stretch stimulus’ and down regulation of the pro-fibrotic factors with weight 

reduction may produce a larger and more effective intervention  than targeting 

individual molecular pathway, explaining the results in the study. 

3.6 Limitations 

This study was performed in a sheep model, and as with all animal studies, 

confirmation is a pre-requisite through clinical investigation. Although, the sheep 

were maintained obese for nearly twenty percent of their usual life span to mirror 

long standing human obesity; the degree of substrate development still may not 

correlate with humans.  

3.7 Clinical Implications   

This study provides evidence to support the direct role of obesity in forming the 

substrate for AF. Furthermore, it demonstrates that weight reduction should be an 

important component of management of AF in obese individuals.  

 

CONCLUSION 

Obesity results in the substrate for AF through a pro-fibrotic milieu leading to 

structural and electrophysiological remodeling. Importantly, this study 

demonstrates that modest weight reduction leads to reversal of fibrosis 

culminating in improvement of electrophysiological parameters and less AF. In 

addition, the study provides evidence that atrial substrate may reverse 

significantly with reduction in AF if appropriate intervention is undertaken. 
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Table 1:  Body mass, structural, hemodynamic and 

electrophysiological and molecular characteristics of obese, 

weight loss and control groups.  

 

 Contro
l group 

Obese 
group  

15% 
Weight 
loss 

30% 
Weight 
loss  
group  

Obese 
vs 
Contro
l 
 

Obese 
vs 
15% 
Weight 
loss 

Obese 
vs 
30% 
Weight 
loss 
 

30% 
Weight 
Loss vs 
Contro
l 
 

Weight (kg) 58±6   111±12  94±9 77±8  <0.001  0.001 <0.001   0.001   
Total Body fat (kg) 7±4 40±9 31±4 20±8 <0.001 0.01 <0.001 0.002 

A pressure (mmHg) 3.8±1.5 9.3±2.0 6.5±3.1 5.3±2.9 <0.001 0.1 0.007 0.7 
PA pressure 
(mmHg) 

9.5±2.3 15.1±2.
5 

13.5±2.
5 

10.9±2.
0 

<0.001 0.6 0.002 0.7 

Systemic BP 
(mmHg) 

69±11 59±8 64±13 73±14 0.4 0.9 0.1 0.9 

LA dimension 
(major axis, mm) 

35.4±3.
4 

38.6±1.
6 

38.4±2.
5 

36.0±2.
3 

0.05 1.0 0.13 0.9 

Conduction 
velocity(mean, 
m/s) 400ms CL 
pacing 

1.06±0.
23 

0.81±0.
12 

0.83±0.
13 

1.01±0.
20 

0.003 1.0 0.01 1.0 

Conduction 
velocity(mean, 
m/s) 300ms CL 
pacing 

1.08±0.
19 

0.78±0.
11 

0.81±0.
10 

1.03±0.
20 

0.001 1.0 0.001 1.0 

Conduction 
velocity(mean, 
m/s) 200ms CL 
pacing 

1.04±0.
19 

0.78±0.
16 

0.80±0.
11 

0.93±0.
22 

0.02 1.0 0.2 0.6 

Conduction 
heterogeneity 
(CHI) 

1.07±0.
19 

1.70±0.
59 

1.50±0.
53 

1.23±0.
28 

<0.001 0.05 <0.001 0.09 

ERP (CL=400) 190±36 147±33 161±33 210±36 0.003 0.7 <0.001 0.4 
ERP (Cl=300) 177±20 145±29 153±33 191±29 0.001 0.9 <0.001 0.6 
ERP (CL=200) 145±15 128±20 126±21 138±22 0.06 1.0 0.6 0.7 
Cumulative AF 
(seconds) 

135[34
-214] 

323[19
8-
1331] 

118[20
-1671] 

93[0-
573] 

0.03 0.1 0.05 0.9 

Inflammation 
(Inflammatory 
cell/hpf) 

0.8 
[0.4-
2.0] 

8.9 
[7.6-
12.8] 

5.1 
[3.0-
8.0] 

3[1.8-
3.8] 

<0.001 <0.01 <0.001 <0.001 

Fibrosis (%Staining;  
morphometry) 

5.1±0.7 7.5±2.4 7.8 
±2.5 

5.5±1.5 0.01 1.0 0.01 1.00 

Atrial TGFβ1 
protein expression 

0.30[0.
18-
0.55] 

1.64[1.
44-
2.25] 

1.62[1.
33-
1.96] 

0.83[0.
42-
1.41] 

<0.001 1.0 0.07 0.01 

Endothelin 1 0.71±0.
13 

0.69±0
23 

0.72±0.
41 

0.84±0.
36 

NS* NS* NS* NS* 

Endothelin 
Receptor A 

0.50±0.
19 

0.79±0.
52 

0.54±0.
54 

0.82±0.
51 

NS** NS** NS** NS** 
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Endothelin 
Receptor B 

0.87±0.
30 

1.32±0.
36 

0.89±0.
38 

0.77±0.
28 

0.04 0.04 0.01 1.0 

Connexin43 
(%Stain; 
morphometry) 

2.7±0.6 1.8±0.4 2.0±0.4 2.5±0.5 0.03 1.0 0.01 1.0 

*   Group main effect p=0.4. Post doc test not performed. 
** Group main effect p=0.4. Post doc test not performed. 
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Figure1: Study Outline.  

 

 

The weight of the obese sheep reached the maximum at 36 weeks. These obese sheep were 
subsequently maintained at this weight for another 36 weeks prior to randomization to three 
groups i.e. obese, 15% and 30% weight loss. Weight reduction was achieved by restricting 
dietary intake over 32 weeks. Eight sheep were maintained lean to serve as controls. 
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Figure 2:  Representative activation maps (panel I) and 
corresponding phase histograms (panel II) of left atrium (300ms 
cycle length) in control, obese, 15- and 30% weight reduction 
groups.  

 

The plaque was paced from the corner. The maps are drawn to the same scale and 2ms 
Isochrones are superimposed to facilitate visualization of isochronal crowding that represent 
conduction slowing and block. The phase histograms represent conduction heterogeneity, a 
measure of conduction variability, with greater dispersion representing greater heterogeneity. 
Increase isochronal crowding and longer activation times are noted in obese group and 
improvement with 30% weight loss. Elevated conduction heterogeneity index (CHI), as 
reflected in greater dispersion on phase histograms was seen in the obese group with 
improvement with 30% weight reduction. 
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Figure 3: I) ERP distribution II) Conduction velocity and III) 
Conduction heterogeneity in control, obese, 15- and 30% weight 
loss groups.  
 

 

*: Significant, **: Non-significant. 
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Figure 4: Inflammation, fibrosis and connexin expression with 

weight loss 

 

I) H&E stained high sections showing inflammatory infiltrate in the perivascular space in 
the LA posterior wall. The perivascular space was expanded in obesity and infiltrated with 
inflammatory cells. Some of the inflammatory cells are marked by arrowheads. The 
inflammation reduced stepwise with weight reduction. Scale bar 100µm. II) Masson 
trichome stained sections (X5) of the LA posterior wall. Fibrosis was quantified 
morphometrically. There was increased deposition of fibrous tissue in obesity which 
reversed with weight reduction III) DAB stain Connexin43 sections (X20) of the LA 
posterior wall. The Connexin43 expression was analyzed morphometrically. The 
connexin43 was distributed along the intercalated discs. Connexin43 expression was 
diminished with obesity without alteration in distribution. Weight reduction restored the 
normal expression. 
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Figure 5: Atrial TGFβ1 and Endothelin, ER-A and B expression 

with weight reduction 

 

I) Western Blot analysis of atrial Endothelin-1, Endothelin receptor A and B, 
TGFβ1protein expression in control, obese, 15- and 30% weight loss groups. Data was 
densitometrically scanned from blots of each case and then used to determine relative 
difference in TGFβ1 protein expression. II) Bar graphs showing changes in atrial 
Endothelin-1, Endothelin receptor A and B, TGFβ1 protein expression with obesity and 
weight reduction. See text for details. Overall group p values were significant for 
Endothelin receptor B and TGFβ1 protein and non-significant for Endothelin-1 and 
Endothelin receptor A. *: Significant, **: Non-significant, ***: Trend. 
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Chapter 4 

Obesity and Weight Reduction: Impact on the 

endocardial substrate for Atrial Fibrillation 

4.1 Introduction 

Obesity and atrial fibrillation (AF) are issues of public health importance (2,3,263). 

The prevalence of obesity has increased by 50% in the last few decades with 75% 

of adults over 40 years of age being classified as overweight or obese(263). It is 

this age group which is mainly affected with non valvular AF. Obesity has been 

implicated as a new factor predisposing to the development of 

AF(29,32,33,266,284). A meta-analysis of population based studies has 

demonstrated a graded ‘dose response relationship’ with the relative risk of 

developing atrial fibrillation (AF) incrementally rising from 1.3% to 2.1% to 3.2% 

in the normal weight, overweight and obese population respectively(33). 

Furthermore, data from Women Health Study, suggests that the risk of developing 

new AF may diminish with weight reduction(32). 

Although experimental studies have suggested that development of substrate may 

be prevented, reversal has been incompletely demonstrated(292). In this 

endocardial mapping study in a chronic obese ovine model, we evaluate the effect 

of weight reduction on reversibility of the endocardial biatrial substrate for AF. 
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4.2 Methods 

All animal handling was conducted in accordance to the guidelines for use and care 

of animals for research by the National Health and Medical Research Council of 

Australia on research animal use. The study was approved by the Animal Research 

Ethics Committee of the University of Adelaide and SA Pathology, Adelaide, 

Australia. 

4.2.1 Study Groups 

Figure 1 provides the study outline. Ten sheep had induced obesity by ad-libitum 

calorie dense diet over a 36 week period and maintained their weight for another 

24 weeks. These sheep were then subject to 32 weeks weight reduction. Ten lean 

sheep of similar age served as control. 10 animals in obese state and of these 8 

animals after weight reduction and 10 controls underwent: imaging (DEXA and 

Echocardiography), hemodynamic assessment, and bi-atrial endocardial 

electroanatomic mapping and electrophysiological evaluation. The animals will be 

pre-acclimatized for at least one week prior to study. 

4.2.2 Obese Ovine Model 

 Weight gain: A previously described ovine model of progressive weight gain, 

based on ad-libitum regimen of hay and high energy pellets, was utilized to induce 

progressive weight gain(285). At baseline, healthy sheep were commenced on a 

high caloric diet of energy-dense soybean oil (2.2%) and molasses fortified grain 

and maintenance hay with weekly weight measurement. Excess voluntary intake 

was predominantly of grass alfalfa silage and hay. For the obese sheep, pellets 

were gradually introduced at 8% excess basal energy requirements, and rationed 

to ≥70% of total dry matter intake. The sheep gradually gained weight to terminal 
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obesity in 36 weeks and were subsequently maintained at this weight for 24 

weeks.  

Weight reduction: The obese sheep then underwent gradual weight reduction over 

32 weeks. The energy-dense soybean oil and molasses fortified feed was gradually 

withdrawn and replaced with high quality cereal hay which was reduced to two-

third of the normal intake. The weight was monitored weekly. Blood samples were 

periodically collected to ensure electrolyte and acid-base homeostasis. 

The control sheep were maintained at their baseline weight with high quality 

cereal hay provided ad-libitum and energy dense pellets rationed at 0.75% of live 

weight. Nutritional content of food and housing conditions were identical between 

both groups, but only the amount was varied. Shorn weight was recorded 

immediately prior to surgery. 

4.2.3 DEXA scan 

 The DEXA scan was performed to determine total body fat in the animals. The 

DEXA scan was performed under general anesthesia. 

4.2.4 Transthoracic echocardiography 

 An echocardiogram was performed under general anesthesia prior to the 

electrophysiology study. The left atrial diameter and length were measured in 

apical 4-chamber view. The left ventricular dimensions were measured in M-Mode 

in parasternal long axis view at the level of mitral leaflet tips. The left ventricular 

dimensions were utilized to determine global left ventricular function.  

4.2.5 Electrophysiological study 

Electrophysiological study was performed in the post absorptive state under 

general anesthesia. A 10-pole catheter with 2-5-2 mm inter-electrode spacing 
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(Daig Electrophysiology, Minnetonka, MN) was positioned in the coronary sinus 

with the proximal bipole positioned at the ostium of coronary sinus in the best left 

anterior oblique view. A transeptal puncture was performed using conventional 

techniques under fluoroscopy to map the left atrium. 

Surface electrocardiogram (ECG) and bipolar endocardial electrograms were 

continuously monitored and stored on a computer based digital 

amplifier/recorder system for off-line analysis (LabSystem Pro, Bard 

Electrophysiology, Lowell, MA, USA). Intracardiac electrograms were filtered from 

30 to 500 Hz, and measured with computer assisted calipers at a sweep speed of 

200 mm/s. 

4.2.5.1 Electroanatomical mapping 

Electroanatomic maps of the right and left atrium was created of during sinus 

rhythm using the CARTO XP mapping system and a 3.5-mm tip catheter (Navistar, 

Biosense-Webster). The electroanatomic mapping system has been previously 

described in detail(298); the accuracy of the sensor position has been previously 

validated and is 0.8 mm and 5°. In brief, the system records the surface ECG and 

bipolar electrograms filtered at 30 to 400 Hz from the mapping and reference 

catheters. Endocardial contact during point acquisition was facilitated by 

electrogram stability, fluoroscopy, and the catheter icon on the CARTO system. 

Points were acquired in the auto-freeze mode if the stability criteria in space 

(≤6mm) and local activation time (LAT; ≤5ms) were met. Mapping was performed 

with an equal distribution of points using a fill-threshold of 15 mm. Editing of 

points was performed offline. Local activation time was manually annotated to the 

peak of the largest amplitude deflection on bipolar electrograms. In the presence of 

double potentials, the LAT was annotated at the largest potential. If the bipolar 



97 
 

electrogram displayed equivalent maximum positive and negative deflections, the 

maximum dv/dt on the simultaneously acquired unipolar electrogram was used to 

annotate the LAT. Points were excluded if they were not conforming to the surface 

ECG P-wave morphology  or if  they were < 75% of the maximum voltage of the 

preceding electrogram. Regional atrial bipolar voltage and conduction velocity 

were analyzed offline and are detailed below.  

4.2.5.2 Atrial conduction velocity 

Isochronal activation maps (5-ms intervals) of the atria were created and regional 

conduction velocity determined in the direction of the wave-front propagation 

(least isochronal crowding). The CARTO system determines conduction velocity by 

expressing the distance between 2 points as a function of the difference in local 

activation time. For analysis, each atrium was segmented as previously 

described(92,98,117,299). The RA was segmented as the high- and low-lateral RA, 

high- and low posterior RA, high- and low-septal RA, and anterior RA. The LA was 

segmented as posterior LA, anterior LA, septal LA, inferior LA, lateral LA, and LA 

roof. Mean conduction velocity for each region was determined by averaging the 

conduction velocity between 3-5 pairs of points, as previously 

described(92,98,99,117,299).  

The proportion of points demonstrating delayed conduction was determined using 

the following definitions: 1) fractionated signals: complex activity of 50ms 

duration with 3 or more deflections from baseline; and 2) double potentials: 

potentials separated by an isoelectric interval and the total electrogram duration 

≥50ms(99). 
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4.2.5.3 Atrial voltage 

For the purpose of evaluating regional bipolar voltage, the atria were segmented as 

above. For each region the mean voltage was obtained by determining the mean of 

the bipolar voltage of the points within the given region. The global voltage of the 

chamber was obtained by calculating the mean of the means of the different 

segments. An index of heterogeneity of the bipolar voltage amplitude was 

determined by calculating the coefficient of variation of the different regions in 

each chamber. Low voltage areas were defined as contiguous points with a bipolar 

voltage <0.5 mV. Electrically silent areas (scar) was defined as contiguous points 

with absence of recordable activity or a bipolar voltage amplitude <0.05 mV (the 

noise level of the system) as previously described(92,117,299). 

4.2.5.4 Effective Refractory Period 

Effective refractory period (ERP) testing was performed after the electroanatomic 

mapping. Atrial ERPs were evaluated at twice the diastolic threshold at cycle 

lengths ( CLs) of 450 and 300ms using an 8-beat drive train followed by an extra-

stimuli (S2), starting with an S2 coupling interval of 120ms increasing in 10ms 

increments. The ERP was defined as the longest coupling interval failing to 

propagate to the atrium. ERP was measures from the following 7 sites: (1) right 

atrial appendage, (2) right atrial lateral wall- upper, (3) right atrial free wall- 

lower, (4) proximal CS, (5) distal CS, (6) left atrial appendage and (7) left atrial 

posterior wall. ERP was measured 3 times at each cycle length and averaged. If 

ERP varied by more than 10ms, an additional 2 measurements were made and the 

total number averaged. ERP heterogeneity was determined by the coefficient of 

ERP variation at each cycle length (CoV = SD/mean × 100%).  
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4.2.5.5 AF inducibility and duration 

AF inducibility was assessed during ERP testing. Atrial fibrillation was defined as 

irregular atrial activity lasting at least 2 seconds(89). AF occurring in absence of 

ERP testing or pacing was defined as spontaneous. AF lasting more than 5 minutes 

was considered sustained; when this occurred no further data was acquired. 

4.2.6 Hemodynamic assessment 

Invasive blood pressure monitoring was performed during the electrophysiology 

study. Left atrial, right atrial and pulmonary artery pressures were recorded. 

4.3 Statistical Analysis  

Normally distributed continuous data are expressed as mean ± standard deviation, 

whilst median and inter-quartile range [in square brackets] were utilized for 

middle descriptors for significantly skewed distributions (KS <0.05). Statistical 

significance was set as p<0.05. 

A mixed effects model was used for all analyses to account for the nested data 

within each animal (eg. 7 ERPs, regional conduction velocity and voltage) and also, 

the repeated measures in eight animals (obese and obese weight loss) as compared 

to a separate control group. In data containing left and right atrial components, a 

mixed effects model was created between the groups (obese and obese/weight 

loss) to examine the main effects of group, atrium (right and left atrium) and their 

interaction. If no group by atrium interaction was present, the model was re-run 

with the main effects only. To compare these results against the control group, we 

developed a three group model with only atrium and group main effects, with 

Sidak adjusted post-hoc analyses, in the case of a significant group main effect.  
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For data without multiple measures or levels of data within an animal (e.g. LA size, 

LVEF) a conventional one way ANOVA methodology was used with Sidak adjusted 

post-hoc testing as warranted. When log transformation did not result in a 

satisfactorily normal distribution (ie. number of AF episodes), the data were 

analyzed using a 3 group Kruskal-Wallis test and group pair-wise post-hoc testing 

with Mann-Whitney U.  All analyses were performed using SPSS/PASW version18 

(SPSS Inc. Chicago, IL). 

4.4 Results 

4.4.1 Group characteristics 

Ten obese sheep gained weight over a period of 36 weeks and remained at stable 

obesity for 24 weeks. These obese sheep underwent gradual weight reduction over 

32 weeks. Of these 10, 8 underwent successful weight reduction and underwent 

repeat evaluation. The control sheep maintain their weight over this period.  

4.4.2 Body mass Characteristics 

Table 1 describes the body mass characteristics of the two groups. The obese 

group significantly reduced their weight from 110±9kg to 79±7kg but not to 

control levels (60±7kg). Concurrently, the obese group significantly reduced their 

total body fat from 34.5±6.0kg to 17.0±6.1kg but not to control levels (8.7±5.6kg) 

 4.4.3 Structural and hemodynamic remodeling 

 The left atrium (LA) dimensions significantly reduced and revere remodeled to 

control size after weight loss (Table 1). Similarly left ventricular hypertrophy was 

observed in obese sheep which reversed with weight reduction. However the left 
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ventricular ejection fraction did not differ significantly between the three groups 

(p value 0.97). 

The mean left atrial and the pulmonary artery pressures significantly reduced with 

weight loss in obese sheep to a stage that they were no longer significantly 

different from control group. The systemic blood pressure was did not significantly 

change with obesity and upon weight loss (p value 1.0). 

4.4.4 Electroanatomic remodeling 

Both the left and right atria (RA) were enlarged in the obese group (p<0.001) and 

they revere remodeled with significant reduction in volume of both the chambers 

with weight loss (p<0.001) to a level that it was no longer different from controls 

(p=0.23). The electroanatomic maps of both the atria were created in sinus 

rhythm. The electrophysiology data has been summarized in Table 1. 

4.4.4.1 Conduction velocity 

 The mean conduction velocity improved significantly in both the atrial chambers 

with weight reduction to a level that it was no longer significantly different from 

controls (Table 1, Figure 2). Despite the improvement in mean conduction velocity, 

the reduction in conduction heterogeneity was non-significant with weight loss 

(22.0 ±6.1% vs 19.7±5.1%, p=0.49). 

4.4.4.2 Complex fractionation 

 The percentages of fractionated potentials/ double potentials (FP/DP) in both the 

atria reduced significantly with weight loss. The FD/ DP reduced from 53.4±13.6% 

to 41.4±11.6% in the LA and 36.0±12.2% to 31.2±10.6% in the RA with weight loss 

(p<0.001). Despite the reduction, the signal fractionation was significantly higher 

than the controls (LA 10.8±4.4%, RA 8.2±2.9%, p<0.001). 
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4.4.4.3 Voltage 

The mean voltage in the obese group (LA 4.5±1.7 mV, RA 4.1±1.6 mV), after weight 

loss (LA 4.9±1.6, RA 3.9±1.2mV) and controls (LA 4.4±1.4 mV, RA 3.6±0.9mV) did 

not differ significantly in sinus rhythm (Figure 3, Table 1). There was no area of 

low voltage or scar in either chamber in obese-pre and post weight reduction and 

control groups. However, regional voltage heterogeneity was elevated in the obese 

group (32.1±8.8%) as compared to the controls (24.6±7.5%; p=0.01).  This 

increased voltage heterogeneity reduced non-significantly with weight loss 

(29.1±4.5%, p=0.49), to a level that it was no longer significantly more than control 

group (p=0.21). 

4.4.4.4 Atrial refractoriness 

The atrial ERP, at both 450 and 300ms cycle length, from the seven sites did not 

differ significantly in the obese-pre and post weight reduction and control groups 

(Table 1, Figure 4A). The ERP heterogeneity, at both 450 and 300ms cycle length, 

from the seven sites, also did not significantly differ between the obese-pre and 

post weight reduction and control groups (Table 1). 

4.4.4.5 Vulnerability for atrial fibrillation 

 AF inducibility was evaluated during ERP testing. The median AF episodes did not 

differ significantly in the obese group pre (4.5 (2.5-6.5)) or post weight loss (4 

(2.8-5.5) (p=0.65). Similarly, the mean AF episode duration remained elevated 

despite weight loss (Table 1).  



103 
 

4.5 Discussion 

4.5.1 Major Findings 

This study demonstrates new information regarding the reversal of endocardial 

remodeling that occurs as a consequence of obesity. It observes partial reversal of 

obesity related AF substrate with modest weight reduction. Weight reduction 

resulted in reduction of the total body fat 34.5kg to 17kg although still greater than 

the lean controls (8.7 kg).  The following features were observed with weight 

reduction: 

• Reversal of bi-atrial enlargement with weight reduction; 

• Normalization of obesity related elevated left atrial and pulmonary artery 

pressures; 

• Improvement in regional conduction velocity to control levels with weight 

reduction. However, the  regional conduction heterogeneity did not 

significantly reverse with weight loss achieved;  

• Reduction in complex fractionated electrograms with weight loss; 

• Obesity and weight reduction had no impact on endocardial atrial 

refractoriness. 

4.5.2 Substrate for AF in Obesity 

Epidemiology studies have demonstrated a link between obesity and atrial 

fibrillation(29,32,33,266,283,284,289). Experimental studies in obese ovine model 

has demonstrated diffuse atrial fibrosis and over-expression of pro-fibrotic factors 

resulting in epicardial  and  endocardial conduction abnormalities and increased 

vulnerability for AF(121,300). The remodeling with obesity is distinct from 
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electrical remodeling(85) and is  consistent with structural remodeling observed 

with experimental heart failure(86) and hypertension(89) as well as in clinical 

studies(92,95,96). This has been confirmed by Munger and coworkers in patients 

undergoing ablation for AF. They reported impaired conduction from the left 

atrium into the pulmonary veins(123). Atrial refractoriness has been 

demonstrated to be shortened in clinical as well as epicardial mapping pre-clinical 

studies.  

4.5.3 Mechanism of AF in obesity 

Obesity results in chronic stretch and dysregulation of the pro-fibrotic signaling 

pathways leading to atrial fibrosis (300). This is a common factor with other 

precursors of AF like hypertension and heart failure (86,91,231,232). In addition, 

epicardial fat is thought to play a unique role in substrate development in 

obesity(274,276,279,301-303). Like other visceral fat depots, it is metabolically 

active and secretes pro-fibrotic adipo-cytokines that promote atrial fibrosis(216). 

The close association with heart muscle and absence of separating fascia facilitate 

the paracrine action(304). We have previously demonstrated infiltration of the 

atrial musculature by the contiguous epicardial fat in obese sheep. This may 

represents a unique substrate in obesity(305) and could potentially promote re-

entry and AF in a fashion that is proposed for fibrosis.  

Experimental studies have demonstrated increased expression of the TGFβ and 

endothelin signaling pathways in sustained obesity(300). Although the signaling 

pathways for fibrosis are still not well understood, there is evidence to suggest 

TGFβ1 is central to these pathways(296,306). It interacts with other signaling 

molecules, including the downstream endothelin pathway, to regulate matrix 



105 
 

protein synthesis. Dysregulation of these pathways leads to deposition of excessive 

collagen and matrix proteins resulting in fibrosis.  

Decreased expression of gap-junction protein connexin-43 has also been 

demonstrated with obesity. Unlike infarction, there was no distortion of the 

distribution of connexin-43. However, the overall expression has been reported to 

be reduced in obesity. Dysregulation of endothelin signaling pathway may play a 

role in connexin-43 expression(204). In addition, enhanced endothelin system 

activity has been described in obesity(295) suggesting that  endothelin system 

may have a role in creating a substrate for AF by altering connexin43 expression. 

However, gaps in knowledge persist in the role of connexin in atrial fibrillation 

with issues like multiple connexin expression (in atria), heteromeric/ heterotypic 

gap junction, functionality of the remodeled gap junctions clouding the exact role 

in AF substrate genesis(201).  

4.5.4 Reversal of the substrate for AF due to obesity 

Structural remodeling and associated conduction abnormalities have been 

recognized to be integral to substrate development for AF. The degree of 

reversibility with removal of inciting factor or intervention is variable and not fully 

characterized. John et al demonstrated improvement in conduction abnormalities 

with reduced fractionation after mitral commissurotomy in mitral stenosis which 

was associated with decreased propensity to AF(307).  Lau et al have described 

prevention of conduction abnormalities and reduction in interstitial fibrosis with 

omega-3 polyunsaturated fatty acids in a heart failure model(308). However, 

Morton et al, demonstrated persistence of conduction abnormalities in right atrium 

after closure of atrial septal defect(154). The difference in the reversibility may be 
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a factor of duration of exposure to underling condition, degree of changes and 

effectiveness of the intervention. 

We have earlier shown that weight reduction results in improved epicardial 

conduction, normalization of epicardial atrial refractoriness, reduction in pro-

fibrotic atrial TGFβ1 and Endothelin Receptor-B , fibrosis and normalization of 

connexin-43 expression(300). The endocardial electroanatomic remodeling 

occurred along a similar line, albeit the reduction in AF vulnerability during 

endocardial ERP testing was not observed.  This could represent a residual 

endocardial substrate persisting despite weight reduction.  

4.6 Limitations 

We describe an extremely obese model with fivefold increase in total body fat. The 

extreme obesity may be possibly responsible for incomplete reversal of 

electrophysiological changes noted with weight reduction. In addition, even after 

weight reduction, the body fat was significantly more than the controls. It is not 

known whether the changes would further regress with further weight loss or 

even sustained weight loss for a longer duration. Also, the level of obesity beyond 

which the changes do not completely reverse with weight loss is not known.  

Finally, the development of clinical AF is a complex process, with other factors 

such as triggers and perpetuators which are not addressed in the current study. 

4.7 Clinical Implications   

This study provides evidence to support the direct role of obesity in forming the 

substrate for AF. It raises caution that not all of the elements of the AF substrate 
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may be resolved with weight reduction and highlights the need for prevention of 

the obesity epidemic.   

4.8 Conclusion 

Obesity results in structural, hemodynamic, endocardial electrophysiological 

remodeling. Although structural and hemodynamic changes completely reverse, 

the endocardial electrophysiological changes only reverse partially with weight 

reduction.  
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Table 1:  Body mass, structural, hemodynamic and 

electrophysiological characteristics of Obese- pre and post weight 

loss and Control groups 

 

Parameter Control Obese Weight 
Reductio
n 

p value  p value  p value  

Control 
vs Obese 

Obese vs 
Weight 
loss 

Weight 
loss vs 
Control 

Weight (kg) 60±7 110±9 79±7 <0.001 <0.001 <0.001 

Total Body fat (Kg) 8.7±5.6 34.5±6.0 17.0±6.1 <0.001 <0.001 0.02 

LA transverse diameter 

(mm) 

36.2±1.3 38.3±1.9 36.1±2.4 0.05 0.06 1.0 

LA anterio-posterior 

diameter (mm) 

27.7±1.1 30.1±1.4 26.8±2.2 0.01 <0.001 0.51 

LVEF (%) 69.8±5.0 70.4±5.9 69.8±5.3 NS* NS* NS* 

LV posterior wall 

thickness (mm) 

7[7-7] 9[8-10] 8[7-8] 0.001 .02 0.24 

LA mean (mmHg) 3.7±1.4 8.1±2.8 5.8±2.7 <0.001 0.01 0.09 

PA mean(mmHg) 9.8±2.6 15±0.7 11.5±1.7 <0.001 0.01 0.29 

Systemic BP mean 

(mmHg) 

70.7±11.
8 

86.3±13.
4 

88.4±23.
6 

0.19 1.0 0.32 

LA volume- CARTO (ml) 73.5±12.
8 

86±15.0 66.4±8.8 <0.001# 
 

<0.001# 
 

0.23# 
 

RA volume-CARTO (ml) 75.1±14.
5 

89.3±15.
9 

64.5±8.6 

Conduction Velocity 

(mean, m/s) –LA  

1.58±0.2
2 

1.18±0.2
8 

1.49±0.3
3 

<0.001# 
 

0.001# 
 

<0.001# 
 

Conduction Velocity 

(mean, m/s) –RA  

1.43±0.1
6 

1.03±0.2
4 

1.31±0.2
9 

CV heterogeneity (%) 9.1±4.9 22.0±6.1 19.7±5.1 <0.001 0.49 <0.001 

FD/DP LA (%) 10.8±4.4 53.4±13.
6 

41.4±11.
6 

<0.001# <0.001# 0.30# 
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FD/DP RA (%) 8.2±2.9 36.0±12.
2  

31.2±10.
6 

Voltage RA (mean, mV) 3.6±0.9 4.1±1.6 3.9±1.2 NS* NS* NS* 

Voltage LA (mean, mV) 4.4±1.4 4.5±1.7 4.9±1.6 NS* NS* NS* 

Voltage Heterogeneity 

(%) 

24.6±7.5 32.1±8.8 29.1±4.5 0.01 0.49 0.21 

ERP mean (ms) CL 

300ms 

182±26 180±24 187±27 NS* NS* NS* 

ERP heterogeneity at CL 

300 (%) 

10.0±4.2 10.5±3.3 12.4±4.0 0.99 0.67 0.50 

ERP mean (ms) CL 

450ms 

189±29 190±31 194±38 NS* NS* NS* 

ERP heterogeneity at CL 

450 (%) 

10.3±3.3 16.3±5.4 13.6±5.1 0.01 0.29 0.32 

AF episodes- total  1(0-2) 4.5(2-7) 4(2.5-6) 0.01 0.65 0.07 

AF episode 

duration)(seconds) 

2.7[2-5] 7.9[5-
17.7] 

43[9-
226] 

0.03 0.08 0.01 

* Post hoc test not performed as group main effect was not significant (p >0.05) 
# P-value represents overall group effect for both LA and RA in a model that included group, atrium and their 
interaction. 
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Figure 1: Study outline  
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Figure 2: Endocardial conduction velocity and heterogeneity with 

weight reduction   

 

 A) Mean conduction velocity (CV) and B) CV heterogeneity in control, obese-pre and post 
weight loss groups in sinus rhythm demonstrating improvement in CV with weight 
reduction. * Conduction heterogeneity= Variation of CV variation (SD/meanX100%) 
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Figure 3: Representative bipolar voltage map of the left atrium in 
sinus rhythm in control and obese group- pre and post weight loss 
demonstrating reduction in volume and fractionation with weight 
loss.  

 

There were no low voltage areas/ electrical scar in the obese animals 
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Figure 4: ERP distribution in Obese-pre and post weight loss and 

Control groups.  

 

The endocardial ERPs did not change with obesity or weight reduction. 
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Chapter 5 

Cardiovascular Magnetic Resonance imaging of total and 

atrial pericardial adipose tissue: A validation study and 

development of a three dimensional pericardial adipose 

tissue model 

5.1 Introduction 

The increasing prevalence of atrial fibrillation (AF) has been in-part attributed to 

the aging population and its associated co-morbidities such as hypertension, 

coronary artery disease and heart failure.  However, there is increasing evidence 

that obesity contributes to the burden of atrial fibrillation in our population. 

Analyses from the Framingham and Women Health Studies (WHS) suggest that 

obesity is associated with an increased risk of AF independent of other traditional 

risk factors(10,32). These population-based studies have utilized body mass index 

as a measure of obesity. Recently, pericardial adipose tissue (PAT), both total and 

atrial, has been demonstrated to predict AF risk independently of weight and other 

measures of obesity (274,301,309). This has two important implications. Firstly, 

PAT could have a causal relationship with the risk of AF and it has been 

hypothesized that this effect could be mediated locally (303,310,311). Secondly, a 

change in atrial PAT mass with weight change could be a better predictor of the 

risk of AF as compared to other measures of weight change. Although, ventricular 
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paracardiac adipose tissue CMR measurement has been validated before, the 

validation of the patchy and smaller volume of atrial PAT with the gold standard of 

mass at autopsy has not been previously performed(312). In this study we sought 

to validate the quantification of atrial and total PAT utilizing a three dimensional 

atrial PAT model. 

5.2 Methods 

Ten merino cross sheep with weight ranging from 67 to 103 kilograms were 

included in the study. All procedures were conducted in accordance with the 

guidelines outlined in the “Position of the American Heart Association on Research 

Animal Use” adopted on November 11, 1984 by the American Heart Association. 

The study protocol was reviewed and approved by the Animal Research Ethics 

Committees of University of Adelaide and Institute of Medical and Veterinary 

Services, Adelaide, Australia.  

5.2.1 Definitions 

The fat deposits around the heart have been defined in this study as:  

Epicardial adipose tissue was defined as the adipose tissue between the 

myocardium and visceral pericardium(313,314). 

Paracardiac adipose tissue was defined as the adipose tissue adherent and external 

to the parietal pericardium(315). 

Pericardial adipose tissue was defined the sum of the epicardial and paracardiac 

adipose tissue(316).  
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5.2.2 Cardiovascular Magnetic Resonance Protocol and Analysis 

All animals underwent CMR immediately prior to euthanasia for the evaluation of 

pericardial adipose tissue. The CMR was performed using a 1.5 Tesla system 

(Siemens, Sonata, Erlangen, Germany).The animals were anaesthetized and placed 

supine within the CMR bore. The animals were mechanically ventilated to allow 

breath holding sequences to be performed. Sequential steady state free precession 

(SSFP) short-axis cine sequences were acquired with 6mm slice-thickness and no 

interslice gaps through both the atrial and the ventricles. Slices were aligned to at 

90 degrees to the long axis of the left ventricle, and planned from the most cranial 

aspect of the left atrium and proceeded caudally to the left ventricular apex. All 

images were acquired at end expiration with the following parameters (slice 

thickness 6mm/0mm, TR/TE 52.05 ms/1.74 ms, flip angle 70 degree, matrix 

256x150, FOV 380 mm). In order to replicate standard clinical protocols, this study 

intentionally did not incorporate adipose-specific sequences.  

The image analysis was conducted offline using custom made software. The areas 

of pericardial adipose tissue were traced on consecutive end diastolic images 

(Figure 1). The ventricular pericardial adipose tissue was defined as adipose tissue 

from the mitral valve hinge (point of insertion at the annulus) down to the 

ventricular apex, inclusive of the most inferior margin of the adipose tissue. The 

atrial pericardial adipose tissue was defined as the pericardial adipose tissue lying 

above the mitral valve hinge and below the right pulmonary artery.  Not all CMR 

images were of sufficient quality to adequately define the visceral pericardium, 

particularly in atrial slices, and as a result no attempt was made to differentiate 

epicardial and paracardiac components of adipose tissue.  
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In order to quantify total volume of adipose tissue, a three dimensional (3D) model 

was constructed using semi-automated software developed by the authors. 

Regions of PAT were marked in each slice followed by linear interpolation of pixel 

intensities in spaces between consecutive image slices. The total fat volume was 

quantified on the three dimensional model was converted to mass by multiplying it 

with a density constant of 0.9.   

Assessment of atria, ventricular and total cardiac fat volume measured by CMR 

scans was performed twice by the primary investigator to determine intra-

observer measurement error. An additional independent and experienced 

investigator also measured the fat volume components to establish an inter-

observer agreement.  All measures of CMR fat were performed blinded to the 

autopsy values. 

5.2.3 Pericardial fat quantification at Autopsy 

The sheep were euthanized following acquisition of CMR images. While the sheep 

were under general anesthesia, the heart was surgically removed from the sheep 

thorax, with particular attention paid to retrieving all the pericardial adipose 

tissue. To ensure that all pericardial fat was collected, the heart was excised with 

the pulmonary veins, right pulmonary artery and the trachea intact. An incision 

was made circumferentially along the atrio-ventricular groove and the 

pericardium peeled back towards the apex (Figure 2; Step 2) and collected as the 

paracardiac ventricular fat. The remaining pericardium was peeled upwards 

toward the pulmonary artery with all fat up to the pulmonary artery branches 

being assigned to paracardiac atrial fat. After the trachea was removed from the 

heart, the fat was then meticulously dissected from the ventricle and atria to 

collect the epicardial fat (Figure 2; Step 4).The total pericardial adipose tissue for 
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the atria and ventricles was calculated as the sum of paracardiac and epicardial 

components (Figure 2; Step 5).  

5.3 Statistical Analysis 

Normally distributed continuous data are reported as mean ± standard deviation. 

The agreement between autopsy total, atrial and ventricular pericardial adipose 

tissue masses and those derived from CMR were assessed via intra-class 

correlation coefficients (ICC) and Bland and Altman plots with 95% limits of 

agreement. Consistency, rather than absolute ICCs were calculated via a two way 

random effects model because of the expected systematic bias toward lower 

masses on autopsy due to technical limitations in removing all fat from the ex-vivo 

heart. The inter- and intra-observer reliability of CMR fat assessment was assessed 

using the same methodology, except that consistency ICCs were calculated.  All 

tests were performed using PASW (Version 18 IBM, Armonk, NY) with p<0.05 

deemed significant.  

5.4 Results 

Ten sheep with a mean weight of 80±8 kg were assessed for both CMR and autopsy 

pericardial adipose tissue assessment, however one sheep was excluded from 

further analyses due to CMR artifacts precluding accurate assessment.  Mean CMR 

imaging time was 30 minutes per animal.  The additional mean time duration to 

assess pericardial adipose tissue with the semi-automated software was 5±1.4 

minutes per animal.  On CMR assessment atrial, ventricular and total adipose 

tissue were assessed as 37±10, 250±71, 287±77g, respectively. On autopsy, the 

corresponding values were 29±8, 231±70, 260±74g.  
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5.4.1 Autopsy pericardial adipose tissue regional distribution  

 The atrial epicardial adipose tissue was distributed predominately adjacent to 

posterior wall of left atrium and adjacent to the atrio-ventricular groove. The atrial 

paracardiac adipose tissue deposits were mainly between the appendages and the 

great arteries (Figure 2). The ventricular epicardial adipose tissue was distributed 

predominately along the atrio-ventricular groove and the coronary arteries. In 

contrast, the paracardiac ventricular fat was evenly distributed over the surface of 

the pericardium.   

5.4.2 Agreement of CMR assessment with Autopsy measures of 

pericardial adipose tissue 

Atrial, ventricular and total CMR pericardial adipose tissue correlated strongly 

with autopsy measurements (ICC>0.80; p<0.003) (Figure 3).  CMR systematically 

over-estimated total autopsy fat by a mean of 26g, within 95% confidence limits of 

± 23.0 g. The corresponding ventricular and atrial components were overestimated 

by a mean of 19.0 g (95% CI ± 19.5gms) and 7.7 g (95% CI ±11.6gms), respectively.  

5.4.3 Intra- and inter-observer reliability of CMR assessment of 

pericardial adipose tissue 

 Intra- observer reliability for CMR measured atrial, ventricular and total fat mass 

assessment  measures was high (ICC>0.0.993), with 95 % levels of agreement 

±5.5% for total fat mass, ±8.3% for atrial fat mass and ±6.6%for ventricular mass  

(Table 2).  Similarly, all components of fat measurement (total, ventricular and 

atrial) ICCs exceeded 0.991 for inter- observer reliability. The 95% limits of 

agreement were within ±10.7%, ±7.4% and ±7.2% for atrial, ventricular and total 

pericardial adipose tissue, respectively (Table 3).  
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5.5 Discussion 

To the best of our knowledge, this is the first study to validate a CMR technique to 

specifically assess atrial pericardial adipose tissue. Our findings demonstrate that: 

(1) CMR assessment of atrial, ventricular and total fat has high intra- and inter-

observer reproducibility, and (2) CMR quantified atrial and ventricular adipose 

tissue strongly agrees with ex vivo adipose mass, validating its use as a robust 

measure of pericardial adiposity. Moreover, the findings were reproducible and 

the image sequences utilized were those which would normally be acquired during 

a standard clinical CMR scan. Importantly, this study validates a three dimensional 

model of atrial pericardial adipose tissue which can be utilized to study regional fat 

deposits with respect to underlying atrial electrophysiological properties.  

Echocardiography and computed tomography have previously been utilized for 

pericardial fat assessment. However, echocardiography is limited by its inability to 

obtain pericardial volumes and often sub-optimal imaging windows (317). 

Moreover, echocardiography has been limited to assessment of ventricular 

pericardial adipose tissue.  Although, volumetric assessment of pericardial adipose 

tissue can be performed by CT, the exposure to ionizing radiation limits its use, 

especially if serial measurements are planned (318).  

Obesity has been demonstrated, in several population based studies, to be a novel 

risk factor for atrial fibrillation (31,33,247,289).  Its association with hypertension, 

obstructive sleep apnea, diabetes mellitus, coronary artery disease and congestive 

heart failure, clouds interpretation of the potential mechanisms by which obesity is 

linked to atrial fibrillation. Population level studies have suggested that the effect 

may be mediated through left atrial enlargement (31,33), albeit  evidence is 
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mounting that pericardial adipose tissue, surrounding the  heart, may also play a 

significant role in the development of atrial fibrillation. Batal et al suggested that 

computed-tomography (CT) measured pericardial fat thickness is associated with 

prevalent AF (301). In participants of the Framingham Heart Study, a community-

based cohort, Thanassoulis et al observed that higher pericardial fat volumes were 

associated with a nearly 40% higher odds of prevalent AF(309).  Wong et al have 

recently demonstrated that pericardial fat volume is a better predictor than body 

mass index in predicting severity of atrial fibrillation and even outcomes after 

ablation (274). As adipose tissue is highly vascular, it is  hypothesized that 

mediators of lipid metabolism and inflammation produced in the pericardial 

adipose tissue may affect the underlying atrial myocardium in a paracrine manner 

(303). In addition, epicardial fat has been demonstrated to infiltrate underlying 

atrial musculature in an obese ovine model(319). This fatty infiltration can 

mechanically separate muscle fibers and create an area of electrical silence 

promoting reentry and atrial fibrillation. A recent study has reported the 

association of elevated dominant frequency with epicardial fat location(320). 

This study demonstrates that CMR assessment of pericardial fat is an accurate and 

reproducible measure that could be utilized in future larger clinical cohorts.  

Furthermore, three dimensional PAT model constructed from CMR slices, allows 

regional interpretation of local cardiac fat stores, that in future could be utilized in 

conjunction with electro-anatomic maps to investigate the atrial substrate for 

atrial fibrillation. This could potentially have implications for planning ablation 

strategies for atrial fibrillation ablation in obese individuals. 

Ventricular paracardiac adipose tissue has previously been validated using 

CMR(312). This study, to the best of our knowledge, is the first to validate CMR 
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measure of atrial pericardial fat. Furthermore, in the study by Nelson et al(312), 

the paracardiac adipose tissue was validated against the histological gold standard. 

In contrast, in the current study, the total pericardial fat volume was validated, as 

the epicardial adipose tissue was meticulously removed along with the paracardiac 

adipose tissue.  The provided a more accurate comparison between autopsy and 

CMR pericardial adipose tissue measures. However, complete removal of 

epicardial adipose tissue was not possible due to its adherence to underlying 

myocardium in some cases, and this could be a reason for a small systematic over-

estimation by CMR (figure 3).   

5.6 Limitations 

Fat suppression sequences were intentionally not performed in the study as our 

intention was to validate measurement of atrial pericardial adipose tissue using a 

standard clinical CMR protocol. However, fat suppression sequences could 

improve adjudication of adipose tissue and further improve inter- and 

intraobserver variability. Furthermore, although stringent attempts were made to 

completely remove all epicardial adipose tissue at autopsy, this was not always 

possible.    

5.7 Clinical Implications 

With the increasing incidence and burden of atrial fibrillation, the identification 

and characterization of new risk factors is of public health importance(7). Atrial 

PAT has been demonstrated to predict AF risk independent of other measures of 

obesity. Given the dual epidemics of obesity and atrial fibrillation, non-invasive 

CMR measurement of atrial PAT could provide incremental information on the risk 
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of developing AF. Moreover, atrial pericardial adipose tissue could provide insights 

in evaluating the variability of AF risk in obese individuals with change in 

weight(32). The three dimensional model of pericardial fat validated in this study 

could be utilized to investigate the regional effect of pericardial fat on underlying 

atrial myocardium. In addition, the information on regional interaction of 

pericardial fat with adjacent atrial tissue may provide new insights for planning 

ablation strategies for atrial fibrillation in obese individuals. 

5.8 Conclusion  

CMR measurement of atrial, ventricular and total pericardial adipose tissue via 3D 

modeling of fat stores is a reproducible and accurate measure of pericardial fat on 

autopsy.  The measurement of local cardiac fat stores via this methodology could 

provide a more sensitive tool to examine the potential causal relationship between 

obesity and atrial fibrillation and examine the regional effect of fat deposition on 

atrial substrate. 
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Table 1: Pericardial adipose tissue (PAT) mass as assessed on 

Autopsy and CMR 

 

Sheep Total 
PAT-
Autopsy 
(gms)  

Ventricular 
PAT- 
Autopsy 
(gms) 

Atrial 
PAT-
Autopsy 
(gms) 

Total  
PAT-
CMR 
(gms) 

Ventricular 
PAT- CMR 
(gms) 

Atrial 
PAT- 
CMR 
(gms) 

1 235 195 40 279 232 47 
2 285 265 20 302 273 29 
3 414 372 42 446 401 45 
4 298 268 30 320 277 42 
5 194 172 22 210 184 26 
6 253 225 28 267 239 28 
7 216 182 34 257 207 50 
8 286 260 26 320 279 41 
9 160 140 20 177 155 23 
 

  



126 
 

Table 2: Intra-observer reproducibility of CMR measures of 

pericardial adipose tissue (PAT) 

 

PAT Intra-
observer 
95% CI ( 
gms) 

Intra-
observer 
95% CI 
(%) 

p value 

Total 15.9 5.5 0.001 
Ventricular 16.4 6.6 0.001 
Atrial 3.1 8.3 0.003 
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Table 3: Inter-observer reproducibility of CMR measures of 

pericardial adipose tissue (PAT) 

 

PAT Inter- 
observer 
95% CI 
(gms) 

Inter- 
observer 
95% CI (%) 

p value 

Total 20.9 7.2 0.001 
Ventricular 18.6 7.4 0.001 
Atrial 3.9 10.7 0.001 
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Figure 1: Three dimensional model of pericardial adipose tissue 

using semi-automated in-house software.  

 

Adipose tissue was marked on each slice followed by interpolation of pixel intensities 
between consecutive slices. A) A three dimensional rendered model of the ventricular 
pericardial adipose tissue. B) Short axis view of the left and right ventricles with the 
pericardial adipose tissue marked in red. C) A three dimensional model of the atrial 
pericardial adipose tissue. D) A short axis view of the left and right atrium with the 
pericardial adipose tissue marked in red. 
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Figure 2: The process of atrial and ventricular pericardial adipose 
tissue measurement via autopsy.  
 

 

Steps 1) Removal of heart with pulmonary veins, pulmonary artery and part of trachea, 2) 
Pericardium incised along the atrio-ventricular (AV) groove and was peeled off inferiorly 
to the ventricular apex to harvest paracardiac ventricular adipose tissue and superiorly to 
harvest atrial paracardiac adipose tissue., 3) Posterior view of the heart after removal of 
paracardiac adipose tissue, with epicardial atrial adipose tissue visible posterior (adjacent 
to posterior LA wall) and laterally along the AV groove, 4) Anterior view of the heart with 
atrial and ventricular paracardiac adipose tissue to the left. Atrial paracardiac adipose 
tissue was located between the appendages and the great vessels, with little fat deposition 
on the appendages, 5) Posterior view of the heart after dissecting the majority of 
epicardial adipose tissue.   
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Figure 3: Agreement of CMR assessment with autopsy measures of 

pericardial adipose tissue  

 

Panel A shows the limits of agreement (ICC) between total pericardial adipose tissue 
measures on Autopsy and CMR. Panel B represents the degree of agreement, via Bland and 
Altman plots.  Similarly, the panels C, D and E, F represent limits of agreement and Bland 
and Altman plots for ventricular and atrial pericardial adipose tissue, respectively. 
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Chapter 6 

Epicardial fat depots and atrial remodeling in obese patients with atrial 

fibrillation:  evidence for a direct impact 

6.1 Introduction 

Atrial fibrillation (AF) is the most common sustained arrhythmia known to affect 

humans (11).  Atrial fibrillation is associated with increased risk of stroke, heart 

failure and death. It is also recognized as an important cardiovascular cause of 

hospitalization and contributes significantly to health care costs (7). These 

observations may in part be due to the growing prevalence of AF, which has been 

attributed to the aging population and a host of co-morbid conditions (5). Recent 

observations in epidemiological cohorts have highlighted the role of obesity as an 

independent risk factor for AF. These studies have suggested a 4-8% increased risk 

of AF with each additional unit of body mass index (BMI). Whilst in clinical studies 

obesity frequently co-exists with other established risk factors for AF such as 

hypertension, diabetes and sleep apnoea, recent experimental studies from our 

laboratory, on weight gain and sustained obesity have demonstrated diastolic 

dysfunction, atrial fibrosis and conduction abnormalities in the absence of 

comorbid conditions(121,321,322). Extension of these findings in a sustained 

obesity model observed greater epicardial fat depots and fat infiltration of 

contiguous atrial myocardium, potentially a novel substrate specific to 

obesity(305). While many studies have evaluated the relationship between 

systemic measures of adiposity and AF, cardiac ectopic fat depots have only 
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recently been shown to be associated with propensity and severity of 

AF(274,276,277). Experimental studies have demonstrated that epicardial fat 

contributes to atrial substrate development by secreting pro-fibrotic 

cytokines(216) and directly infiltrating contiguous atrial tissue(305). This study 

evaluates the electro-anatomic remodeling with obesity and investigates the 

regional effect of contiguous epicardial fat depots on the contiguous atrial 

myocardium. 

6.2 Methods 

Consecutive patients with paroxysmal/persistent AF undergoing first time atrial 

fibrillation ablation with no contraindication for CMR were enrolled. The patients 

were divided into obese (BMI≥27) and control (BMI<27) groups. The exclusion 

criteria included long standing persistent AF, episode of AF (>30 seconds) in 7 

days prior to electrophysiology study, contraindication for CMR, restrictive or 

hypertrophic cardiomyopathy, valvular heart disease, left ventricular dysfunction 

with LVEF<45%, blood pressure >150/90mmHg, diabetes mellitus with 

nephropathy, amiodarone use in last 3 months, age<30years, pregnancy, inability 

to provide informed consent.  

Type of AF was defined in accordance to the Heart Rhythm Society 

Consensus(323).  Paroxysmal AF was defined as recurrent AF that terminates 

spontaneously within seven days. Persistent AF was defined as AF which is 

sustained beyond seven days, or lasting less than seven days but necessitating 

pharmacologic or electrical cardioversion. Long standing persistent AF was 

defined as AF of >1 year duration in which cardioversion has either failed or not 
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been attempted. Coronary artery disease was defined as greater than 50% stenosis 

in coronary arteries or a positive stress test (in absence of angiogram). 
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6.2.1 MRI Protocol and Analysis 

Patients underwent cardiac MRI (1.5 Tesla, Siemens Avanto, Siemens Medical 

Solutions, Erlangen, Germany) in the month prior to ablation. Sequential steady 

state free precession short-axis cine sequences were acquired with 6mm slice-

thickness and no inter-slice gaps through the atria, and 6mm slice-thickness with 

4mm gap through the ventricles. Slices were taken from the most cranial aspect of 

LA and sequentially to the cardiac apex at end expiration. The atria were 

additionally imaged in the horizontal long-axis plane with 6mm slice-thickness and 

no inter-slice gaps. Typical imaging parameters were: echo time 1.2ms, repetition 

time 63.7ms, flip angle 80°, matrix size 192×156, field of view 360-440mm. 

Epicardial fat volumes were measured offline by two blinded observers using 

proprietary software (Argus, Siemens Medical Solutions, Erlangen, Germany). CMR 

measures of cardiac ectopic fat depots have been previously validated by our 

group in an ex-vivo ovine model and have been demonstrated to be accurate and 

reproducible(324). Epicardial fat was defined as regions of high signal-intensity 

between the myoepicardium and parietal pericardium (ie. fat inside the pericardial 

sac). The ventricular epicardial fat was defined as epicardial adipose tissue from 

the mitral valve hinge down to the ventricular apex, inclusive of the most inferior 

margin of the adipose tissue.(324) The atrial epicardial fat was defined as the 

epicardial adipose tissue subtending to the atria and lying above the mitral valve 

hinge and below the right pulmonary artery. Areas of fat were traced on 

consecutive end-diastolic short-axis images and multiplied by the slice-thickness 

to derive volume.  Intra- and inter-observer reproducibility with this technique 

was excellent (coefficient-of-variation 3.5% and 4.9% respectively). LA volumes 

were determined by manually tracing endocardial borders in the horizontal long-
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axis views in ventricular end-systole and calculated using a modified Simpson’s 

rule.(325)  

6.2.2 Electrophysiology Study 

Electroanatomic mapping was performed in fasting state prior to ablation. The 

following catheters were positioned: (i) 10 pole catheter (2-5-2 mm spacing; Daig 

Electrophysiology) positioned in the coronary sinus as a reference electrode; (ii) 

Reference patches (Biosense-Webster) positioned along the chest of the patient; 

and (iii) 3.5 mm tip Navi-Star ablation catheter (Biosense-Webster). The 

electroanatomic mapping system has been previously described in detail; the 

accuracy of the sensor position has been previously validated and is 0.8 mm and 

5°. In brief, the system records the surface ECG and bipolar electrograms filtered at 

30 to 400 Hz from the mapping and reference catheters. Endocardial contact 

during point acquisition was facilitated by electrogram stability, fluoroscopy, and 

the catheter icon on the CARTO system. Points were acquired in the auto-freeze 

mode if the stability criteria in space (6mm) and local activation time (5ms) were 

met.  

Maps were created utilizing a fill threshold of 15 mm in sinus rhythm.  Editing of 

points will be performed offline. Local activation time was manually annotated to 

the peak of the largest amplitude deflection on bipolar electrograms; in the 

presence of double potentials, this was annotated at the larger potential. If the 

bipolar electrogram displayed equivalent maximum positive and negative 

deflections, the maximum negative deflection on the simultaneously acquired 

unipolar electrogram was used to annotate the local activation time. Points not 

conforming to the surface ECG P-wave morphology or <75% of the maximum 

voltage of the preceding electrogram were excluded. Points within the pulmonary 
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veins were excluded. The map was edited to ensure an equal density of points 

throughout the map.  

Each point was binned according to location (region), fractionation (presence or 

absence), low voltage (presence or absence) and bipolar voltage amplitude to 

allow analysis in a mixed effects model. For the purposes of evaluating regional 

voltage and conduction velocity differences, the left atrium was segmented offline. 

The LA was segmented as posterior LA, anterior LA, septal LA, inferior LA, lateral 

LA, and LA roof. Regional atrial bipolar voltage, fractionation and conduction 

velocity was analyzed as described below.(92) The following parameters were 

determined utilizing the electroanatomic maps: 

a). Total atrial activation time in sinus rhythm; 

b). Regional bipolar voltage and voltage heterogeneity: previously standardized 

definitions of scar and regions of low voltage were utilised.(92) Scar was defined 

as the absence of electrical activity above the noise level of the system (<0.05mV). 

Areas of low voltage were defined as areas with a bipolar voltage ≤0.5 mV. The 

heterogeneity of bipolar voltage was determined. 

c). Regional conduction velocity and conduction heterogeneity. Isochronal activation 

map (5-ms intervals) of the left atria was created and regional conduction velocity 

determined in the direction of the wave-front propagation (least isochronal 

crowding). An approximation of conduction velocity was determined by 

expressing the distance between 2 points as a function of the difference in local 

activation time. Mean conduction velocity for each region was determined by 

averaging the conduction velocity between 3-5 pairs of points, as previously 

described.(92)  
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d). Complex electrograms. The proportion of points demonstrating complex 

electrograms was determined using the following definitions: 1) fractionated 

signals: complex activity of ≥50 ms duration with ≥3 deflections crossing 

baseline(99); and 2) double potentials: potentials separated by an isoelectric 

interval where the total electrogram duration was 50 ms. Fractionated and double 

potentials were combined for analysis. 

6.3 Statistical Analysis  

Normally distributed continuous data are expressed as mean ± standard deviation. 

A linear mixed effects model was used for all analyses on continuous data that 

contained multiple regional measures within each patient (e.g.  CV, Voltage). 

Generalized estimating equations were utilised for nested categorical variables 

(e.g. % fractionation, % low voltage).  To investigate left atrial regional patterns in 

both approaches, region (posterior LA, anterior LA, septal LA, inferior LA, lateral 

LA, and LA roof) and group (obese and control) were modeled as fixed effects with 

an interaction term (region*group).  If a significant interaction was present, mixed 

effects post-hoc test p-values were reported.  

For data without multiple measures or levels of data within an individual (eg. fat 

mass, LA size, LVEF) a conventional unpaired t test were used. Linear regressions 

between predictor variables of 1) total pericardial fat, 2) atrial pericardial fat 3) 

left atrial pericardial fat and 4) BMI were correlated with mean posterior LA 

conduction velocity, mean posterior LA voltage and percent fractionation of 

posterior LA.  

All analyses were performed using SPSS/PASW version21 (SPSS Inc. Chicago, IL). 

Statistical significance was set as p<0.05 and a trend at p<0.10. 
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6.4 Results 

A total 30 patients were enrolled in the study. 4 patients were excluded after 

informed consent due to AF episode in the week prior to electrophysiology 

study/ablation. The remaining 26 patients were divided into obese (n=16) and 

control (n=10) based on BMI≥27. The CMR scans were not interpretable in 3 

patients and were not analysed. 

6.4.1 Group characteristics 

The patient characteristics are shown in table 1. The body weight of the obese and 

control groups were 94±13kg and 74±9kg respectively (p<0.001). The BMI was 

30.2±2.6 and 25.2±1.3 in the obese and controls respectively (p<0.001). The two 

groups did not differ in mean age and prevalence of hypertension, diabetes, heart 

failure, coronary artery disease and sleep apnoea. There was a similar distribution 

of the AF type between the two groups (p=0.42). 

6.4.2 Epicardial fat measures of adiposity 

Distribution:  Figure 1 demonstrates the representative CMR image showing the 

left atrial, atrial and ventricular epicardial fat distribution. The left epicardial fat 

depots were distributed between the right and left pulmonary veins and adjacent 

to posterior and inferior left atrium. In addition the epicardial pat was deposited 

along the atrio-ventricular groove. Typically, there was absence of epicardial fat 

deposits adjacent to the left atrial appendage. The distribution was similar in both 

obese and control groups.  

Epicardial fat and obesity: All epicardial fat measures (ie total, ventricular, atrial 

and left atrial fat depots) were consistently greater in the obese group as 
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compared to the controls (see Table 1). The BMI correlated significantly, albeit 

mildly, with left atrial epicardial fat (R2=0.38, p=0.002), atrial epicardial fat 

(R2=0.40, p=0.001) and total epicardial fat (R2=0.44, p=0.002). 

6.4.3 Electrophysiological remodeling with obesity 

The left atrial electroanatomic maps consisted of 74±15 and 70±11 points in obese 

and control groups respectively (p=0.6). The left atrial activation time trended to 

be longer (p=0.09) in the obese group (87±16sec) as compared to the control 

group (74±20sec).  

6.4.3.1 Conduction Velocity 

The left atrial conduction velocity was reduced in the obese (0.86±0.31m/s) as 

compared to controls (1.26±0.29m/s) (p<0.001). Although the conduction 

velocities were more depressed in the posterior and inferior regions (table 2), the 

regional heterogeneity did not achieve statistical significance (interactive p 

(group*region) =0.67). 

6.4.3.2 Fractionation 

There were more complex fractionated signals in the obese group as compared to 

the controls (p<0.001). There was no interaction between group and region 

(p=0.32) and the increase in fractionation was similar across different regions in 

the obese patients (table 2). 

6.4.3.3 Left atrial voltage 

Figure 2 shows representative voltage LA maps of the control and obese groups. 

6.4.3.1.1 Regional differences:  Although the mean global voltage was similar in the 

obese and control groups (obese: 2.24±1.5 vs controls: 2.23±1.9 mV; p=0.8). 
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However, there were significant differences between group and region (interactive 

p value<0.001).  The posterior and the inferior LA wall had lower regional mean 

voltages in the obese group as compared to controls (table 2) reaching significance 

for the posterior LA region (p=0.05). The left atrial region which represents the 

appendage had increased regional mean voltage in obese group as compared to 

controls (p=0.01). 

Low voltage areas: 13.9% of all points were low voltage in the obese patients as 

compared to 3.4% in the controls (p=0.005). In addition, there was an interaction 

between group and region (interactive p=0.005). There were significantly greater 

low voltage points in the posterior and inferior left atrial regions (posterior LA: 

p=0.04, inferior LA p=0.05). 

6.4.4 Correlation of pericardial fat measures with 

electrophysiological parameters 

There was strong correlation of left atrial epicardial fat volume with atrial 

epicardial fat volume (R2=0.86, p<0.001), good correlation with total epicardial fat 

volume (R2=0.48, p<0.001) and mild correlation with BMI (R2=0.38, p=0.002). Left 

atrial, atrial epicardial fat and BMI correlated significantly with mean left atrial 

conduction (left atrial fat, R2=0.30, p=0.008; atrial fat, R2=0.27, p=0.013; BMI, 

R2=0.26, p=0.008). However, left atrial epicardial fat depots predicted a greater 

percentage of the change in posterior left atrial conduction velocity (left atrial 

epicardial fat, R2=0.30, p=0.007; atrial epicardial fat, R2=0.20, p=0.032; total 

epicardial fat, R2=0.16, p=0.063; BMI, R2=0.22, p=0.014). This is important 

considering most of the left atrial epicardial fat is clustered posteriorly and 

spatially related to posterior LA. Similarly, epicardial fat measures correlated 
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stronger with fractionation as compared to BMI (left atrial epicardial fat, R2=0.55, 

p<0.001; atrial epicardial fat, R2=0.62, p<0.001; total epicardial fat, R2=0.52, 

p<0.001, BMI, R2=0.37, p=0.001). 

6.5 Discussion 

6.5.1 Major findings 

Electro-anatomic remodeling with obesity has been previously demonstrated in 

preclinical studies(321,322) from our lab and in humans with AF(123). Cardiac 

ectopic fat depots have been shown to be associated with AF independent of 

traditional measures of obesity(274,276,277). This study provides further 

advances the understanding by demonstrating extensive regional electroanatomic 

changes noted in LA segments contiguous with epicardial fat depots. The major 

findings are 

 Left atrial epicardial fat depots are located contiguous to posterior and inferior 

LA segments with lateral segment/ appendage being devoid of epicardial fat. In 

addition epicardial fat was distributed contiguous to AV groove. 

 With obesity, there was regional reduction in mean voltage with increased low 

voltage areas in posterior and inferior LA segments ie segments contiguous to 

epicardial fat depots. 

 Global reduction in conduction velocity in all LA segments with obesity. 

 Increased fractionation in all LA segments with obesity. 

 Left atrial fat depot (volume) best predicted change in posterior LA conduction. 

The correlation was weak with other measures of pericardial fat and BMI. 

 Epicardial fat measures, as compared to BMI, had a more robust correlation 

with complex fractioned signals in sinus rhythm. 
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6.5.2 Association of obesity, pericardial fat and AF 

Obesity is increasingly recognized as a novel risk factor that contributes 

significantly to the rising prevalence of AF(29,31,265,266,326). Epidemiological 

studies have established the independent role of obesity as a risk factor for 

AF(31,32,265,266). The study by Gami et al underscored the association of sleep 

apnoea with obesity and reported an additive effect of the two on the increasing 

prevalence of AF(29). While these epidemiological studies reported the association 

utilizing BMI, recent studies have demonstrated that pericardial fat measures are 

more precise in predicting AF than the traditional measures of obesity(274,275). 

The largest of the studies to report the association originated from the 

Framingham Heart Study Offspring and Third Generation Cohorts. In this study 

involving over two thousand participants, Thanassaulis et al measured pericardial 

fat with computed tomography (CT) and observed that pericardial fat volume 

predicted AF risk independent of other measures of adiposity with an OR of 1.28 

(95% CI 1.05-1.60, p=0.03) for every standard deviation (SD) increase in 

pericardial fat volume(276). Total pericardial fat, but not intra-thoracic or visceral 

fat was associated with AF. Batal et al, studied 169 consecutive patients with CT 

angiograms for either coronary artery disease or AF and demonstrated that 

posterior LA fat thickness predicted AF burden, independent of LA area and body 

mass index(277). In this study, a 10mm increase in posterior LA fat thickness was 

associated with an OR of 6.06 (95% CI 1.9-19.25, p=0.002). The association 

between cardiac ectopic fat depots and AF was further confirmed by Al Chekakie et 

al, who demonstrate that pericardial fat volume (CT) was associated with AF with 

an OR of 1.13 (for every 10ml increase in pericardial fat volume) after adjusting for 

BMI, other traditional risk factors and LA enlargement(278). Finally, Wong et al 
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studied pericardial fat with cardiac magnetic resonance (CMR) in 130 patients and 

reported the association between pericardial fat volumes with prevalence and 

severity of AF(274). In this study, both periatrial fat (odds ratio 5.33, 95% CI: 1.25-

22.66; p=0.02) and periventricular fat (odds ratio 11.97, 95% CI: 1.69 to 84.88; 

p=0.01) were predictive of AF after adjusting for other risk factors and BMI. 

Recently, Shin et al also reported that CT measured epicardial fat volume and peri-

atrial fat thickness were associated with prevalence and chronicity of AF(279). 

However, the  term ‘pericardial and epicardial fat’ has been used interchangeably 

in AF literature, with some studies defining pericardial fat as fat inside the 

pericardial sac(276,278) while others defining pericardial fat as a sum of 

epicardial (fat inside pericardial sac) and paracardial adipose tissue (outside 

pericardial sac)(274) and others reporting epicardial fat (fat inside pericardial 

sac)(279). In the present study, epicardial fat measures have been reported and 

have been defined as fat inside the pericardial sac. Nonetheless, these studies have 

shown that cardiac ectopic fat depots predict the presence and severity of AF 

independent of the traditional measures of obesity. This has laid the foundation for 

the postulate that local cardiac fat deposits create a substrate for AF. 

6.5.3 Electroanatomic remodeling with obesity 

Structural remodeling and its electrophysiological consequences have emerged as 

the major factors contributing to the substrate development in patients with risk 

factors for AF. The importance of diffuse atrial fibrosis and conduction 

abnormalities for AF substrate was initially defined in experimental heart failure 

(86). These findings were subsequently confirmed to be the unifying feature of 

‘remodeling of a different sort’(86) in other conditions  both in pre-clinical studies 

of heart failure (87), hypertension (88-90) and coronary artery disease (91,116) 
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and clinical studies of heart failure (92), sinus node disease (93), aging (94), 

hypertension (96), valvular heart disease (97,98), congenital heart disease (99), 

and sleep apnea (95). Furthermore, evaluation of patients with “lone AF (117)” has 

also demonstrated similar findings, suggesting the presence of under recognized 

(118) or novel risk factors. 

Structural remodeling has been observed by our group in an ovine model with 

sustained obesity. The ovine model, being devoid of sleep apnea and diabetes, 

allows interpretation without the confabulating effect of associated risk factors 

usually present with human obesity. In this experimental study, conduction 

abnormalities, increased atrial voltage heterogeneity and fractionation were 

demonstrated with sustained obesity after adjusting for hemodynamic stress(321). 

Up regulation of pro-fibrotic markers, increased atrial fibrosis, fatty infiltration 

and alteration in connexion expression have been demonstrated to play a role in 

substrate development for AF in sustained obesity(300).   

The careful selection of patients in the present study resulted in similar mean age 

and prevalence of other risk factors of AF. In keeping with the data in the 

experimental study, the mean global voltage was similar between the obese and 

control groups in this study.  This is also consistent with the findings of Munger et 

al in patients undergoing ablation for AF(123).However, the present study further 

analysed regional voltage differences and demonstrated reduction in voltage in the 

posterior/ inferior LA and increased voltage in the lateral segment (LAA). 

Furthermore, low voltage areas were seen in posterior/inferior LA in the obese 

group, regions spatially related to contiguous epicardial fat. The reduction in 

voltage in these regions could potentially be the result of fat infiltration of LA 

myocardium by contiguous fat depots(305). The increase in lateral LA segment 
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(LAA) may represent hypertrophy due to chronic elevation in LA pressure 

described in obesity (123,321). The reduction in LA conduction with obesity 

further extends our  preclinical work in the obese ovine model(321). It is also in 

agreement with findings of Munger et al who have shown slower conduction from 

the LA entering into the pulmonary veins in obese patients undergoing AF 

ablation(123). Left atrial epicardial fat volume was more robust predictor of 

posterior left atrial conduction velocity as compared to other epicardial fat 

measures and BMI suggesting that pericardial fat may act via paracrine processes 

to create AF substrate in obesity. Nagashima et al have shown spatial relationship 

with epicardial fat with high dominant frequency sites but poor correlation with 

complex fractionated signals(280). The present study demonstrated global 

increase in fractionation with obesity without any regional differences. In addition, 

atrial and left atrial epicardial fat volumes in particular correlated strongly with 

fractionation in sinus rhythm.  

6.5.4 Potential mechanistic role of pericardial fat 

The epicardial fat is contiguous with atrial myocytes without a separating fascia 

and shares the same blood supply with the adjacent atrial muscle(304). A 

preclinical study has demonstrated infiltration of the posterior LA myocardium by 

the contiguous epicardial fat(305). It is postulated that, in a manner similar to 

hypothesis proposed for fibrosis, fat cell infiltration could separate muscle fibres 

and create electrically inert regions promoting conduction abnormality. We 

propose that reduced voltage in regions contiguous with pericardial fat seen in our 

study could be the result of fat cell infiltration. Furthermore Venteclef et al have 

provided insights in the mechanistic link between epicardial fat and AF substrate. 

They performed elegant experiments in an rat organo-culture model and 
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demonstrate fibrosis in rat atrial tissue incubated with a secretrome isolated from  

human epicardial fat(216)The investigators then performed an intervention 

demonstrating the mediation of fibrosis by activin A, a member of the TGFβ 

superfamily. It is proposed that profibrotic cytokines may be released from the 

epicardial fat into the pericardiac sac and may play a role in diffuse atrial fibrosis 

and conduction abnormalities. 

6.6 Limitations 

Although the electroanatomic LA maps were segmented into 6 regions for analysis, 

similar segmentation was not performed for epicardial fat due to the lack of 

sufficient reproducibility of epicardial fat measures smaller than left atrial 

epicardial fat volume. However, the epicardial fat was predominantly distributed 

contiguous to posterior/inferior LA and along AV groove allowing us to draw 

conclusions. 

The effective refractory periods (ERP) for different atrial regions were not 

evaluated due to the propensity to easily induce AF during ERP testing and lack of 

consent for multiple cardioversions for research purposes.  

6.7 Clinical implications and future directions 

The study provides information to fill the gap in literature between the pro-fibrotic 

cytokine secretion by the epicardial fat (216) and  its association with 

AF(276,277). Considering that the substrate for AF may be reversible 

(32,297,300), therapies targeted at modulating the secretory function of the 

epicardial fat may be clinically relevant.  
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6.8 Conclusion 

Patients with obesity and AF demonstrated diffuse LA conduction abnormalities 

and increased fractionation. In addition, obesity was associated with low voltage 

areas in posterior and inferior LA, regions that were spatially related to contiguous 

epicardial fat depots. Left atrial epicardial fat volume was more robust predictor of 

posterior left atrial conduction velocity than other epicardial fat measures and 

BMI. This suggests that epicardial fat influences the AF substrate development via 

local processes. 
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Table 1: Patient characteristics of the obese and control groups 

  Control 
(n=10) 

Obese (n=16) P value 

Demographics Age (years) 59±7 54±9 0.16 
Males (%) 70  100 0.05 

Body mass 
measures 

Weight (Kg) 74±9 94±13 <0.001 
BMI 25.2±1.3 30.2±2.6 <0.001 
BSA 1.85±0.16 2.10±0.20 0.002 

Risk factors 
for AF (Other 
than obesity) 

OSA (%)  0 31 0.12 
Hypertension 
(%) 

40 50 0.70 

DM (%) 0 12.5 0.51 
CAD (%) 0 12.5 0.51 
Heart failure 
(%) 

0 0 1.0 

AF type Paroxysmal/ 
persistent 
(%) 

80/20 62.5/37.5 0.42 

Left heart size 
and function 
(CMR) 

LA EDV (ml)  65±15 77±17 0.12 
LA ESV (ml) 43±15 50±14 0.22 
LA EF (%) 35±11 35±10 0.85 
LV EDV (ml) 121±25 137±34 0.21 
LVEF (%) 63±10 65±7 0.57 

Epicardial fat 
measures 
(CMR) 

Total (ml) 125±41 177±34 0.01 
Ventricular 
(ml) 

93±26 126±31 0.01 

Atrial (ml)  32±19 52±20 0.02 
Left atrial 
(ml) 

22±11 31±11 0.05 
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Table 2: Regional electroanatomic remodeling with obesity 

 

*: Interactive p value group*region 
**: post hoc test not performed as interactive p=NS 
  

  Global  Anteri
or 

Roof Posteri
or 

Inferio
r 

Septal Lateral 

Voltage 
(mV) 

Obese 2.24±1.5 1.94±1.24 2.16±1.41 1.77±1.58 1.95±1.64 1.78±1.25 4.41±2.67 
Contro
l 

2.23±1.9 1.90±1.11 2.13±1.28  2.26±1.58 2.36±1.48 1.85±1.13 3.41±1.77 

P 
value 

P (group)=0.77;  
P (Interactive*) 
<0.001 

0.88 0.78 0.05 0.12 0.74 0.01 

Low 
Voltage 
(%) 

Obese 13.9 14.1 8.6 22.5 18.1 11.2 2.4 
Contro
l 

3.4 6.1 2.4 6.2 2.3 2.0 1.2 

P 
value 

P 
(group)=0.005;  
P 
(Interactive*)= 
0.005 

0.23 0.14 0.04 0.05 0.11 0.53 

Conduc
tion 
velocity 
(m/s) 

Obese 0.86±0.31 0.81±0.28 0.81±0.20 0.86±0.23 0.74±0.34 0.94±0.40 1.04±0.35 
Contro
l 

1.26±0.29 1.16±0.43 1.19±0.24 1.37±0.32 1.21±0.25 1.35±0.26 1.28±0.15 

P 
value 

P 
(group)<0.001; 
P 
(Interactive*)= 
0.67 

** ** ** ** ** ** 

FD/DP 
(%) 

Obese 54±17 55 61 51 50 70 34 
Contro
l 

25±10 36 28 24 25 37 20 

P 
value 

P 
(group)<0.001; 
P 
(Interactive*)= 
0.32 

** ** ** ** ** ** 
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Figure 1: Pericardial fat representations of left atrial, total atrial 

and ventricular epicardial fat depots   

 

 

Short axis acquisitions moving apically demonstrating (a) left atrial PAT, b) total atrial 
PAT and c) ventricular PAT. The fat subtending o the left atrium was located posterior and 
inferior predominantly. 
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Figure 2: Representative left atrial voltage maps of the control 

and obese group 

 

Representative left atrial voltage maps of the control and obese group demonstrating 
distribution of low voltage areas and increased fractionation in the obese patients. The top 
panel shows the AP view and the bottom panel shows PA view. Please note the extensive 
low voltage and fractionation areas in the obese animal. The low voltage regions were 
predominantly posterior and inferior in distribution  
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Chapter 7 

Conclusion and future directions 

This thesis characterizes the atrial remodeling and AF substrate with sustained 

obesity in an ovine model. It brings forth the role of pericardial fat in creating an 

AF substrate. It then addresses the reverse remodeling and reversal of AF 

substrate on intervention with weight reduction in an sustained obese ovine model 

and highlights that atrial fibrosis is reversible with changes in expression of pro-

fibrotic cytokines. The CMR measurement of left atrial, total atrial and ventricular 

pericardial fat is also validated against the autopsy gold standards. Finally the 

atrial remodeling in human obesity is characterized with particular attention to 

the potential direct role of epicardial fat in creating an AF substrate. 

In extension of our group’s previous work on localized epicardial mapping with 

short term weight gain, the global endocardial electrophysiological substrate is 

characterized. Sustained obesity resulted in left atrial dilatation, diastolic 

dysfunction, elevation of pro-fibrotic cytokines and atrial fibrosis and global 

conduction abnormalities. In addition to diastolic function and atrial stretch seen 

with other AF precursors, this thesis provides evidence that pericardial fat may 

play a direct role in AF substrate. The pericardial fat volume was demonstrated to 

be increased with obesity both in ovine and human studies. Previous studies have 

demonstrated that the fat depots around the heart, like other visceral fat depots 

are endocrine organs and secrete several apokinines. In fact a recent study has 

demonstrated that activin A, a member of TGF superfamily, is secreted by the 
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epicardial fat depots and induces atrial fibrosis in an organo-culture model(216). 

This has led to the hypothesis of a paracrine role of epicardial fat in creating atrial 

fibrosis. The ovine studies in this thesis demonstrate the elevated expression of 

TGFβ1 in the atrial tissue with obesity. The increased atrial expression of TGF β1 

with sustained obesity and regression on intervention with weight reduction and 

good correlation with pericardial fat volumes suggested that the fat depots around 

the heart may be the source of this cytokine. In addition to the paracrine role, this 

thesis presents the novel finding that epicardial fat can infiltrate contiguous atrial 

myocardium. We hypothesize that infiltrating fat cells, like fibrosis, may separate 

cardiomyocytes and cause circuitous conduction promoting re-entry and AF.  

The thesis also characterizes the cytokine pathways involved in atrial fibrosis in 

obesity. TGFβ superfamily and Endothelin pathway have been shown to overactive 

in human obesity(270,295). This thesis demonstrates that TGFβ1 expression was 

increased with sustained obesity and decreased with weight reduction and 

correlated with atrial fibrosis in the obese ovine model. In addition, it was shown 

that the Endothelin receptor B was upregulated with sustained obesity and 

downregulated with graded weight reduction in the ovine model. Endothelin 

receptor B has been previously implicated directly in causing fibrosis in an earlier 

preclinical intervention study(231). This establishes the important role of these 

cytokines pathways in obesity. 

The electrophysiological substrate was further characterized in sustained obesity. 

The conduction abnormalities were consistent with both localized epicardial 

mapping and global endocardial mapping. However, an important feature emerged 

with atrial refractoriness. There were no significant changes in endocardial ERP 
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with either sustained obesity or weight reduction. However, the epicardial ERPs 

decreased with sustained obesity and then increased progressively to control 

levels with staged weight reduction. The persistence of association even after 

intervention with weight reduction increases the strength of this relationship. 

Thus there is an epicardial-endocardial dissociation of atrial refractoriness with 

sustained obesity. However, this observation is weaken as epicardial and 

endocardial ERPs were performed in different sheep.  We hypothesize that 

cytokines secreted into the pericardial space by the pericardial fat depots may 

alter the expression of ion channels resulting in alteration of epicardial atrial 

refractoriness. 

The important question of reversibility of AF substrate was evaluated in a 

sustained obesity ovine model by intervention with weight reduction. There was 

not only reversal of epicardial conduction abnormalities, but also down regulation 

of pro-fibrotic milieu and importantly reversal of atrial fibrosis and diastolic 

dysfunction. Evaluation of global endocardial electrophysiological substrate 

suggested similar but less pronounced reversal. This study provides insight into 

the mechanism of reversal of AF substrate resulting in decreased propensity for AF 

as has been recently demonstrated in humans by our group(297). This thesis 

provides evidence that the AF substrate with obesity is reversed though not 

entirely.  

The last section of the thesis characterizes the atrial substrate with human obesity. 

The obese patients had increase in epicardial fat volumes and non-significant 

increase in left atrial size. Human obesity was associated with endocardial 

conduction abnormalities similar to pre-clinical ovine studies. However, the low 
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voltage areas were seen in human obesity in contrast to the ovine studies. This 

may be a factor of prolonged exposure to stresses of chronic obesity in humans. 

Interestingly, the low voltage regions correlated to the location of epicardial fat 

depots, potentially suggesting a direct of the epicardial fat in creating a substrate 

for obesity. 

This thesis characterizes the AF substrate in sustained obesity in preclinical and 

clinical studies and sheds light on the underlying mechanisms. It further 

demonstrates that the obesity related AF substrate is reversible with weight 

reduction. It also generates hypothesis for further studies. From the mechanistic 

point of view, future studies directed at evaluating the mRNA expression of pro-

fibrotic factors in epicardial fat could further provide information of the direct role 

of the epicardial fat in creating AF substrate in obesity. Furthermore intervention 

studies aimed at the pro-fibrotic cytokines could prevent or reverse atrial fibrosis 

and reduce the risk for AF. 

In addition these studies provide a foundation for incorporation of weight 

reduction program in the holistic management of obese patients with AF. 
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