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Abstract 
 

Atrial fibrillation (AF) is the most prevalent arrhythmia, and its symptoms negatively 

impact quality of life. Symptom management in non-paroxysmal AF (non-PAF) is 

challenging. Rate control has proved inadequate, while rhythm control [i.e. anti-

arrhythmic drugs (AAD), catheter ablation (CA)] produces poor results. Surgical 

ablation (SA) was superior in arrhythmic outcomes for AF patients in previous trials. 

However, results from the CASA-AF study comparing SA and CA in long-standing 

persistent AF (LSPAF) revealed that both strategies had equal efficacy at rhythm 

outcomes at 12 months, with CA superior in improving quality of life.  

 

The central hypothesis was that SA is superior to CA in long-term follow-up (36 

months) using continuous cardiac monitoring. We recruited patients from the CASA-

AF trial who had undergone CA and SA after randomisation. At 36-months, the 

proportion of patients free from atrial arrhythmia decreased similarly in both arms. 

The previous superiority of CA over SA based on quality-of-life scores at 12-months 

did not persist at 36 months. CA was more cost-effective than SA and AADs in the 

long term in the context of treating non-PAF. 

 

Several protein interactions underlie the pathological atrial substrate formation, and 

understanding their potential roles may help identify biomarkers predictive of AF 

ablation outcomes. We conducted a systematic review that showed >75 proteins 

were identified in AF ablation studies. Meta-analytical methods narrowed them to five 

(NT-proBNP, BNP, hsCRP, CITP and IL-6) biomarkers strongly associated with 

ablation outcomes, none have been translated into clinical practice. Large scale study 

of proteins (proteomics) was applied to identify novel biomarkers from pre-procedural 

blood tests to predict ablation success in a sub-cohort of these patients. Cell 

regulation, inflammation and cardiovascular panels were chosen to cover an extensive 
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range of biological pathways. This work demonstrated that increased markers of 

inflammation (CD8A + MCP1 + CD40) were jointly predictive of ablation failure in 

LSPAF.  
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Abbreviations 
 

 Abbreviation  
A AAD Anti-Arrhythmic Drugs 
 ACEi Angiotensin Converting Enzyme inhibitor 
 AF Atrial fibrillation 
 AFEQT Atrial Fibrillation Effect on QualiTy-of-life 

questionnaire 
 ANP A-type natriuretic peptide 
 ARB Angiotensin-Receptor Blockers 
 AT Atrial Tachycardia 
B BMI Body Mass Index 
 BNP B-type natriuretic peptide 
C CA Catheter Ablation 
 CFAE Complex Fractionated Atrial Electrogram 
 CHA2DS2VASC Stroke Risk in AF evaluation tool 
 CI Confidence interval 
 CMR Cardiac Magnetic Resonance Imaging 
 CRP C-reactive protein 
 CT Computed Tomography 
D DCCV Direct current cardioversion 
 DM Diabetes Mellitus 
E ECG Electrocardiogram  
 ECHO Echocardiography 
 EF Ejection fraction 
 EHRA European Heart Rhythm Association symptom score 
 EQ-5D-5L-i EuroQol Group 5-dimensional quality of life 

questionnaire Index score 
 EQ-5D VAS EQ-5D Visual Analogue Scale 
G GAL-3 Galectin-3 
 GDF-15 Growth differentiation factor 
 GP Ganglionic Plexus 
 GPS Genome-wide polygenic scores 
 GWA Genome-wide association 
H HASBLED Bleeding risk evaluation in atrial fibrillation 
 HbA1C Glycated haemoglobin 
 HDL High-density lipoproteins 
 HF Heart failure 
 HFpEF Heart failure with preserved ejection fraction 
 HPrEF Heart failure with reduced ejection fraction 
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 HR Hazard ratio 
 HRG Healthcare Resource Group 
 HRQoL Health related quality of Life 
 HTN Hypertension 
I ICER Incremental Cost Effectiveness Ratio 
 ILR Implantable Loop recorder 
 IL Interleukin 
 IQR Interquartile range 
L LA Left atrium 
 LAA Left atrial appendage 
 LAD Left atrial diameter 
 LAV Left atrial volume 
 LDL low-density lipoproteins 
 LSPAF Long-standing persistent AF 
 LV Left ventricle 
 LVA Low voltage area 
 LVEF Left ventricular ejection fraction 
M MCP-1 Monocyte chemoattractant protein-1 
 MRI Magnetic Resonance Imaging 
N NICE National Institute for Health and Care Excellence 
 NOAC Novel Oral Anticoagulant 
 Non-PAF Non-paroxysmal AF 
 NT-proBNP N-Terminal-pro-B-type Natriuretic Peptide 
O OR Odds ratio 
 OSA Obstructive sleep apnea 
P PAF Paroxysmal AF 
 PersAF Persistent AF 
 PermAF Permanent AF 
 PRS Polygenic risk score 
Q QALY Quality Adjusted Life Years 
R RCT Randomised Controlled Trial 
 RFA Radiofrequency Ablation 
 RR Relative risk or risk ratio 
S SA Surgical Ablation 
 SAE Serious Adverse Event 
 SD Standard deviation 
 SR  Sinus Rhythm 
T TIA Transient ischaemic attack 
 TOE Transoesophageal echocardiography 
 TTE Transthoracic echocardiography 
V VHD Vascular heart disease 
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Chapter 1: Introduction 
 

1.1 Problem 
 

Atrial fibrillation (AF) is an irregular cardiac rhythm commonly resulting in 

breathlessness, palpitations, and fatigue. In the late 1970s, a necropsy study and an 

epidemiological analysis changed the perception of the disease from harmless to 

sinister due to its association with increased stroke risk.1,2 This was the inflection point 

that kick-started the pursuit of treating AF. James Cox developed the “cut and sew” 

technique to treat AF by open-heart surgery in the early 1980s. This technique was 

named “maze procedure” because the team created an electrical maze for excitation 

to travel in one direction from the sinoatrial node to the atrioventricular node without 

being interrupted by deviant atrial excitation, i.e. AF.3 Soon after, a team led by 

Michel Haïssaguerre showed that the majority of AF foci initiated from the pulmonary 

veins and highlighted the utility of minimally invasive (catheter) radiofrequency 

ablation.4 Together, surgical and catheter ablation techniques have taken many leaps 

and bounds to manage AF safely and effectively, improving quality of life. Albeit 

advancements in ablation techniques and technology, persistent forms of AF remain 

challenging to treat due to high recurrence rates and debilitating symptoms 

experienced by patients.  
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1.2 Background  
 

AF is a supraventricular arrhythmia characterised by an irregular activation in the atria 

and rapid ventricular rate. An electrocardiogram (ECG) has characteristic features of 

irregularly irregular ventricular activity and loss of ‘p’ waves. AF is grouped into 

paroxysmal (PAF, episodes of AF that terminate within 7-days) and non-paroxysmal 

(non-PAF).5–7 The latter consists of persistent forms of AF (persAF, continuous AF for 

more than 7-days) and long-standing persistent AF (LSPAF, continuous AF for at least 

12-months).5–7 These classifications are relatively easy to measure and replicate, but 

are not reflective of underlying pathophysiological disease. The focus of this thesis is 

managing the non-PAF cohort.  

 

AF is the most common arrhythmia worldwide and is a growing global health concern 

due to its high morbidity (stroke, heart failure) and mortality.8 The Global Burden of 

Disease study conducted between 1980 and 2010 reported a worldwide prevalence 

of AF at ~33 million.9 Unfortunately, epidemiological studies have been unable to 

capture the specific prevalence of non-PAF because of multiple issues such as delays 

in updates to the international classification of diseases, difficulties with healthcare 

coding and diagnostic challenges to name a few. A substantial proportion of AF 

patients are at risk of progression from PAF to non-PAF within 1-year.10 Together with 

a rising prevalence of AF worldwide over the last two decades (75% from 1997 to 

2017), results in an increased prevalence of non-PAF.11 Similar projections in 
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prevalence of AF have been reported in the UK, from 1.15% in 2010 to ~1.74%-2.12% 

by 2040.12 Critical factors leading to the rise are enhanced surveillance, better 

awareness due to stroke risk, ageing population and increased prevalence of co-

morbidities13,14. The upward trajectory of AF prevalence imposes an economic 

burden, currently costing between 0.9% (£1.4 billion) to 1.6% (£2.5 billion) of the total 

NHS expenditure (£190 billion).15 These costs are expected to increase from ~1.35 to 

4.27%, and a decrease in AF hospitalisations may help reduce the economic burden.15  

 

1.2.1 Aetiology  

 

The aetiology is unknown at present, but several risk factors predispose the atrial 

substrate to AF. Early epidemiological data suggested that age is an independent 

risk factor for developing AF.16 Regardless of adjusting for this risk factor, the 

prevalence and incidence of AF rise steeply with aging (Figure 1.1).12 However, there 

is a decline in the prevalence rate beyond 90 years (Figure 1.2), which could be a 

consequence of the fall in overall survival rates within that age group. Further, the 

survivors are more likely to be relatively healthier without comorbidities.   
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Figure 1.1: Age-adjusted incidence rate of AF between 1998 and 2010, by age 
group (UK). Data were taken from an epidemiological study by Lane et al.12 
 
 

With regards to sex, males are at a higher risk of AF compared to females throughout 

life.12 However, sex is an age-sensitive risk factor, with annual incidence rate of AF in 

males nearly double that of females in the younger population (<65 years), with the 

gap narrowing in advanced age groups (Figure 1.3).12 Exploring genetic 

predisposition in AF has identified greater than 160 genes that are associated with 

the disease.17 Despite this progress, rising age16,18, male sex19 and genetics17 are non-

modifiable risk factors and therefore unable to impact AF prevalence.  
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Figure 1.2: Age-adjusted annual incidence rate of AF per 1000 between 1998 and 
2010, by age group and gender (UK). Data were taken from an epidemiological 
study by Lane et al.12 
 

Conventional and emerging risk factors (Figure 1.3) continue to be investigated for 

their potential to be modified in the hope of reducing AF incidence. These include - 

obesity20, smoking21,  alcohol consumption22,23, endurance exercise24,25, hypertension 

(HTN)7,26–30, coronary artery disease (CAD)26–30, heart failure (HF)16, obstructive sleep 

apnea (OSA)31, chronic obstructive pulmonary disease (COPD)32, thyroid 

dysfunction33–36, inflammatory diseases37, diabetes mellitus (DM)38,39 and renal 

dysfunction40. These conditions directly or indirectly influence atrial remodelling and 

play a key role in AF pathogenesis. These categories and lists are not exhaustive of 

all risk factors leading to AF.41 
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Figure 1.3: Common risk factors for developing atrial fibrillation [created with 
BioRender.com]. 

 

1.2.2 Pathophysiology  

 

The conceptual framework of AF pathophysiology consists of two aspects: (1) 

initiation of AF, also known as ‘trigger’ and (2) maintenance of AF due to a change in 

the composition of the atrial ‘substrate’.42 Majority (~70%) of AF is secondary to 

underlying heart disease, which causes cardiac injury and the sequelae lead to AF.43 

The remaining 30% of AF is considered ‘lone’, and there is uncertainty as to what 

causes these triggers that result in abnormal ectopic foci in the absence of known risk 

factors or cardiovascular diseases.43 Goette et al. have recently characterised 
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histological changes associated with the most prevalent causes of AF: ‘lone’ AF, 

ageing, obesity, HTN, valvular heart disease, HF, OSA, and DM.44 Histological 

findings in lone AF revealed several pathological processes, including fibrosis, 

inflammation, cardiomyocyte damage and conduction abnormalities.44  

 

Various cardiac insults can trigger atrial fibrosis: oxidative stress, hypoxia, infection, 

and infarction.45 A simplification of fibrosis is the increase in collagen deposition.46 A 

more complex version has two key components: reactive and reparative.46,47 

Reparative fibrosis ensues as a result of either necrosis or apoptosis of myocytes. 46,48 

At the injury site, fibroblasts differentiate into myofibroblasts and attract inflammatory 

cells.46,48 This leads to crosslinking of type I fibrillar collagen, which replaces lost 

cardiomyocytes and leads to scar tissue, also termed interstitial fibrosis.46,48 Reactive 

fibrosis ensues as a result of inflammation.46,48 T cells, monocytes, and macrophages 

invade the intramural adventitia of coronary arteries and activate fibroblasts.46,48 

Fibroblasts differentiate into myofibroblasts, altering vasomotor reactivity and result 

in adjacent (perivascular) myocyte trapping.46,48 This results in myocyte atrophy and 

extends into the interstitial space neighbouring the vasculature.46,48 Secretory 

myofibroblasts release extracellular matrix into the perivascular and perimysium 

initially and later extends into the interstitial spaces.46  
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Other pathophysiological features include inflammatory infiltrates, myocyte damage 

(necrosis, myolysis, hypertrophy) and conduction abnormalities (sinus node 

dysfunction, reduced connexin-43).44 These abnormalities, alongside fibrosis, can be 

grouped into structural, electrical, and metabolic mechanisms (Figure 1.4).49 

Structural remodelling refers to both microscopic and macroscopic changes in the 

atria. Microscopic changes refer to atrial myocyte hypertrophy and fibrosis. These are 

initiated by pressure and volume overload in the LA, resulting in signalling cascades 

of multiple factors. Crosstalk between these factors, such as natriuretic peptides 

(ANP), endothelial markers (angiotensin II, endothelin 1) and inflammatory cytokines, 

perpetuate this vulnerable AF substrate.49 Macroscopic changes consist mainly of an 

enlarged LA.  

 

The components of electrical remodelling are down regulation of L-type Ca2+ 

channels (LTCC), up-regulation of Ik1 current, small conductance of Ca2+-activated K+ 

channel and gap junction remodelling [Connexin (Cx40) and Cx43].50 These 

components shorten action potential duration and effective refractory period and 

increase delayed after-depolarisation.44,51 Electrical remodelling contributes to early 

recurrence of AF after chemical or electrical cardioversion and likely progression from 

paroxysmal to the more chronic forms of AF.52  
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Figure 1.4: Pathophysiological processes that underpin remodelling in atrial 
fibrillation.49 [created with BioRender.com] 
 

Metabolic changes refer to oxidative stress (reactive oxygen species) and reduced 

capillary density. Without antioxidants, oxidative stress can lead to mitochondrial 

dysfunction, inflammation, fibrosis and cell death.49 In the context of AF, with chronic 

tachycardia resulting in increased oxygen demand, reduced capillary density can 

cause increased metabolic burden leading to mitochondrial dysfunction, ATP 

deletion and oxidative stress.49 Structural, electrical and metabolic changes crosstalk 

and results in irreversible atrial remodelling sustaining AF, which clinically may 

translate to enlarged atria (ECHO, CMR) and presence of fibrosis on late gadolinium 

enhancement magnetic resonance imaging (LGE-CMR)53. It would be expected that 
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atrial remodelling will progress alongside AF progression from PAF to non-PAF. This 

is reflected in studies that show left atrial (LA) volume larger in persAF compared to 

PAF54 and increased quantification of fibrosis on CMR55.  

 

1.2.3 Diagnosis  

 

The spectrum of the disease spans from asymptomatic to symptomatic; the latter can 

be identified with history, examination, and an ECG. Published studies suggest that 

~11 to 21% of AF patients are asymptomatic.56–58 Common symptoms associated with 

AF include palpitations, dyspnoea, fatigue, chest pain and dizziness (syncope/pre-

syncope).57 A European registry enrolling AF patients assessing disease-specific 

symptom burden using European Heart Rhythm Association (EHRA) symptom score 

showed that fatigue and chest pain were the most and least frequently reported 

symptoms, respectively. Diagnosis requires documenting an AF episode lasting at 

least 30 seconds on a surface ECG.7 Numerous devices have been approved for AF 

detection and screening. These include continuous rhythm monitoring devices such 

as Holter monitors, implantable loop recorders, wearable belts and ECG patches. 

Since the advent of smart devices, patients can use personal devices  such as 

smartwatches, smartphones and smartphone-connected devices.7 Diagnosing non-

PAF requires more prolonged monitoring, such as Holter monitoring for 24 hours or 
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more. This will enable the characterisation of persistent AF, which alongside history, 

will help categorise LSPAF.  

 

1.2.4 Management 

 

The turning point for AF management occurred when it was illustrated to increase 

stroke risk. Stroke risk is thought to occur as a result of stagnant blood from 

incomplete emptying of the LA due to loss of the atrial kick, impaired coagulation 

cascade and endothelial dysfunction.59 The CHA2DS2VASc score is applied to all 

categories of AF, and it encompasses Congestive heart failure (score=1), 

Hypertension (1), age≥75 (2), Diabetes mellitus (1), stroke (2), Vascular disease (1), 

Age 65-74 (1), sex (female=1)], which was implemented in the ESC guidelines in 

201060. Trends in England suggest newer OACs (apixaban, dabigatran, rivaroxaban, 

edoxaban) are preferred to warfarin since establishing similar effectiveness.61 In the 

presence of contraindication to anti-coagulation,  percutaneous left atrial appendage 

(LAA) occlusion devices can be an alternative.60 Recent evidence supports LAA 

occlusion during cardiac surgery to reduce ischemic stroke risk.62 Overall, anti-

coagulation has been effective at lowering AF-related stroke rates.63 

 

The biggest challenge for beyond stroke risk reduction for AF is symptom 

management for patients and the economic burden it imposes from increased 
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hospitalisations15. Very few studies have focused on risk factor modification (HTN, 

OSA, hyperlipidaemia, glucose intolerance, alcohol and tobacco) and its potential for 

improving symptoms, AF episode frequency, duration and potential for reversing AF 

progression.64,65 However, not all patients are amenable to lifestyle changes or risk 

factor modifications.  

 

Rate vs rhythm control   

AF-related symptoms occur in the presence of arrhythmia and are worse with 

tachycardic episodes. Hospitalisations arise due to being in fast AF compared to 

controlled AF. It is reasonable to state that attaining rate or rhythm control could 

potentially reduce hospitalisations. Rate control has consistently shown to be the 

preferred choice as there has been a lack of morbidity or mortality benefit offered by 

rhythm control strategies.66–70 These studies did not utilise implantable loop recorders 

(ILR); therefore, it is difficult to quantify their effectiveness at ventricular rate control 

and if any anti-arrhythmic effects. Furthermore, ventricular rate control alone does not 

eliminate symptoms.71 Many patients require sinus rhythm restoration to improve 

symptoms and quality of life. The rhythm control arm of trials comparing the rate vs 

rhythm control consisted of anti-arrhythmic drugs (AAD) and cardioversion (DCCV).66–

70 Rate control, AADs and DCCV may fail to improve symptoms regardless of the type 

of AF, and CA is the next viable option for sinus rhythm restoration and maintenance. 

Evidence points towards improved quality of life (aka symptoms) in patients 
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undergoing CA compared to AADs in mixed AF cohorts (PAF and non-PAF).72 Unlike 

PAF, patients with non-PAF undergoing CA, have seen suboptimal (52%) results at 

achieving sinus rhythm following a single procedure at 12-months, reducing further 

(42%) at 3-years.73 Stand-alone surgical ablation (SA) or hybrid (SA and CA) have been 

investigated to improve outcomes, especially the maintenance of sinus rhythm in 

patients who have failed CA or are deemed at high risk of failing ablation.7  

 

1.3 Failing therapy 
 

Several clinical prediction scores have been investigated to identify patients at risk of 

AF recurrence following CA. A study comparing these scores highlights the risk 

factors which have shown an association with AF recurrence following CA.74 These are 

namely non-modifiable risk factors [age, sex, AF type, left atrial (LA) diameter], AAD 

failure, early recurrence following CA, lifestyle (high BMI, smoking) and comorbidities 

(HTN, CAD, HF, DM, CKD, TIA, stroke, COPD, cardiomyopathy, vascular disease, 

bundle branch block, metabolic syndrome).74 None of them have gained consensus 

in national or international guidelines to be implemented in clinical use for patients 

undergoing ablation. These risk scores may help identify patients likely to fail therapy 

but are not for excluding patients from ablation therapy. These risk factors may play 

a significant role in AF maintenance. More importantly, not all patients benefit or are 

amenable to risk factor modifications and require ablation for sinus rhythm 

restoration.   
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1.3.1 Non-paroxysmal atrial fibrillation 

 

Current guideline recommendations for the management of non-PAF include medical 

therapy (AADs), CA, and if they fail, then consider SA. These strategies target 

improvement in patient symptoms by resetting sinus rhythm (SR) safely and 

effectively. The EAST-AF NET trial was the first RCT to show morbidity and mortality 

reduction (cardiovascular death, stroke, heart failure) if early rhythm management is 

employed using a combination of AADs and CA.75 A recent trial from China, focussing 

only on non-PAF (persAF and LSPAF), also corroborated these findings, extending 

their follow-up for 5 years.76 Furthermore, they highlight that AADs are less effective 

than CA at maintaining SR beyond 12-months.76 LSPAF are even less amenable to 

medical therapy (AADs) for rhythm control and are more likely to achieve SR by CA, 

as evidenced in many RCTs.77–80 Furthermore, QoL is improved with CA compared to 

AADs in symptomatic AF.72 Attaining SR using ablation has additional benefits 

beyond symptom control, including the potential for stroke risk reduction. Albeit the 

extensive evidence-base for CA in the context of AF, there are many gaps in 

knowledge regarding the best ablation approach for persistent AF. Achieving success 

in LSPAF cohorts is a tough challenge as they are at the extreme end of the non-PAF 

cohort, and if improved, may also improve effectiveness in the less persistent forms 

of AF.  
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1.3.2 Radiofrequency catheter ablation  

 

History 

CA can either utilise radiofrequency (RF) or cryoballoon energy sources. The evidence 

from RCTs for cryoballoon is limited to PAF cohorts.81–83 Therefore, RF ablation is 

clinically more relevant, as it is well established in treating non-PAF cohorts. RF 

ablation was first reported in 1987 to achieve atrioventricular junctional block as an 

alternative to direct current ablation because of serious adverse events.84 Five years 

later (1992), radiofrequency catheters were available and the journey began for 

Haïssaguerre’s team to understand AF ablation (Figure 1.5). The years that followed 

involved improved mapping catheters, and finally, in 1998, their team demonstrated 

pulmonary veins to be important foci for AF initiation and that it can be ‘treated’ by 

radiofrequency ablation.4 

 

Pulmonary vein ablation and isolation 

Ablation and isolation were concepts that evolved after experiencing AF recurrences 

in patients. In 2003, post-operative electrophysiological testing in patients showed 

that total electrical isolation of PVs was necessary for reducing recurrences.85 This was 

tested in patients undergoing CA with pulmonary vein ablation (PVA) and the addition 

of testing for gaps in circumferential PV (Figure 1.5.B).86 The ablation of identified 

gaps in circumferential PV resulted in improved success rates.86 The importance of 
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PVA and isolation (PVAI) were further emphasised in persistent AF patients to improve 

freedom from AF in the medium-term follow-up.86 From a pathophysiological 

perspective, achieving PVI durability is not sufficient to reduce all AF recurrences in 

PAF.87 Unfortunately, the single procedure success at medium-term follow-up for 

LSPAF (20%) was significantly lower (p=0.05) than persistent AF (≤12 months, 50%) 

despite the addition of PVI.88  Therefore, we need solutions beyond PVI to improve 

ablation outcomes in non-PAF cohorts. 

 

 
Figure 1.5: Catheter ablation at various steps. A: inserting catheter via transeptal 
puncture. B: pulmonary vein ablation (green circles). C: complex fractionated atrial 
electrograms (yellow stars). D: Roof and inferior line (black line). E: mitral isthmus 
line (black line). F: cavotricuspid isthmus (blue line) [created with BioRender.com]. 
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Complex fractionated atrial electrograms 

Complex fractionated atrial electrograms (CFAE) were hypothesised to perpetuate 

AF, and that their termination would result in conversion to SR (Figure 1.5.C).89 The 

first RCT comparing PVA, PVAI and PVAI+CFAE in LSPAF showed that the latter was 

superior (11%, 40% and 61%, respectively) at achieving single-procedure freedom 

from AF/AT, at a mean follow-up of 16-months.90 Contradicting this finding, Oral et 

al. (2009) randomised patients following PVAI in whom AF was not terminated to 

either receive CFAE ablation or no further ablation.91 This study did not show any 

additional benefit of CFAE in the LSPAF cohort.91 A large case series of consecutive 

LSPAF patients undergoing ablation reported that PVAI alone was sufficient to restore 

SR in 43% of patients.92 Contradicting these findings, two meta-analysis comparing 

PVAI and PVAI+CFAE in RCTs showed better odds of achieving freedom from AF was 

doubled with the addition of CFAE.93,94 But looking closely, both meta-analysis 

conducted subgroup analysis from RCTs, which showed no improvement in outcomes 

following adjunctive CFAE ablation in non-PAF cohorts.93,94  

 

Box lesion 

The term ‘box lesion’ was coined for posterior wall isolation (PWI) encompassing roof 

line, inferior line and bilateral PV’s that make up the lateral lines (Figure 1.5.D).95 This 

was developed because vertical lesions of the posterior wall resulted in a rare but 

fatal complication - atrial-oesophageal fistula. Implementation in non-PAF resulted in 
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73% success (single-procedure freedom off AADs) in persistent AF and 46% in LSPAF 

after a mean of 12 months follow-up.96   

 

Linear lesions 

LA substrate modification beyond PVAI was necessary for improving outcomes in 

persistent AF. The addition of the cavotricuspid isthmus line (CTI, Figure 1.5.E) and 

LA isthmus line [also known as mitral valve isthmus (MVI) line, Figure 1.5.F] increased 

single-procedure success from 20% for PVAI alone to 69% after a median follow-up 

of 487 days.97  

 

Catheter ablation strategy 

How should we decide on an ablation strategy for non-PAF? A meta-analysis 

published in 2010, focusing primarily on the ablation (CA) technique and the 

outcomes for LSPAF, highlighted a lack of clarity in the optimal approach.98 The range 

of single procedure and drug-free success varied from 11% to 74% in 32 studies 

(observational and RCTs) that were grouped into 7 strategies.98 Although, the 

conclusion did suggest that the index procedure (CA) should be extensive as 

additional substrate techniques (PVI and linear lesions or CFAE or ‘box lesion’ or 

stepwise) increased the success rate to a mean of 47% (PVI alone - mean 21% and 

CFAE ablation alone - mean 37%).98  
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1.3.3 Surgical ablation  

 

Longer-term studies show a decline in the effectiveness of single-procedure (CA) 

success, which reduces linearly and usually requires repeat procedures, unlike in 

PAF.99 To improve the single-procedure effectiveness of achieving SR, stand-alone 

SA has been proposed as an alternative.7 As mentioned earlier, surgical maze (‘cut 

and sew’ technique) was first proposed as a treatment for AF before catheter ablation 

in the 1980s.3 After several iterations, from Cox-Maze I to finalising with Cox-Maze III,  

SA showed improved outcomes and fewer complications.100,101  Surgeons moved from 

cut and sew to using cryothermal energy in the late 1990s and to radiofrequency in 

early 2000.101,102 Although success rates were high at 95% with the stand-alone Cox-

Maze III, the morbidity that ensued limited its utility.103 The first modified Cox-Maze 

III was proposed in 2004, requiring less time utilising RF.104 Further refinement with 

minimally invasive video-assisted thoracoscopic radiofrequency ablation of PVI, box 

lesion and ganglionic plexi (GP) with LAA excision was a safe and effective strategy 

(Figure 1.6).105–108  

 

Bipolar RF devices have been shown to produce transmural lesions.109 RF is the only 

tested energy technique utilised in thus far published RCTs comparing CA and SA. 

Only one observational study (2011) investigated LSPAF cohort and found promising 

results with 74.7% in SA and 59% in CA.110 SA was associated with significantly more 
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severe adverse events (conversion to sternotomy due to intra-operative bleeding, 

pneumothorax, haemothorax, pericardial effusion, pneumonia) when compared to 

CA.111,112 Given the low success rates with CA in treating LSPAF, SA is a relatively safe 

and effective treatment strategy that requires further inquiry.  

 

 
Figure 1.6: Surgical ablation at various steps. A: pulmonary vein ablation (green 
circles). B: Roof and inferior line (yellow line). C: Ganglionic plexi ablation (pink stars). 
D: left atrial appendage clip (black) [created with BioRender.com]. 
 

At the time when CASA-AF investigators were planning the surgical arm, there were 

only two RCTs published in this arena. The FAST trial (2012) was the first RCT 

comparing SA versus CA in a mixed cohort, including patients who have previously 
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failed CA.111 Freedom from AF was achieved in 65.6% and 36.5% in SA and CA, 

respectively. In the following year, another RCT (Pokushalov et al 2013) showed even 

better success rates in persistent AF - 75% in SA compared to 36% in CA at 1-year 

follow-up.112 There are many differences between CASA-AF and these two RCTs. The 

most glaring one is the equivalence noted in CASA-AF between the intervention arms 

unlike those previous RCTs, meaning they were equally effective at achieving 

arrythmia outcomes at 12-month follow-up.113 This was for both the stringent outcome 

of freedom from 30 seconds of arrythmia (CA: 28% vs SA: 26%) and 75% arrythmia 

burden reduction (CA:77%, SA:67%).113 Furthermore, previous RCTs had less 

advanced disease (more PAF and less persistent), and both trials lacked continuous 

rhythm monitoring. Pokushalov et al (2013)112 were only focused on patients with prior 

failed CA, and majority recruited to FAST AF (2012)111 had also undergone previous 

CA. CASA-AF patients underwent de novo ablative procedures, in contrast to those 

other trials, which could have importance in dictating treatment success. Since 

majority participants had already undergone CA prior to being recruited to FAST 

(2012) and Pokushalov et al., it could be perceived that these patients had a hybrid 

route for the SA arm, which may achieve a better transmural lesion compared to the 

de novo procedures in the CASA-AF trial. FAST trial’s subgroup analysis (Figure 2 in 

their paper) highlighted that a prior failed CA or PAF were likely to do better in the 

SA arm as opposed to CA.111 The latter suggests that CASA-AF results are in keeping 

with their trend that more advanced disease are likely to do less well in the SA arm. 
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The authors of HARTCAP-AF114 recently argued that there was limited surgical 

experience in  CASA-AF centres and were likely impacted by a learning curve effect. 

There is no research evidence to support this claim114, although thoracoscopic SA is 

more accessible in Europe as it is a guideline therapy in non-PAF populations.115,116 

National Institute for Health and Clinical Excellence (NICE) guidance does not 

routinely recommend standalone SA for AF and there are barriers even for surgeons 

to provide this intervention, meaning less standalone SA procedures are completed 

in the UK.117 Therefore, referrals to cardiothoracic surgical team are likely to be rare 

outside the research setting. Another difference could be the interventional 

experience comparing electrophysiologists and surgeons. Electrophysiologists 

anywhere in the recruitment centres for CASA-AF are more experienced when 

compared to their surgical counterparts in the field of AF ablation. Therefore, there 

is an immediate disadvantage to the SA arm, and this is likely the same even in 

Europe. But in the UK the difference may be more stark due to previously mentioned 

barriers to providing service. Despite these limitations, long term outcomes need to 

be elucidated comparing CA and SA. 

 
1.4 Outcome measures 
 

The measure of success for ablation can either be objective or subjective. Objective 

clinical outcomes such as ECG monitoring for recurrence of atrial arrhythmias [AF or 

atrial tachycardia (AT)] and subjective measures are patient-reported outcomes 



 46 

[quality of life (QoL) questionnaires] or clinician-reported outcomes [symptom scores 

– EHRA].  

 

Currently, the ideal trial outcome measure has not yet been determined for patients 

undergoing AF ablation. Subjective measures (such as symptoms and impact on QoL) 

are the main indication for AF ablation.6,115 There lacks international consensus on  the 

best subjective outcome measure (i.e. a single questionnaire) in AF. Objective data 

using Holters and ILRs have limitations. For Holters, patients are asked to maintain a 

handwritten journal of symptoms so they can be correlated with ECG episodes.  

Implantable loop recorders have the capacity to store ECG strips when patients report 

symptoms using a physical ‘activator’. But AF is complex, therefore an acute symptom 

activator isn’t sufficient to capture all types of AF symptoms. For example, fatigue is 

a non-specific symptom and can be a result of either intermittent or continuous 

episode of AF. Therefore, an ideal outcome measure should be able to capture and 

label symptomatic and asymptomatic AF episodes.  

 

The main reason for the use of freedom from ³30 seconds arrythmia is due to 

guideline recommendations for research studies. The first international consensus 

document for AF ablation defined recurrence following ablation as an arrhythmia 

episode ³30 seconds.118 This definition persisted in the update versions (2012 and 

2017) and has been recommended as the gold standard for reporting efficacy 
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following ablation procedure.6,115 The pros of the 30 seconds of arrythmia recurrence 

is that its easily reproducible and also comparable with historical  trials. Another 

important aspect is that a single 30 second episode of arrythmia may not be an 

isolated119 or a self-limiting event. Furthermore, short episodes of AF were seen to be 

more frequently occuring119 and therefore potential for causing symptoms. 

 

The most talked about limitation to the 30 seconds of arrythmia recurrence is whether 

it translates to clinical value. Even if 30 seconds of arrythmia is recurring frequently, it 

may not necessarily have clinical meaning.119 Therefore, studies need to evaluate 

whether a single and/or multiple short episodes of arrythmia recurrence are 

correlated to symptoms in a cohort focusing primarily on patients undergoing 

ablation. If these short episodes of arrythmia are associated with symptoms, how does 

it impact quality of life? Do these short episodes progress to persistent AF and do 

they lead to re-do ablation? The above-mentioned limitations with this outcome are 

mostly unanswered. Burden reduction has been the alternative arrythmia outcome 

that has been suggested to have more clinical value, but there lacks consensus as to 

the ideal percentage reduction. Other limitations to burden reduction even when 

implantable loop recorders (ILRs) are utilised, is lack of a reproducible method. This 

is due to the differences in algorithms utilised for the three most common ILRs in the 

market - Reveal Linq (Medtronic), BioMonitor III (Biotronic) and Confirm RX (St Jude 

Medical/Abbott). 
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1.4.1 Implantable loop recorder  

 

Rhythm assessment can either be recorded intermittently or continuously. 

Intermittent options include periodical ECGs, Holter and event recorders. These are 

cheaper but do not capture possible recurrences in between follow-ups. Continuous 

measurement of electrical activity will likely give a more precise assessment of 

recurrence the following ablation for the entire period of follow-up. Therefore, 

continuous rhythm monitoring options like implantable loop recorders (ILR) have 

become more commonplace in AF ablation trials, though more expensive. The gold 

standard endpoint for success following ablation is defined by freedom from atrial 

arrhythmia (AF/AT) ≥30 seconds off AADs, assessed from the end of the blanking 

period (3-months post-ablation) to the time point being considered.6 Other endpoint 

definitions include clinical success, which can be defined as burden reduction. Clinical 

success has been given an arbitrary value ≥75% reduction (duration or number of AF 

episodes) from an international consensus statement.6   

 

The ILR used in CASA-AF RCT (Medtronic Reveal) is designed only to identify ³2 min 

duration. The rationale for using this form of monitoring is that if a patient is going to 

have a 30-second episode of AF/AT, they are likely to have a more extended episode 

of 2 minutes. This hypothesis has been studied by Philippsen et al. by comparing ILR 

and 72-hour Holter.120 The patient population chosen was a high-risk group based on 
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comorbidities (diabetes and hypertension) but without a history of AF.  Seventeen 

patients out of 82 had AF detected during follow-up, of which 14 had AF episode ³6 

mins.120 Only two patients had AF detected by 72-hr Holter, which were also identified 

by ILR; therefore, these episodes were longer than 2 mins.120 Therefore, ILR effectively 

identifies patients with ≥30 seconds of AF/AT recurrence post-ablation. Additionally, 

ILRs have a higher diagnostic yield in AF/AT detection when compared to intermittent 

monitoring.121,122 Furthermore, the Medtronic ILR had the most steadfast remote 

monitoring and was the latest generation at the time it was chosen in 2014. 

 

1.4.2 European Heart Rhythm Association Symptom Score 

 
Rhythm management for AF is motivated by symptoms, which carry the weight in 

quality-of-life measures. Psychological wellbeing is crucial while treating AF as it can 

lead to anxiety and depression, both of which have increased health care utilisation, 

morbidity and mortality.123 European Heart Rhythm Association (EHRA) symptom 

score for AF was proposed and later validated as a gauge of symptom severity.118,124 

There are other symptom score scales, such as the Canadian Cardiovascular Society 

Severity in Atrial Fibrillation (CCS-SAF) scale125,126, which has been validated.7 The 

initial 2007 EHRA symptom score has several limitations, most notable is the jump 

from mild to severe from EHRA 2 to EHRA 3. The modification (mEHRA) changed 

EHRA 2 to EHRA 2a and 2b, to encompass moderate symptoms. However, 

description of mild and moderate symptoms succumbs to interpretive bias. 
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Furthermore, when clinicians enquire about symptoms to elicit EHRA scores, it can 

result in acquiescence bias (ie responding to binary questions with yes) and 

interviewer bias. However, ESC guidelines recommend EHRA symptom score to help 

guide rhythm control strategy, but not CCS-SAF. The updated mEHRA was not 

utilised because patients were recruited using the non-modified EHRA symptom 

score.  

 

1.4.3 Quality of life questionnaires 

 
The main limitations to quality of life (QoL) measures are their subjective nature and 

their sole utility in research settings. There are two QoL measures: generic to any 

disease and AF-specific. The main advantage of using generic scores (EQ-5D, SF-36) 

is extensive validation across many different conditions, including AF.127–129 Despite 

the ease of use, these scores have individual pros and cons, heavily influenced by age 

and comorbidities. A few prospective cohort studies for LSPAF patients have utilised 

EQ-5D, showing improvement in QoL, which was related to being in sinus rhythm or 

reducing arrhythmia burden. In one of the prospective studies for LSPAF patients who 

underwent CA, there was a significant improvement in QoL at a 2-year follow-up.130 

Another study compared CA between paroxysmal AF and LPSAF groups.131 The 

magnitude of improvement of the QoL was significantly higher in LSPAF than in PAF 

over three years, especially if patients were successfully in SR and without being on 



 51 

AADs.131 The additional benefit of EQ-5D (generic score) is a valuable tool to calculate 

quality-adjusted life-years (QALYs) for health economic analysis.132  

 

Other than the obvious advantage of AF-specific scores, the main disadvantages are 

that there are too many to choose from, and usually, the questions are not always 

easily understood by patients.133 A systematic review of these scores showed that the 

AF Effect on Quality of Life survey (AFEQT) was the strongest performing tool.133 The 

results from CABANA RCT showed that rhythm control using CA in a mixed cohort of 

AF patients was superior to AAD, based on QoL improvement (AFEQT) at 12-month 

follow-up.80 A prospective study looking at hybrid ablation (SA followed by CA) in 

non-PAF cohorts showed improvements in QoL (AFEQT and EQ-5D) at the 12-month 

follow-up.134 The CASA-AF RCT showed that CA was superior to SA at the 12-month 

follow-up utilising EQ-5D and EHRA symptom scores.113 There is a lack of evidence 

regarding QoL in the long-term comparing these strategies using both EQ-5D and 

AFEQT.    

 

There are many limitations to QoL questionnaires. Despite the ease of use of generic 

scores like EQ-5D, it is heavily influenced by age and comorbidities. There are too 

many questionnaires to choose from, and usually, the AF-specific questions are not 

always easily understood by patients.133 It is a disadvantage that these questionnaires 

are not typically used outside research settings making it challenging to see 
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translation to bedside practice. QoL questionnaires succumb to multiple types of 

biases, such as Hawthorne effect, question order bias and recall bias. Hawthorne 

effect on QoL is related to change in behaviour of patients because they are being 

observed. Some changes in behaviour could be better compliance with medications, 

reduced alcohol intake etc. Further impact of the Hawthorne effect is added by the 

lack of a placebo arm in CASA-AF, therefore patients participate with an expectation 

that experimental arms will have better outcomes.135 Question order bias and recall 

bias is more related to AFEQT questionnaire and not EQ-5D136. Patients desire to be 

consistent especially when responding to questions within each section e.g. worrying 

about medication and also worrying about blood thinners. Recall bias impacts AFEQT 

questionnaire because the questions ask the responder to consider the past 4 weeks 

when answering questions. 

 

1.5 Serum biomarkers  
 

The conditions that lead to AF are often driven by risk factors and pathophysiological 

processes (fibrosis, inflammation, myocyte hypertrophy, oxidative stress, cell death). 

Several serum biomarkers have been implicated in these pathological mechanisms 

and studied in the context of predictors of incident AF, stroke risk stratification, 

predictors of AF progression, predictors of treatment outcomes and therapeutic 

targets. Notable biomarkers in AF studies are natriuretic peptides (BNP, NT-proBNP), 

cardiac injury markers (Troponin I, Troponin T), inflammatory markers [c-reactive 
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protein (CRP), interleukin-6 (IL6) and growth differentiation factor 15 (GDF-15)].7 Some 

are effective tools in AF stroke and bleeding risk assessment.7 In the context of 

baseline predictors of ablation outcomes, previous meta-analyses have shown 

baseline natriuretic peptides (ANP, BNP, NT-proBNP)137,138,  CRP138,139 and IL6138,140 to 

have potential utility. NT-proBNP141, CRP142 and IL6142 were studied in randomised 

controlled populations (trials) and concluded that elevated levels were independent 

predictors of AF recurrence following ablation. Troponins143,144 and GDF-15137,138, on 

the other hand, have conflicting data from this perspective. Given the exponential 

research conducted in identifying a predictive biomarker, it is essential to conduct 

systematic reviews and meta-analyses to synthesise evidence at frequent intervals. 

This enables us to understand if correlations and associations have sustained the test 

of repetition and reproducibility.  

 

The question remains as to why some of these findings have not been translated to 

clinical use? Potential reasons could be (1) lack of consistent findings as noted in the 

individual studies of the meta-analyses, or (2) lack of large-scale studies, or (3) AF is a 

complex disease consisting of multiple pathological processes in crosstalk, therefore 

may not be explained by an individual biomarker and requires a multi-marker 

strategy. Proteomics has emerged in the last two decades as a method to analyse 

large-scale proteins present in specific cells or tissues (serum, plasma) using mass 

spectrometry.147 Utilising proteomics removes framing bias from the equation, given 
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that we are not selecting biomarkers based on positive findings from previous 

publications. Proteomics is still novel and has not yet been utilised in AF ablation 

trials. Therefore, it may have the potential to identify biomarkers with predictive 

capabilities for ablation outcomes from a wider variety of biological pathways.  

 

The utility of baseline predictors is precision medicine for patients, guiding therapy, 

or becoming therapeutic targets for future trials. Serum biomarkers have great 

potential to be cost-effective compared to echocardiography (ECHO, left atrial 

diameter) and magnetic resonance imaging (MRI, late gadolinium enhancement) for 

diagnostic and predictive value. In addition, blood tests are easily accessible and do 

not have the same waiting times as opposed to imaging (ECHO, MRI), especially in 

the current NHS arena.  

 

1.6 Cost-effectiveness  
 

Cost-effective analysis (CEA) is a combination of quality-of-life measures [quality-

adjusted life years (QALYs), disability-adjusted life years (DALYs)] in disease states, 

probabilities of transitioning between various health states and associated costs. 

Health economic (HE) evaluation in the context of AF treatment has been thoroughly 

assessed by comparing AADs and CA in paroxysmal AF, showing that the latter is a 

cost-effective modality.148–156 Only one study in China suggested that CA is cost-
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effective in either PAF or persistent AF.156 Only one study showed that SA is cost-

effective if the health care system’s willingness to pay is $100,000 per quality-adjusted 

life-year (QALY).157 Furthermore, their analysis may have been skewed due to their 

optimistic ablation outcomes in non-PAF.157 Their 12-month probability of achieving 

SR in the SA group was 93.4%, and CA were 62.8%.157 Important to note that the 

NICE threshold for willingness to pay is £30,000 and only increases to £50,000 for 

palliative care treatments. CEA for comparing AADs, CA and thoracoscopic SA in 

non-PAF has not been undertaken.  

 

1.7 Hypothesis and aims 
 

1.7.1 Hypothesis 

 

Surgical ablation is superior to catheter ablation in maintaining freedom from atrial 

arrhythmia in patients with long-standing persistent atrial fibrillation in the long-term 

of 36-months.  

 

1.7.2 Aims 

 
• Chapter 3: Evaluate whether SA is superior to CA at achieving sinus rhythm 

in the long term (36-months) for LSPAF. 
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• Chapter 4: Systematic review and meta-analysis to identify all the biomarkers 

that have been investigated to find a predictive marker of ablation success. 

• Chapter 5: Proteomic analysis of serum samples taken pre-ablation (CA and 

SA) are predictive of success in the medium term (12-months). 

• Chapter 6: Cost-effectiveness of CA in non-paroxysmal AF compared to 

AADs and SA.  
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Chapter 2: Methodology 
 

2.1 CASA-AF randomised controlled trial  
 

Catheter ablation versus surgical ablation in long-standing persistent atrial fibrillation 

(CASA-AF) is a multi-centre randomised controlled trial that adhered to the standards 

of the Declaration of Helsinki and CONSORT reporting guidelines, which was 

approved by the UK NRES ethical review board (15/SC/0023). The protocol for the 

trial has been published158 and was registered on ClinicalTrials.org (NCT02755688).  

 

2.1.1 Study outcomes 

 

The CASA-AF trial tested the hypothesis that thoracoscopic surgical ablation (SA) is 

superior to catheter ablation (CA) in maintaining freedom from atrial arrhythmias in 

LSPAF at the 12-month follow-up. The primary outcome of success was defined as 

freedom from atrial arrhythmia [AF or atrial tachycardia (AT)] ≥30 sec after single-

procedure without anti-arrhythmic drugs (AAD), after the blanking period of 3 

months. Secondary endpoints include clinical success defined by AF/AT burden 

reduction of ≥75%, changes in symptoms, quality of life and within-trial cost-

effectiveness analysis.  
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2.1.2 Recruitment sites 

 

All the participating centres were specialist cardiology and cardiothoracic hospitals. 

There were four participating sites, and the first two were part of the same trust: 

1. Royal Brompton Hospital (RBH) 

2. Harefield Hospital (HH) 

3. Liverpool Heart & Chest Hospital (LHCH) 

4. Brighton Sussex University Hospital (BSUH) 

 

2.1.3 Sample size 

 

The sample size was calculated based on pilot data that showed SA to have a success 

rate (freedom from AF/AT) of 76% and CA lower at 44%.159 The sample size for each 

group was 48 to detect differences in the primary outcome (90% power and p=0.05). 

The margin of error of 25% and 10% attrition rates resulted in requiring 60 in each 

group, therefore a total of 120 patients (SA=60, CA=60). 

 

2.1.4 Patient Recruitment 

 

The aim was to recruit adults with symptomatic LSPAF who have been referred for 

interventional therapy. Patients were identified for recruitment from cardiology clinics 
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and ablation waiting lists. The predefined inclusion and exclusion criteria are noted 

below. 

 

Inclusion criteria: 

1. Age ≥	18 years 

2. Persistent AF ≥	12 months 

3. Symptom score (EHRA) > 2 

4. Left ventricular (LV) ejection fraction ≥ 40% 

5. Suitable for either procedure  

Exclusion criteria: 

1. No previous left-sided catheter ablation for AF 

2. Unable to provide informed written consent 

3. Active cancer  

4. Severe concomitant medical condition  

5. Presence of implanted cardiac devices  

6. Pregnant or breastfeeding 

7. Contra-indication to taking anti-coagulation 

8. Great than mild severity of valvular heart disease 

9. Left atrial thrombus despite being anti-coagulated and in the therapeutic 

range 

10. Stroke or transient ischaemic attack within the last 6 months 
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11. Any cardiac or thoracic surgery in the past 

 

After assessing for eligibility based on the criteria, patients were contacted for study 

participation, and after verbal consent to participate was gained, they attended the 

hospital for baseline study assessment. Following a thorough review at the baseline 

study visit, patients were only randomised if they fit the above inclusion and exclusion 

criteria.  

 

2.1.5 Randomisation 

 

A total of 120 patients with LSPAF were randomised with equal allocation - 1:1 ratio 

of CA:SA. Block randomisation method was utilised with randomly varying block sizes. 

The varying block sizes ensured allocation of treatment (CA or SA) did not become 

deterministic at the end of a block and thereby protected allocation concealment and 

mitigated selection bias. Randomisation blocks were stratified by study site, sex (f/m) 

and LA diameter (<50mm and >50mm). Randomisation was accessed through a 

secure web page hosted by the Kings College Trials Unit (KCTU). Randomisation was 

set up such that after randomising patient number 120, the system closed so no 

further patients could be randomised at other sites. Furthermore, patients that 

withdrew from the trial after randomisation were not replaced, this attrition was 

accommodated as part of the sample size calculation. 
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2.1.6 Procedures  

 

Pre-procedural anti-coagulation  

All patients recruited for this trial were expected to be on anti-coagulation before the 

procedure and for a minimum of 12-months following the procedure. Patients were 

provided with information on pre-procedure anti-coagulation bridging. This was 

based on the procedure and type of oral anti-coagulants patient was already 

prescribed. Patients undergoing SA required bridging with low molecular weight 

heparin (LMWH). If patients were on warfarin, they stopped taking their tablets 3 days 

before the procedure, and LMWH was used to bridge. If patients were on anti-XA 

inhibitors or other novel oral anti-coagulants, they were required to stop taking their 

tablets five days before the procedure and were bridged with LMWH. Unlike SA, 

patients randomised to CA did not require anti-coagulation interruption. 

 

Pre-procedural transoesophageal echocardiography 

All patients had transoesophageal echocardiography (TOE) to rule out clots in the left 

atrium (LA) and left atrial appendage (LAA). If the presence of a clot was confirmed 

on TOE, anti-coagulation was altered to warfarin and the therapeutic range of 

international normalised ratio (INR) was closely monitored. The procedure was also 

delayed until the resolution of the clot on subsequent TOE. 



 62 

Catheter ablation strategy 

Participants were consented to the procedure and general anaesthetic (GA). Femoral 

vein access was gained using ultrasound guidance. Trans-septal puncture was done 

under the guidance of TOE. Geometry and voltage mapping of LA was done using 

CARTO system (Biosense Webster, Irvine, CA, USA) with a circular mapping catheter 

(LASSO, Biosense Webster). Voltage maps were created in AF and then repeated in 

SR following cardioversion. Radiofrequency ablation was undertaken with a 3.5mm-

irrigated-tip catheter (Thermacool® Smarttouch™, Biosense Webster). The ablation 

strategy for CA was stepwise, starting with the isolation of left and right pulmonary 

veins (PV), linear ablation (roof and posterior line creating 'box lesion'), and lateral 

mitral isthmus line and cavotricuspid isthmus. Entrance and exit blocks were tested 

for electrical isolation of PVs with a circular sensing catheter 30 minutes after the last 

ablation time for each line. Further ablation was performed if there was a failure to 

achieve bidirectional block. Although, mapping and ablation of AT was undertaken if 

AT occurred during the procedure. If patients were still in AF at the end of the 

procedure, they were cardioverted. 

 

Rationale for catheter ablation strategy 

CASA-AF lesion sets consisted of PVI, PWI, MIL and CTI. The thought process behind 

the adjunctive lines (beyond PVI) used was because persistent forms of AF, especially 

LSPAF, have progressive atrial remodelling beyond pulmonary vein triggers that are 
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also involved in AF maintenance. CASA-AF was conceived around the time when PVI, 

extensive atrial defragmentation, substrate modification and GP ablation was the 

standard of practice for LSPAF at our centre.  

 

Embryonically, pulmonary veins form the posterior wall, so, from a pathophysiological 

perspective, PWI was a rationale strategy.160 Studies96,161–163 showed that adjunct PWI 

improved arrythmia outcomes in non-PAF and therefore was incorporated in the 

CASA-AF strategy for CA. Only recently has the pursuit of adjunct PWI in non-PAF 

been put to rest with the recent CAPLA trial, showing equivalence to PVI in persistent 

AF.164 

 

Ablation of mitral isthmus line (MIL) was part of the protocol based on multiple 

studies, which consisted of randomised and non-randomised studies, showing 

superiority to PVI only strategy for non-PAF.97,165–168 However, MIL is probably the 

most challenging of the lesions for many electrophysiologists. Due to the complexity 

and variation in the tissue depth across this line, achieving a transmural lesion is often 

difficult and incomplete ablation can be pro-arrhythmic (macro-re-entrant AT).169 

Recently, pulsed field ablation of MIL has shown effective transmural lesions with 

improved arrhythmia outcomes.170 Other variations or proximities to MIL (vein of 

Marshall, distal coronary sinus to LA) have shown promising results, which suggests 

that curiosity for MIL has continued.171,172  
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Atrial flutter and AF often co-exist in patients, therefore adjunct CTI regardless of 

documented AF was a reasonable strategy for the CASA-AF trial. In one PAF cohort, 

prophylactic CTI in patients without atrial flutter was futile.173 In mixed AF cohorts 

(PAF and persistent), prophylactic CTI did not improve outcomes.174 However, PAF 

cohorts were proportionally higher than non-PAF. There has been mixed messages, 

favouring175 and not favoring176 adjunct CTI in patients with AF and documented atrial 

flutter. It is interesting to see that these trials in a meta-analysis have suggested that 

adjunct CTI is not effective, regardless of documented atrial flutter.177 But the 

shortcomings of meta-analyses, with regards to heterogeneity of data from varying 

clinical trials and the lack of an RCT focusing only on non-PAF cohorts, the jury is still 

out as to the utility of adjunct CTI. 

 

Since CASA-AF, we have repeatedly seen that adjunct therapies beyond PVI have 

failed to show any superiority in non-PAF populations.164,178–180 PVI remains to be the 

corner stone of ablation irrespective of AF type, since results of the STAR AF II trial 

have been published.179 However, at the time of study design, the optimal strategy 

to prevent atrial arrythmia recurrence in LSPAF, involved an extensive ablation 

strategy and therefore CASA-AF’s strategy is a reflection of evidence from that time 

period. 
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Surgical ablation 

Video-assisted thoracoscopic surgical ablation was undertaken by experienced 

cardiac surgeons who had previously conducted at least 20 procedures for AF as the 

primary operator. The procedure required the presence of an electrophysiologist (EP) 

in the operating theatre during SA because of improved outcomes181 for testing of 

conduction blocks. Following GA, LA thrombus was excluded using TOE. The 

procedure started on the right side of the chest, after inserting three thoracoports. 

Bipolar radiofrequency ablation clamp (AtriCure, USA) was used to isolate the right 

PV on the epicardial surface, and then overlapping applications were applied to 

create linear lesions (roof and inferior line). This process was repeated on the left side 

for PVs, and then linear lesions were connected from the left side to the right, creating 

the 'box lesion'.  

 

GPs (all listed in Table 2.1) were located using high-frequency stimulation using the 

multifunctional isolator pen (AtriCure, USA). If high-frequency stimulation elicited a 

vagal response, a slowing of intrinsic heart rate (either shown by three or more 

seconds of asystole, or the R-R interval increasing by more than 50%), then the GP 

was ablated. After ablation they were retested by high-frequency stimulation. Repeat 

ablation was conducted on the same GP if vagal response was continued to be 

elicited. The total number of patients positively stimulated for each GP are listed in 

Table 2.1. The reason for variation in number of patients for each GP ablated is likely 
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that some epicardial GPs close to the antrum of PV’s were likely ablated at the same 

time as PVI.   

 

Ganglionic plexus location No. of patients with lesion 

Left superior 2 
Left inferior 2 

Left bifurcation 1 
Right superior 14 
Right inferior 17 

Right posterior 7 
Right anterior 1 
Coronary sinus 36 

Table 2.1: Number of patients in whom respective GPs were identified and ablated.182  
 

Electrical isolation of the posterior wall was verified by sensing and pacing 

manoeuvres. Entrance and exit block PVI was tested at the end of the procedure. If 

the patient was not in SR at the end of the procedure, then the patient was externally 

cardioverted. LAA was excluded under TOE guidance and using a clip (AtriClip®, 

AtriCure, USA). 

 

Differences between CA and SA lesions 

There are clear differences between the lesion sets comparing the two arms in CASA-

AF. Midline sternotomy would achieve a similar lesion set as the CA arm (PVI, PWI, 

MIL, CTI), but it was considered too risky as increased morbidity for standalone AF 

ablation, therefore outweighing benefit. Additional lines in CA that were not present 

in SA were MIL and CTI, both of which surgically would require incision of the 
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myocardium and endocardial ablation to achieve successful block. This would add 

significant risk and complexity to the operation and therefore were not taken forward. 

The lesion set for SA (PVI, PWI, GP, LAA clip) was as extensive as possible based on 

epicardial accessibility and timing, whilst also maintaining low morbidity. CA lesion 

set did not consist of GP ablation or left atrial appendage occlusion device (LAAO). 

At the time of study design, techniques for effective GP mapping and ablation 

endocardially (CA) were limited and were felt to add significantly more time to the 

procedure and potentially more morbidity. Similarly, percutaneous LAAO was not 

routine practice for CA unlike in the SA arm. Further, few electrophysiologists in the 

UK were trained for percutaneous LAAO, therefore it was not practical for the CA 

arm. These differences add to the limitation of the study and could impact clinical 

outcome. However, given the lack of superiority in outcomes beyond PVI in non-PAF 

populations ,183 and both arms used PVI, the additional lesions and variations between 

the treatment arms may not impact clinical outcomes. 

 

Implantable loop recorder 

Immediately at the end of the procedure, an implantable loop recorder (ILR, 

Medtronic Reveal LINQ, USA) was inserted in all patients for monitoring ECG. The ILR 

was programmed before being inserted, and the specific parameters are in Table 

2.1.158 The ILR was implanted in the left parasternal region of the chest, sub-coastally. 

All patients were registered on an online network (Carelink) provided by Medtronic 
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with individual trial identification numbers, which were allocated at the time of 

randomisation and was therefore anonymised for the research fellow or the 

physiologist accessing the data. This website had restricted access. After recovery 

from the procedure, the patients were seen by a cardiac physiologist, who was 

responsible for instructing patients on how to download data with the monitoring 

equipment provided. In addition, patients had a symptom activator that would 

transmit data pre-, during and post-event.  

 

Programming feature Parameter programmed Duration 

Indication After AF ablation  

AT/AF Both ON  

AT Rates ≥ 100 /minutes  

Tachycardia >162/minutes 48 beats 

Asystole 4.5 s  

Bradycardia <40/min 8 beats 

Patient symptom capture 7.5 min 4 episodes 

Table 2.2: Programming for Reveal LINQ™ ILR158 

 

The ILR data was downloaded by patients twice a week and analysed by a blinded 

cardiac physiologist to produce monthly reports. This data allowed detection of 

recurrence (AF/AT) and quantification of arrhythmia burden. The algorithm for AF 

detection works by continuously reviewing variability (R-wave interval) in the cardiac 

cycle (beat-to-beat) and 'P-sense algorithm' in 2-minute periods.184–186 Upon event 

(AF/AT) detection, a predefined amount of time is stored before the event (looping 

memory) and for a period after the activation.187 A patient triggered recording 
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transmits 6.5 minutes of ECG pre-trigger and 1 minute ECG after the trigger.184–186 

The programme parameters were set to minimise the risk of missing short AF/AT 

episodes.158  

 

There was a dedicated cardiac physiologist assigned to analysing the data, blinded 

to treatment allocation.188 Monthly reports were produced after analysis of the data, 

which consisted of detection of AF/AT recurrence, duration of each episode, duration 

of all episodes during a period of 30 days (proportion of time spent in AF/AT).188 To 

calculate secondary outcome of burden reduction, patients had to be free from 

AF/AT burden by ≥75% in every month from month 4 to 12, to be classed as 

success.188 Any ambiguity of rhythm strips was sent to two Consultant 

Electrophysiologists, who were blinded to treatment allocation and any patient 

characteristics.188  

 

ILR data evaluation underwent quality control, involving an independent analysis of 

10% of all the data by a blinded cardiac physiologist at Barts Health NHS trust.188 This 

highlighted an 18% interobserver variability.188 The ECG strips leading the variability 

were adjudicated by a panel that consisted of three experts (Consultant 

Electrophysiologists), blinded to earlier evaluations, treatment allocation and patient 

characteristics.188 After this process, the interobserver variability dropped to 8%.188 

This process did not change the primary end point status for any patient.188  
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Post-procedure care 

All participants undergoing CA and SA had an antibiotic dose injected at the time of 

anaesthesia and another after completion of procedure. Oral anti-biotics were 

prescribed for 5-days, based on local hospital guidelines for all patients. After hospital 

discharge, they were followed up weekly for the first four weeks by a research nurse 

to ensure adverse events were addressed immediately. After the procedure, patients 

were allowed to be treated with AADs (flecainide, amiodarone, sotalol, procainamide) 

or DCCV for a maximum of 3 months (during blanking period) as part of routine care. 

However, any use of AADs or DCCV after 3 months was recorded as a failure of 

ablation.  

 

2.1.7 Follow-up schedule 

 
After randomisation, patients were listed for their respective procedures. If referred 

for SA, patients were reviewed by a cardiothoracic surgical consultant in the clinic for 

potential pre-surgical assessments (lung function test, angiogram). The study visits 

(Table 2.2) for each patient were at baseline and at 3-, 6-, 9- and 12-months following 

the index procedure. The schedule of tests and assessments at each visit is tabulated 

below (Table 2.2): 

• Medical history: demographics, co-morbidities, arrhythmia characteristics, 

EHRA 

• Clinical examination: blood pressure, heart rate, weight, height 
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• Drug history: names, dates, dose, frequency, changes 

• Bloods: haematology, biochemistry, lipid profile, c-reactive protein, thyroid 

function tests, HbA1c, biomarkers 

• 12-lead electrocardiogram (ECG) 

• Transthoracic Echocardiogram (TTE) 

• Cardiac Magnetic Resonance Imaging (CMR) 

• Questionnaires: EQ-5D-5L, AFEQT, health economic questionnaire (HEQ) 

• Adverse events 

 

 Baseline 3-month 6-month 9-month 12-month 
Medical history  X X X X X 
Examination  X X X X X 
Drug history X X X X X 
Bloods  X X X  X 
12-lead ECG X X X X X 
TTE X X   X 
CMR X  X   
Questionnaires X X X X X 
Adverse events  X  X  X  X    

Table 2.3: Follow-up, Schedule of events and tests for CASA-AF 

 

2.2 Long term outcomes in CASA-AF trial (LOTO-CASA-AF) 
 

At the last study visit for CASA-AF, we consented patients to use the ILR data until 

the end-of-battery life. We obtained UK NRES ethical approval (19/LO/1595) for long 

term outcomes in long standing persistent AF (LOTO-CASA-AF). The LOTO-CASA-
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AF trial is registered on ClinicalTrials.org (NCT04280042) and abides by CONSORT 

guidelines. 

 

2.2.1 Study outcomes  

 

LOTO-CASA-AF was designed to test the hypothesis as to whether SA is superior in 

the long term compared to CA in maintaining freedom from AF at 36-months follow-

up in LSAPF. The primary outcome was determined as freedom from AF/AT of ≥30 

seconds following a single procedure without being on AADs and after the blanking 

period of 3 months. Secondary outcomes include multi-procedure freedom from 

AF/AT ≥30 sec, AF/AT burden reduction of ≥75%, improvement in quality of life, 

cost-effectiveness and predictive biomarkers of ablation outcomes 

 

2.2.2 Recruitment sites 

 

All the recruitment sites remained the same as mentioned above for the CASA-AF 

trial. No new patients were recruited as this was following patients in the long-term. 

 

 

 



 73 

2.2.3 Sample size 

 

There is limited evidence base for patients with LSPAF undergoing SA in the long-

term. The failure rate in this arm (experimental) is 0.24 at 3-year follow-up.189 Long 

term prospective studies show failure rates in the control arm (CA) to be 0.5 at 3-year 

follow-up.99 A randomized control trial comparing SA and CA in patients with 

paroxysmal and persistence AF indicates that failure rate is 0.47 in SA and 0.77 in CA 

at 7-year follow-up. Taking the above evidence base, with the assumption that the 

failure rates are true, we will need to study 40 subjects in each arm to reject the null 

hypothesis (power 80%, and p=0.05). The CASA-AF trial has had a 5% attrition rate. 

Allowing for 15% to 20% would result in needing 47 to 50 per group. We currently 

have 57 patients in each group, which allows for a dropout rate of nearly 30% which 

provides a significant cushion in terms of samples size and hence subsequent effect 

size.  

 

2.2.4 Patient recruitment (inclusion and exclusion) 

 

All patients recruited to CASA-AF trial were eligible for inclusion (ClinicalTrials.gov: 

NCT02755688). 
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2.2.5 Follow-up schedule 

 

The follow-up schedule was at 24- and 36- month time point, and the schedule of 

assessments are tabulated below (Table 2.3): 

• Medical history: EHRA, update in co-morbidities 

• Clinical examination: blood pressure, heart rate, weight, height 

• Drug history: names, dates, dose, frequency, changes 

• Bloods: haematology, biochemistry, lipid profile, c-reactive protein, thyroid 

function tests, HbA1c, biomarkers 

• 12-lead electrocardiogram (ECG) 

• Questionnaires: EQ-5D-5L, AFEQT 

• Adverse events 

• Procedure data: repeat CA, DCCV 

 

 24-month 36-month 
Medical history  X X 
Examination  X X 
Drug history X X 
Bloods   X 
12-lead ECG X X 
Questionnaires X X 
Adverse events X  X    
Procedure data X  X  

Table 2.4: Follow-up, schedule of events and tests for LOTO-CASA-AF 
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Although due to the coronavirus pandemic, we had to alter how we collected the 

data. After ethics approval, we conducted telephone interviews to assess the 

schedule of events (medical history, drug history, questionnaires, repeat procedures, 

adverse events). After restarting hospital visits, patients were invited for clinical 

examination, ECG, and blood tests.  

 

2.2.6 Implantable loop recorder 

 

The same process for ILR data analysis was employed as stated above. However, four 

cardiac physiologists were reviewing the ILR data download due to the volume of 

data that needed to be analysed. The detection parameters maximised the sensitivity 

of the device for arrhythmia detection therefore, resulted in the high volume of data 

that needed analysing. There were many events labelled as AT falsely instead of sinus 

tachycardia. Any ambiguity of rhythm strips was escalated to two Consultant 

Electrophysiologists, who were blinded to treatment arm and patient characteristics.  

 

Quality control will be undertaken by an external senior electrophysiologist reviewing 

10% of the total data from 12 month to 36 months. Interobserver variability will be 

reviewed, and an adjudication panel will review discordant rhythm strips. Theis panel 

will consist of three experts (Consultant Electrophysiologists), blinded to earlier 
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evaluations, treatment allocation and patient characteristics. We will then re-assess 

for presence of primary end-point changes.  

 

2.2.7 Quality of life questionnaire scores 

 

QoL scores were evaluated at seven time points, pre- and post-procedure (Table 2.3 

and 2.4) using the AFEQT questionnaire. The questionnaire consists of 20 questions, 

grouped into four sections relating to (1) symptoms associated with AF, (2) impact of 

AF on daily activities of living, (3) any treatment concerns and (4) satisfaction with 

treatments. Each of these questions are scored on a Likert scale from 1 to 7, ranging 

from no limitations (1) to extreme limitations (7). The questionnaire can be used to 

produce one single QoL score, which consists of only the first 3 sections, as health 

status is not assessed in the section focused on satisfaction with treatments. It is also 

possible to assess scores for the 4 individual sections mentioned earlier, which was 

not undertaken in this study. The single QoL score was utilised for this study and was 

calculated using the formula (below) published by the developers.190  

 

100 − $
(𝑠𝑢𝑚	𝑜𝑓	𝑠𝑒𝑣𝑒𝑟𝑖𝑡𝑦	𝑓𝑜𝑟	𝑎𝑙𝑙	𝑞𝑢𝑒𝑠𝑡𝑖𝑜𝑛𝑠	𝑎𝑛𝑠𝑤𝑒𝑟𝑒𝑑 − 𝑛𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑞𝑢𝑒𝑠𝑡𝑖𝑜𝑛𝑠	𝑎𝑛𝑤𝑒𝑟𝑒𝑑) ∗ 100

(𝑡𝑜𝑡𝑎𝑙	𝑛𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑞𝑢𝑒𝑠𝑡𝑖𝑜𝑛𝑠	𝑎𝑛𝑠𝑤𝑒𝑟𝑒𝑑 ∗ 6)	 < 
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The single QoL score ranges from 0 to 100, where 0 relates to extreme limitation or 

disability while the other end (100) relates to perfect health or no disability. Therefore, 

the lower the AFEQT score, the worse the symptoms or quality of life. 

 

2.3 Responsibilities 
 

My role in clinical trials (NCT02755688 and NCT04280042): 

• Patient recruitment and follow up  

• Data collection and completion of case report forms 

• Patient follow-ups including review of medical management  

• Participated in preparation and conducting meetings with internal trial 

management group, external oversight committees (Data Monitoring and 

Trial Steering Committees) and adjudication of the study end points (adverse 

events) 

• Trial presentations and publications  

o  Drafting abstracts/manuscripts 

o Preparing illustrations and summaries 

o Conducting some statistical analyses to aid with health economic 

aspect of the study 

• Collected, tracked, and processed biomarker samples   

• Co-applicant on the NIHR Grant application (£360,588) 
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Chapter 3: Long term outcomes in patients with long-
standing persistent atrial fibrillation undergoing catheter 

and surgical ablation 
 

3.1 Introduction 
 

Symptomatic long-standing persistent atrial fibrillation (LSPAF) is challenging to 

manage due to the advanced atrial structural and electrical remodelling coupled with 

neurohormonal activation. These sequelae result in a more complex substrate than 

the trigger-based substrate found in early paroxysmal atrial fibrillation (AF), which 

responds well to pulmonary vein isolation. However, catheter ablation (CA) strategies 

beyond pulmonary vein isolation in non-paroxysmal atrial fibrillation often result in 

suboptimal outcomes at 1-year.183 Longer-term follow-up shows a sharp decline in 

already modest 1-year success rates in these cohorts undergoing CA.99 Surgical 

ablation (SA) has shown promising results in managing persistent forms of AF, even 

with extended years of follow-up.189,191 However, many trials showing encouraging 

results from surgical ablation utilised intermittent monitoring methods to assess 

outcomes which may inadvertently overestimate success rates. Continuous 

monitoring using an implantable loop recorder (ILR) provides more accurate 

detection of arrhythmia recurrence. It provides a robust method to quantify 

arrhythmia burden, which is clinically more relevant to the patient. Long-term follow-

up data utilising continuous monitoring in a randomised controlled setting for LSPAF 

patients undergoing CA and SA has not been reported previously. Observational data 
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comparing these procedures utilising intermittent monitoring in LSPAF suggested SA 

was superior to CA.159 However, when utilising continuous cardiac monitoring, both 

procedures were equally effective at achieving and maintaining sinus rhythm at 12 

months (CASA-AF).113 This study aimed to follow these patients from 12 months to 3-

years with an ILR to monitor long-term arrhythmia recurrences and burden, comparing 

CA and SA. Here we present the outcomes of the long-term follow-up. 

  

3.2 Methods 
 

Trial design, participants, recruitment, procedure description for SA and CA, and 

details regarding implantable loop recorder (ILR) have been described in detail in the 

original publication of the CASA-AF trial and Chapter 2 (Methodology).113,158 In brief, 

the trial was a multi-centre RCT conducted at four UK centres, recruiting adults with 

symptomatic LSPAF to undergo de novo ablation comparing SA and CA. The trial 

was approved by NRES ethical board review (15/SC/0023), conforms with the 

Declaration of Helsinki, and informed consent was acquired from all participants. We 

utilised radiofrequency ablation in both SA and CA, testing bi-directional blocks for 

all lesions and, at the end of the procedure, implanted ILR (Reveal LINQ, Medtronic, 

Minneapolis, MN). A blinded senior cardiac physiologist produced monthly heart 

rhythm reports by evaluating ILR electrograms. 
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Study end-points 

Our primary outcome was to assess freedom from atrial tachyarrhythmia (AF/AT) ≥

30 sec following a single ablation procedure (CA or SA) off anti-arrhythmic drugs 

(AAD) at 36-months follow-up. The first three months following index ablation 

constitute the blanking period, and changes in heart rhythm were not considered 

during this period. Furthermore, we report on the clinical success of SA and CA, 

defined as AF/AT burden reduction by ≥75%, the requirement of additional ablative 

procedures, and changes in symptoms and quality of life.  

 

Definition of arrhythmia burden reduction 

Patterns of recurrent AF/AT can differ between patients. Some experience frequent 

arrhythmia episodes, but some may have occasional bouts of AF/AT episodes with 

long periods of sinus rhythm. Our definition of burden reduction is conservative and 

was set at 75% based on Heart Rhythm Society Guidelines.192 To achieve clinical 

success, patients with recurrent arrhythmia had to be in sinus rhythm at least 75% of 

the time during follow-up.  

 

3.2.1 Sample size 

 

All CASA AF study participants who underwent ablation and attended the last study 

follow-up 12 months later (n = 114) were asked if they would like to keep the 
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implanted loop recorder and continue downloading the data for as long as the device 

is viable. The vast majority agreed, and the results we present here are from those 

patients. Sample size calculation was discussed in the methodology chapter (2). 

  

3.2.2 Statistics 

 

We performed an intention-to-treat analysis. The proportion of patients meeting the 

primary and secondary end-point criteria at 36 months was compared using the Chi-

squared or Fisher's exact test. A Cox proportional hazards model was developed to 

estimate the probability of being free from AF at 36 months. The model includes the 

treatment group (SA or CA) as one of the variables. The baseline characteristics data 

are presented as percentages or means (standard deviation) or median (interquartile 

range) depending on the type and distribution of the individual variables. Binary 

secondary outcomes were analysed in the same manner as the primary outcome using 

a combination of Chi-squared or Fisher's exact test and regression. As appropriate, 

continuous outcomes were analysed by either a 2-sample independent t-test or a 

Wilcoxon rank-sum test. P-value < 0.05 was considered significant. The statistical 

analysis was done using R Studio software (Version 1.3.1056) and STATA statistical 

software (Version 14.2). 
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3.3 Results 
 

Patients 

Of 115 that participated in the CASA-AF trial, 104 patients (CA= 57, SA=47) 

completed 36-months of follow-up undertaking regular ILR data downloads. Eleven 

were not eligible to participate in the long-term follow-up because the ILR was either 

explanted or there was disengagement (n=10) and death (n=1). The COVID-19 

pandemic affected our study because hospital visits at 36-months were delayed and 

13 patients declined their invitations when offered, 3 patients died, and 7 were no 

longer contactable. Therefore, QoL questionnaires were available only for 81 patients 

(CA=46, SA=35). The details are shown in the CONSORT diagram (Figure 3.1). 

 

The mean age of patients at the time of recruitment in CASA-AF was 63 (±10 SD) 

years, with females making up 26% and 28% in CA and SA arms, respectively. The 

only notable difference in baseline characteristics (Table 3.1) between the arms is the 

duration of AF, which was 20 months in CA and 27 in SA (p=0.03). Echocardiographic 

features at baseline were similar in both arms, with a mean left atrial diameter of 

45mm and a mean ejection fraction of 55%.  
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ILR data availability 

The majority (76%) of participants in the long-term follow-up were diligent with data 

downloads for 36 months. The remaining patients were censored at the time of the 

last data download. 

 

 
Figure 3.1: CONSORT diagram  
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 CA (N=57) SA (N=47) Total 
(N=104) 

p 

Age, mean (SD) 61 (10) 64 (9) 63 (10) 0.13 

Male sex, n (%) 42 (74%) 34 (72%) 76 (73%) 0.88 

Townsend deprivation index, median 
(IQR) 

-0.6 [-2.5, 
1.0] 

-0.2 [-2.0, 
2.3] 

-0.5 [-2.3, 
1.6] 

0.47 

IMD score, median (IQR) 11.1 [5.2, 
20.6] 

14.7 [8.1, 
22.9] 

12.4 [5.9, 
22.4] 

0.23 

Ethnicity, n (%)    0.44 

White 54 (94.7) 44 (93.6) 98 (94.2)  

Asian 2 (3.5) 0 2 (1.9)  

Black 0  2 (4.3) 3 (2.9)  

Middle eastern 1 (1.8) 1 (2.1) 1 (1.0)  

BMI (kg/m2), mean (SD) 31 (5) 30 (5) 31 (5) 0.53 

Systolic blood pressure (mmHg) 128 (16) 129 (17) 128 (17) 0.67 

Diastolic blood pressure (mmHg) 82 (13.3) 78 (10) 80 (12) 0.07 

Ejection fraction (%) 55 (7) 56 (8) 55 (7) 0.52 

Left atrial diameter (mm) 45 (6) 45 (5) 45 (6) 0.99 

Diagnosis of persistent AF to procedure 
(months) 

20 [15, 30] 27 [20, 37] 23 [17, 33] 0.03 

Medical history, n (%)     

Hypertension 22 (39) 27 (58) 49 (47) 0.06 

Coronary artery disease 7 (12.3) 6 (12.8) 13 (12.3) 0.94 

Stroke or TIA 1 (1.8) 2 (4.3) 3 (2.9) 0.60 

Diabetes mellitus 4 (7) 4 (9) 8 (8) 1 

CHA2DS2VASc score, n (%)    0.36 

0 16 (28) 8 (17) 24 (23)  

1 20 (35) 14 (21) 34 (13)  

2 13 (23) 14 (21) 27 (26)  

≥3 8 (14) 11 (23) 19 (18)  

HASBLED score, n (%)    0.82 

0 12 (21) 9 (19) 21 (20)  

1 20 (35) 13 (28) 33 (32)  

2 18 (32) 18 (38) 36 (35)  

≥3 7 (12) 7 (15) 14 (14)  

Table 3.1: Baseline characteristics [mean (SD), median [IQR], and n (%)]. BMI: body 
mass index; IMD: indices of multiple deprivation, IQR: interquartile range, SD: 
standard deviation, TIA: transient ischaemic attack 
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Primary outcome (freedom from AF/AT ≥30sec) 

At 36 months, 12% in CA and 13% in SA maintained freedom from AF/AT ≥30sec 

following a single procedure without AADs (HR 1.12, 95% CI 0.74 to 1.69, p = 0.60, 

Figure 3.2). The median time to the first arrhythmia recurrence regardless of ablation 

modality was 6 months (IQR: 4-13), and nearly 75% of recurrences occur in the first 

year following ablation. 

 

 
Figure 3.2: Kaplan Meir curve showing primary outcome for both procedures (CA 
and SA). 
 

AF/AT burden reduction ≥75% 

Clinical success, defined as arrhythmia burden reduction of ≥75%, was achieved in 

61% in the CA arm and 58% in the SA arm (HR 1.20, 95% CI 0.65 to 2.19, p =0.56, 



 86 

Figure 3.3). The majority (75%) of patients successfully sustained ≥75% arrhythmia 

burden reduction for 2 years.  

 

 
Figure 3.3: Kaplan Meir curve showing clinical success rates in both arms: CA and 
SA. 
 
 

EHRA scores 

An improvement in EHRA scores is seen in both CA and SA throughout follow-up. 

However, there were no differences between the treatment arms at 36-month follow-

up (Table 3.2).  
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EHRA Baseline 3-month 6-month 9-month 12-month 36-month 

CA 

1 0 (0.0%) 13 (44.8%) 18 (62.1%) 21 (75.0%) 21 (72.4%) 13 (61.9%) 
2 0 (0.0%) 12 (41.4%) 8 (27.6%) 3 (10.7%) 7 (24.1%) 8 (38.1%) 
3 29 (100.0%) 4 (13.8%) 3 (10.3%) 3 (10.7%) 1 (3.4%) 0 (0.0%) 
4 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 

SA 

1 0 (0.0%) 18 (66.7%) 21 (77.8%) 17 (63.0%) 16 (59.3%) 9 (50.0%) 
2 0 (0.0%) 3 (11.1%) 5 (18.5%) 6 (22.2%) 6 (22.2%) 9 (50.0%) 
3 28 (96.6%) 6 (22.2%) 1 (3.7%) 3 (11.1%) 3 (11.1%) 0 (0.0%) 
4 1 (3.4%) 0 (0.0%) 0 (0.0%) 1 (3.7%) 2 (7.4%) 0 (0.0%) 

All 

1 0 (0.0%) 31 (55.4%) 39 (69.6%) 38 (69.1%) 37 (66.1%) 22 (56.4%) 
2 0 (0.0%) 15 (26.8%) 13 (23.2%) 9 (16.4%) 13 (23.2%) 17 (43.6%) 
3 57 (98.3%) 10 (17.9%) 4 (7.1%) 6 (10.9%) 4 (7.1%) 0 (0.0%) 
4 1 (1.7%) 0 (0.0%) 0 (0.0%) 1 (1.8%) 2 (3.6%) 0 (0.0%) 

p  0.313  0.038* 0.396  0.493  0.297  0.455  
Table 3.2: EHRA score across follow-up period in CA, SA and all patients. 

 

AFEQT 

Quality of life (QoL) measured by AFEQT scores improves in both groups (CA and 

SA) following treatment (Figure 3.4). The increase in AFEQT scores from baseline to 

12-month is significantly higher in CA compared to SA (p=0.02, Figure 3.5). However, 

this difference between the treatment modalities disappears at 36-month time point 

(p=0.35, Figure 3.6). AFEQT scores at 36-month were higher in patients who 

maintained SR than in those with AF/AT recurrence (p=0.13, Figure 3.7). This 

difference becomes significant when comparing patients who had the burden of 

AF/AT reduced by ≥75% with those that did not (p=0.013, Figure 3.7).  
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Figure 3.4: AFEQT score at baseline, 12-month and 36-month in CA and SA.  
 

 
Figure 3.5: Change in AFEQT from baseline to 12-month in CA and SA.  
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Figure 3.6: Change in AFEQT from baseline to 36-month in CA and SA.  
 
 

 
Figure 3.7: Box-plot graph showing AFEQT scores between success and failure 
based on the primary outcome (≥30sec) and ≥75% arrhythmia burden reduction 
using ILR.   
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Additional procedures (CA) 

Of 104 patients included in heart rhythm analyses, 26 had additional procedures 

during follow-up: 12 (26%) in the SA arm and 14 (25%) in the CA arm (OR 1.102, 95% 

CI 0.4532 to 2.6799, p=0.83). Seventeen (out of 26) additional procedures were 

completed in the first 12 months, 7 in SA and 9 in CA. Most patients (19/26) had a 

single additional ablation in follow-up, but 7 had two. Of the patients that failed to 

achieve ≥75% arrhythmia burden reduction (n=24), more than two-thirds (79%) had 

repeat CA during follow-up.   

 

Predictors of procedural success  

Age, baseline BMI (kg/m2), baseline LAD (mm) and first diagnosis of persistent AF 

(months) were assessed in univariable and multivariable logistic regression analysis to 

explore if these factors impacted clinical outcomes. All variables were inputted in the 

multivariable analysis regardless of statistical significance in univariable analysis as 

they are well known risk factors for failing ablation therapy.193 Univariable logistic 

regression showed that a large baseline LA diameter increased the likelihood of 

failing the primary outcome by 12% (0.88, 95% CI: 0.79, 0.98, p=0.025) (Table 3.3). 

Multivariable analysis with all variables continued to only show large LA diameter to 

predict failing primary outcome. Interestingly, rising age was associated with 6% 

higher odds (1.06, 95% CI: 1.01, 1.11, p=0.013) of achieving 75% arrhythmia burden 

reduction (Table 3.3) at univariable and multivariable analysis. The more advanced 
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the persistent AF (more months from first diagnosis of persistent AF to index 

procedure) the lower the odds (0.96, 95% CI: 0.93, 1.00, p=0.041) of achieving clinical 

success in multivariable analysis alone. Goodness of fit [Hosmer-Lemeshow, chi-

squared (C2)] assessment showed that both univariable and multivariable predictors 

had adequate fit (p>0.05). 

 
 Univariable Multivariable 

 OR 95% CI p C2 OR 95% CI p C2 
Primary outcome 

Age 1.01 0.95, 1.08 0.7 4.8* 1.01 0.95, 1.08 0.7 

10.9* 

Baseline BMI, 
kg/m2 

0.94 0.83, 1.06 0.3 9.6* 0.99 0.87, 1.13 >0.9 

Baseline LA 
diameter, mm 

0.88 0.79, 0.98 0.025 12.1* 0.87 0.76, 0.98 0.024 

First diagnosis 
of persistent 
AF, months 

0.98 0.92, 1.02 0.4 6.5* 0.96 0.90, 1.01 0.2 

Clinical success (75% arrhythmia burden reduction) 

Age 1.06 1.01, 1.11 0.013 9.9* 1.06 1.01, 1.11 0.015 

13.9* 

Baseline BMI, 
kg/m2 

0.94 0.87, 1.01 0.12 8.9* 0.96 0.88, 1.05 0.4 

Baseline LA 
diameter, mm 

0.97 0.90, 1.03 0.3 14.9* 0.95 0.88, 1.03 0.2 

First diagnosis 
of persistent 
AF, months 

0.97 0.94, 1.00 0.058 5.2* 0.96 0.93, 1.00 0.041 

Table 3.3: Univariable and multivariable logistic regression for primary and 
secondary outcome (clinical success). OR: odds ratio, CI: confidence intervals, C2: 
chi-squared. *p-value>0.05.” 
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3.4 Discussion 
 

This is the first study to provide long-term rhythm outcomes in a randomised 

controlled comparison of CA versus SA using continuous cardiac monitoring. The 

long-term data shows that (1) CA and SA were equally effective in the long-term 

management of LSPAF for maintaining freedom from ≥30s AF/AT, (2) ≥75% 

arrhythmia burden reduction, (3) AFEQT quality of life scores, and (4) requirement for 

repeat procedures. Expectedly, we found that patients who achieved ≥75% 

arrhythmia burden reduction had better quality of life scores assessed by AFEQT than 

those who did not. Increased baseline LA diameter, lower age and being in persistent 

AF for longer periods were predictors of failing arrhythmia outcomes. 

 

Rhythm endpoints in LSPAF 

Single procedure success rates at 36 months of follow-up were low for both CA (12%) 

and SA (11%) and have reduced by more than half when compared to the efficacy 

reported at 12 months (28% for CA and 26% for SA).113 The stringent definition of the 

primary outcome and continuous monitoring may be the reason for the apparent low 

procedural success rate in maintaining sinus rhythm. Quality of life (AFEQT score) did 

not differ based on primary outcome success at 36-months. Arrhythmia recurrence 

per se may not be as clinically important as burden reduction, given that a significant 

proportion of patients had an overall reduction in the burden of arrhythmia by ≥75%. 

At the 12-months follow-up, these proportions were 77% in the CA arm and 67% in 
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the SA arm, only reduced by 8-12% with longer follow-up (CA=65%, SA=58%). Given 

the slight reduction in the number of patients who fail to achieve 75% burden 

reduction, 1-year data may be a good indicator of 3-year outcomes. Furthermore, 

success based on arrhythmia burden reduction showed significant differences in 

AFEQT scores - making this outcome clinically more relevant given the impact on 

quality-of-life outcomes and identifying the majority of patients that require repeat 

procedures.  

 

ILR 

Outcomes-based on ILR data were selected based on the 2017 consensus statement 

on AF ablation.192 Thus far, very few studies have assessed long-term follow-up of 

patients undergoing these procedures, and the results are varied. The FAST 

randomised trial (Castella 2019) looked at 7-year outcomes and reported much higher 

freedom from arrhythmia recurrence in SA (44%) when compared to CA (13%).194 

These differences may result from monitoring methods that relied on clinical records 

or 7-day ambulatory monitoring at final follow-up.194 Adiyaman (2018) utilised ILR 

monitoring to assess long-term outcomes, reporting SA (29%) to be non-inferior to 

CA (56%) at maintaining freedom from arrhythmia recurrence at 24-months.156 A share 

of the inconsistencies for these studies could be due to mixed cohorts in terms of 

proportion of paroxysmal AF (Adiyaman 74%, Castella 66%) and varying proportions 

of patients who have previously undergone an ablation.194,195   



 94 

Surgical and catheter ablation 

A meta-analysis focusing on prospective studies (majority utilising intermittent 

monitoring) of radiofrequency CA in non-paroxysmal atrial fibrillation found that only 

43% of patients achieved freedom from arrhythmia following a single procedure at 2 

years.183 It is important to also note that nearly all of the studies in the meta-analysis 

have used intermittent monitoring techniques. Even lower procedural success rates 

(CA: 30% vs AADs: 25%) were observed in CABANA-AF's subgroup analysis 

consisting of LSPAF patients over a medium-term follow-up (1 year).80 Longer-term 

assessment at 3 years is likely to reduce success rates further, as observed in a 

prospective study assessing CA in LSPAF, with 22% single-procedure success rate 

improving to 45% with multiple procedures.99 Surgical ablation (SA) was evaluated in 

observational studies, reporting 76-78% success rates in LSPAF after a single 

procedure at 3-year follow-up.189,191 Direct comparison of SA and CA in LSPAF 

patients in an observational study suggested that SA (73%) was superior to CA (32%) 

based on single procedure success rates and intermittent monitoring.159 However, 

comparisons of the two interventions in the CASA-AF113 randomised controlled trial 

using continuous monitoring did not show any differences between the treatment 

arms at 12-months, which persisted at 36-months follow-up. 
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Quality of life 

Despite the lack of differences in clinical outcomes, higher quality-adjusted life years 

(QALYs) were achieved with CA compared to SA in CASA-AF trial at 12-months 

follow-up.113 A meta-analysis reviewed patient-reported QoL after stand-alone 

thoracoscopic ablation in a mixed AF cohort: LSPAF 41.9%, persistent 29.8%, PAF 

27.6%.196 The QoL scores improved for patients who achieved clinical success (sinus 

rhythm) compared to those in AF at 12-month.196 Bulkova (2014) studied 3-year QoL 

outcomes and reported a high magnitude of improvement for LSPAF following CA, 

especially if arrhythmia control was attained.131 Our study is the first to compare QoL 

for CA and SA in AF in an RCT- both in the medium and long term. Prospective studies 

show that both treatments have improved QoL at medium-term follow-up.72,197–201 Our 

data indicate that CA is superior to SA in improving QoL in the medium term (12-

months), but the difference is lost in the long term of 36-months. This could be 

explained by the fact that SA is a more invasive procedure requiring more extended 

hospital stay and recovery, which may translate into reduced quality of life scores in 

the medium-term results. Patients may forget the initial long recovery with SA, so the 

differences are obliterated in the longer term.  

 

Clinical implications 

Secondary analysis of the Star-AF II RCT trial reviewed QoL at multiple time points 

until 18-months after ablation for AF.202 This showed that AF burden reduction was 
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significantly associated with improvements in QoL and suggested that less than 70% 

reduction resulted in a lower QoL score.202 Similarly, our data indicate that ≥75% 

burden reduction is associated with improved quality of life (AFEQT score). 

Furthermore, failure to achieve 75% burden reduction may help identify patients likely 

to require repeat procedures. Detecting an episode of AF/AT lasting 30 seconds is a 

stringent definition of recurrence, which does not correlate strongly with the patient's 

symptoms and quality of life.  

 

Predictors of outcome 

The three findings from an explorative post-hoc analysis suggested that large LA 

diameter, lower age and chronic persistent AF were indicators of failing arrythmia 

outcomes in this study.  Large LA diameter is a well-known predictor of failure of 

ablation, given the frequency it has been used in risk scores to predict AF recurrence 

following ablation.193 Lower age was a peculiar finding, as evidence has repeatedly 

shown the opposite to be true, that higher age is associated with failing ablation 

outcomes.193,203 Chronic AF is already a known factor in increasing the likelihood of 

AF recurrence following ablation.204–207 Even though age and chronic AF were 

statistically significant in the multivariable analysis for burden reduction, the 

confidence intervals were close to 1 meaning they may be spurious findings. 

Moreover, there was no significant effort of age or chronic AF influencing the primary 
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outcome. The trial wasn’t powered to assess these predictors of ablation and was 

undertaken to explore trends in the data.  

 

3.5 Limitations and strengths  
 

The limitations of this study are carried over from the main CASA-AF trial. Specifically, 

the sample size does not allow for detecting small differences in efficacy between the 

two ablation treatments. The sample size in the long-term follow-up was further 

reduced as some patients had their ILR explanted before the long-term follow-up was 

completed. There are further limitations related to ILR data collection because it 

requires periodic manual data downloads and relies on patient compliance. 

Additionally, recurrences lasting beyond 99 hours were not accurately measured, 

which may have impacted our estimation of burden reduction. Automatic data 

downloads and precise measurement of long-lasting arrhythmia episodes would 

improve the accuracy of burden reduction estimates. The researchers collecting data 

at follow-up appointments were not blinded to the outcomes or randomisation, but 

this was thought not to have impacted the results. Biases introduced by QoL 

questionnaires (Hawthorne effect, question order bias, recall bias) are also important 

and have already been discussed in the introduction. 
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Post-randomisation bias resulted from the inability to mask intervention, therefore, 

patients, doctors delivering intervention, research nurses and fellows were all aware 

of treatment. This could lead to performance bias by those delivering the 

intervention. However, the cardiac physiologist analysing the arrythmia outcome data 

was blinded to the intervention to eliminate any assessment bias.  

 

Another potential bias is that patients may have withdrawn post-intervention based 

on the success/failure of the intervention because of being satisfied or dissatisfied. 

There were 10 patients who disengaged with ILR data downloads or had their ILRs 

explanted. From the CA arm the dropouts consisted of 3 patients and they failed 

primary outcome (arrythmia recurrence of 30 seconds or more) at 12-month follow-

up. Unlike from the SA arm, the majority (5 out of 7) of dropouts were successful at 

primary outcome at 12-month follow-up. This differential dropout has affected the SA 

arm and has likely introduced attrition bias for the long-term follow-up data. There is 

also an element of survivorship bias in the CA arm, given that only failures dropped 

out. 

 

The study occurred during the first wave of the COVID pandemic, so many patients 

could not attend hospital appointments due to lockdowns and restrictions. This was 

especially true for the follow-up time point of 24-months. Some of the patients 

declining was a direct result of the COVID pandemic. In total, there were 20 patients 
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that dropped out (7 no longer contactable, 13 declined) and 3 died during the long-

term follow-up. This impacted both arms equally for QoL data (12 in CA vs 11 in SA). 

Half the patients (CA: 6 out of 12 and SA: 5 out of 11) that did not fill questionnaires, 

were successful at achieving 75% burden reduction (secondary outcome) at 36-month 

follow-up. Despite similar proportions based on treatment arms and success rates 

there is still a possibility of introducing bias due to attrition rates.   

 

A few limitations have already been discussed in the introduction and methods 

chapters. Broadly they focus on the local expertise in SA not being proportional to 

CA and differences in ablation lesions between the two arms. These may have likely 

impacted outcomes.   

 

3.6 Conclusions 
 

In this long-term follow-up study, CA and SA remain equally effective treatments for 

LSPAF. Although complete arrhythmia free success is low, clinically important 

outcomes including AF burden reduction and improvements in quality of life are 

impressive in both groups. We recommend that LSPAF patients who are highly 

symptomatic should be considered for CA, as there are no discernible benefits from 

the more invasive SA. 
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3.7 Future 
 

• We are currently completing quality control for ILR data analysis. 

• We are conducting a within-trial cost-effective analysis. 
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Chapter 4: Meta-analysis of biomarkers utilised as 
predictors of arrhythmia recurrence following ablation for 

atrial fibrillation 
 

4.1 Introduction 
 

A large magnitude of research exists in the field of biomarkers in atrial fibrillation (AF). 

Elevated levels of various biomarkers [natriuretic peptides, CRP, interleukin-6 (IL-6), 

low-density lipoprotein (LDL), tissue inhibitor of metalloproteinase-2 (TIMP) and 

Galectin-3 (Gal-3)] have shown to be associated with a greater risk of AF recurrence 

following radiofrequency catheter ablation (CA) in the previous meta-analyses138–

140,208. However, the rate at which these papers are being published means that these 

meta-analyses require updating to assess if the findings persist and to identify novel 

biomarkers. Furthermore, changes such as high sensitivity assays for CRP (hsCRP), 

novel fibrosis markers [carboxy-terminal telopeptide of collagen type I (CITP) and 

interplay of inflammatory markers [neutrophil/lymphocyte ratio (NLR)] have been 

noted to be useful predictors. There are several aims for this chapter, which include 

(i) updating existing biomarkers, (ii) identifying new biomarkers and (iii) ranking these 

biomarkers based on their respective strength of association to arrhythmia recurrence 

following CA, utilising PRISMA guidelines138.  
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4.2 Methods  
 

4.2.1 Search strategy 

 

A modified PICO was employed for the meta-analysis of prediction and prognostic 

tests (Table 4.1).209 PRISMA guidelines were utilised to ensure a standardised 

approach to conducting a meta-analysis. PubMed (a.k.a Medline), Embase, Scopus 

and Web of Science were searched for published studies. All studies published until 

the end of May 2021 were included. The initial systematic review of all published 

ablation and atrial fibrillation articles identified 86 biomarkers (Table 4.2), not 

considering different microRNAs and genes. This was employed as part of a broad 

search strategy (Table A4.2) because the term ‘biomarker’ alone would have 

disqualified papers that may have referred to individual markers.  

 

Population Adults aged 18 years and over with atrial fibrillation undergoing catheter 
ablation 

Index prognostic 
factor(s) 

Biomarker 

Comparators Not applicable 

Outcome Recurrence is defined as ≥30 seconds of arrhythmia following ablation, 
post blanking period of three months as per International guidelines 
(American/European) 

Timing Pre-procedural blood test 

Setting Hospital 

Table 4.1: PICO(TS) [modified, copyright permission taken from Springer Nature].210 
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Mechanism Biomarkers 

Inflammation CD40, C-reactive protein (CRP), Growth-differentiation factor-15 
(GDF-15), Interferon, Interleukins (IL1, IL2, IL4, IL6, IL8, IL10, 
IL12, IL16), Monocyte, Monocyte chemoattractant protein 1 
(MCP1), Neutrophil-lymphocyte ratio (NLR), Peroxynitrite, ST2 
(interleuking-1 receptor-like 1), Transforming growth factor beta 
(TGFb), Tumour necrosis factor (TNF), Chitinase 3-like 1 (YKL-40) 

Natriuretic 
peptides 

ANP, BNP, NT-proANP, MR-proANP, NT-proBNP 

Fibrosis Carboxy-terminal telopeptide (CITP), Connective tissue growth 
factor (CTGF), Collagen, Fibrinogen, Fibroblast growth factor 
(FGF), Fibrocyte, Galectin-3 (Gal-3), Type III procollagen peptide 
(PIIINP), Tissue inhibitor of metalloproteinase 2 (TIMP) 

Cardiac injury CK-MB, Heart-type fatty acid binding protein (H-FABP), 
Myoglobin, Troponin 

Genetics Genes, mRNA, microRNA, RNA, Telomere length 

Bone Osteopontin, Receptor activator of nuclear factor kappa-B 
ligand (RANK), Tartrate-resistant acid phosphatase (TRAP) 

Lipids Cholesterol, HDL, LDL, Lipoprotein, Triglycerides 

Endocrine Aldosterone, Renin-angiotensin aldosterone system 

Metabolic Adiponectin, Ferritin, HbA1c, Glycogen phosphorylase 
isoenzyme BB, Glycoprotein hormones alpha chain, Oxidative 
stress, Myeloperoxidase, Thyroid factors, 

Vascular 
haemostasias 

Asymmetric dimethylarginine (ADMA), D-dimer, E-selectin, 
Endothelin, Homocysteine, P-selectin, Plasmin-α2-antiplasmin, 
Plasminogen, Plasminogen activator inhibitor-1 (PAI-1), Platelet, 
Pro-adrenomedullin, von-Willebrand factor (vWF), Vascular cell 
adhesion protein, Vascular endothelial growth factor (VEGF) 

Renal Creatinine, eGFR, Uric acid 

Others Apelin, Fas, Heat shock protein 70 (HSP70), Nerve growth factor 
(NGF), Red-cell distribution width, Relaxin 

Table 4.2: All the biomarkers investigated in patients undergoing ablation for atrial 
fibrillation are listed based on the mechanism.  
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4.2.2 Selection criteria for studies 

 

The a priori screening criteria are listed below for inclusion and exclusion (Table 4.3). 

Relevant studies were retrieved from other meta-analyses and systematic reviews. 

Biomarkers with a minimum of 3 articles for the respective marker were necessary for 

meta-analysis. Studies with overlapping populations were reviewed, and only the 

study with the largest sample size was included, with others eliminated. Surgical 

ablation was initially included in the inclusion criteria to identify all articles. However, 

they were not used for further analysis as this would increase the heterogeneity of the 

data, given the limited trials available and the considerable variation between the 

catheter and surgical ablation strategies.  

 

Inclusion criteria Exclusion criteria 

(1) human studies  
(2) atrial fibrillation ablation  
(3) post-ablation recurrence assessed for ≥3 
months  
(4) randomised controlled trials (RCT)  
(5) prospective observational studies  
(6) retrospective observational studies  
(7) any biomarker assessed in a peripheral blood 
sample  
(8) first ablation (RF/CB/standalone SA)  
(9) recurrence of ≥30secs atrial arrhythmia (AF, 
atrial flutter, atrial tachycardia (AT) assessed using 
12-lead ECG or Holter ECG  
(10) blanking period of 3 months  
(11) mean (standard deviation) or median [range 
or interquartile range (IQR)] of biomarker within 
recurrence (R) and non-recurrence (NR) groups 
were provided 

(1) abstracts  
(2) case reports  
(3) conference papers  
(4) expert opinions, editorials, letters to 
editors  
(5) non-English articles  
(6) reviews  
(7) concomitant surgical procedures (valvular 
replacement, coronary artery bypass graft) 

Table 4.3: Inclusion and exclusion criteria [copyright permission taken from Springer 
Nature].210 
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4.2.3 Data abstraction 

 

One author (I, Vennela Boyalla) extracted the data independently, and the data was 

verified by another author (Leanne Harling).  

 

4.2.4 Bias assessment tool 

 

All studies were assessed for risk of bias by QUality In Prognostic Studies Tool (QUIPS) 

211, which is the recommendation by the Cochrane Group. There are six domains 

within the tool, and we took a conservative approach to the overall class risk of bias. 

This means that even if one domain were classed as moderate or high, the overall risk 

of bias would be moderate or high. Two authors (Alice Snell and Ines Kralj-Hans) 

assessed risk independently, and disagreements were resolved by consensus with 

another author (Ana Pires). 

 

4.2.5 Statistical analysis 

 

We utilised serum biomarkers between recurrence (R) and non-recurrence (NR) 

groups taken before AF ablation to identify if they were associated with arrhythmia 

recurrence post-ablation. Means (SD) were collected, and if unavailable mathematical 

conversions were applied as per Wan et al. for Median (range/IQR).212 The odds ratio 



 106 

(OR) was generated after calculating the standardised difference of the mean for 

biomarkers (smd2or function). Subsequently, pooled OR was presented in forest plots 

(95% confidence interval). A random-effects model was utilised, and biomarkers were 

ranked based on statistical significance and OR. All the analysis was performed using 

RStudio (Version:1.3.1056). The effect size estimates heterogeneity was noted by χ² 

and I²-statistic. Assessments for outliers and bias were evaluated for data quality. If 

10 or more studies were available for individual biomarkers, then meta-regression was 

conducted. This was performed for mean age, publication year, sex, and AF type 

[PAF, PersAF, LSPAF and non-PAF (PersAF, LSPAF, or not defined in the paper)]. This 

was followed up with subgroup analysis to enable us to identify the source of 

heterogeneity. Furthermore, statistical publication bias was assessed utilising Egger’s 

test and funnel plot. Significance was set at p<0.05. 

 

4.3 Results 
 

4.3.1 Study selection 

 

The search identified 3838 articles; after removing duplicates, there were 3061 

remaining. Further screening with inclusion and exclusion criteria removed another 

2754 articles. Full texts of 307 articles were evaluated. Overall, there were 73 studies 

for meta-analysis (Figure 4.1). 
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Figure 4.1: Flowchart of study selection [copyright permission taken from Springer 
Nature].210 
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4.3.2 Study Characteristics 

 

Seventy-three studies consisted of a total of 14,148 patients. Their age was 59±10 

years, ranging from 3 to 61 months of follow-up with variable recurrence rates (12-

83%). Baseline characteristics such as age, total population, publication year, country, 

follow-up time, study type and AF monitoring post-ablation for individual studies are 

visualised in Appendix (Table A4.1, Table A4.2). Further data on ablation type 

(radiofrequency, cryoballoon), ablation strategy and AF type (PAF, persAF, LSPAF) 

are also in the Appendix (Table A4.3, Table A4.4). These 73 studies have been divided 

into 5 groups of 22 biomarkers (Table 4.4).  

 

4.3.3 Natriuretic peptides  

 

ANP was analysed in 5 studies with 324 patients. High levels were significantly 

associated with recurrence of AF following ablation (OR 1.50, 95% CI: 0.99-2.26, 

p=0.05, Figure 4.2). There were no outliers, or statistical heterogeneity detected. BNP 

was studied in 21 articles with 5008 patients. The pooled results showed that levels 

were significantly higher in the group experiencing recurrence post-ablation than in 

the non-recurrence group (OR 2.91, 95% CI: 1.74-4.88, p<0.01, Figure 4.3). Despite 

removing outliers, the statistical heterogeneity remained high (I2=78%, p<0.01, 

Figure 4.4). NT-proBNP was analysed in 15 studies, totalling 2165 patients. High 
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levels were noted in recurrence groups compared to the non-recurrence group in 

patients undergoing AF ablation (OR 3.11, 95% CI: 1.80-5.36, p<0.01, Figure 4.5). 

Statistical heterogeneity was reduced from 85 to 69% after removing the outlier. 

Although, outlier exclusion for both BNP and NT-proBNP, resulted in diminishing the 

strength of association with AF recurrence [BNP OR 2.14, 95% CI: 1.62-2.83, p<0.01 

(Figure 4.4) and NT-proBNP OR 2.63, 95% CI: 1.77-3.91, p<0.01, (Figure 4.6)]. 

 

Group Individual biomarkers 
Natriuretic peptides Atrial natriuretic peptide (ANP) 

Brain natriuretic peptide (BNP) 
N-terminal pro-brain natriuretic peptide (NT-proBNP) 

Inflammatory markers Tumour necrosis factor-alpha (TNF) 
CRP 
hsCRP 
white blood cell (WBC) 
NLR 
IL-6 

Fibrosis markers Galectin-3 
CITP 
TIMP 
Transforming growth factor-beta (TGF-b) 

Lipid profile Cholesterol 
Low-density lipoprotein (LDL) 
High-density lipoprotein (HDL) 
Triglycerides (TG) 

Others Creatinine (Cr) 
eGFR 
Uric acid 
Troponin I (Trop) 
Haemoglobin A1c (HbA1c) 

Table 4.4: Biomarkers from the included 73 studies 
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Figure 4.2: Forrest plot showing association between baseline ANP and AF 
recurrence post-ablation. TE: Estimate of effect size, SE: standard error of effect size, 
CI: confidence interval. [copyright permission taken from Springer Nature].210 
 

 
Figure 4.3: Forrest plot showing association between baseline BNP and AF 
recurrence post-ablation. TE: Estimate of effect size, SE: standard error of effect size, 
CI: confidence interval [copyright permission taken from Springer Nature].210 
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Figure 4.4: Forrest plot showing association between baseline BNP without outliers 
and AF recurrence post-ablation. SD: standard deviation. SMD: standard mean 
difference. CI: confidence interval [copyright permission taken from Springer 
Nature].210 

 
Figure 4.5: Forrest plot showing association between baseline NT-proBNP and AF 
recurrence post-ablation. TE: Estimate of effect size, SE: standard error of effect size, 
CI: confidence interval [copyright permission taken from Springer Nature].210 
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Figure 4.6: Forrest plot showing an association between baseline NT-proBNP without 
outliers and AF recurrence post-ablation. SD: standard deviation. SMD: standard 
mean difference. CI: confidence interval [copyright permission taken from Springer 
Nature].210 
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Figure 4.8A). Like hsCRP, the heterogeneity followed the same trajectory for WBC 

(I2=65% to 34%, p<0.01, Figure 4.8B) after removing outliers. IL-6 was analysed in 6 

studies showing high baseline levels associated with AF recurrence following CA than 

those without recurrence (OR 1.83, 95% CI: 1.18-2.84, p<0.01, Figure 4.9). No outliers 

were detected, and overall, the studies had low heterogeneity (I2=3%, p=0.40). Other 

inflammatory markers, CRP, NLR and TNF, were not associated with AF recurrence 

following ablation.  

 

4.3.5 Fibrosis markers 

 

Galectin-3, TIMP and TGF-b did not show notable differences between the groups of 

recurrence and non-recurrence of AF following ablation. Only one biomarker in this 

group (CITP) was associated with AF recurrence. High baseline CITP was noted in the 

AF recurrence group compared to the non-recurrence group (OR 1.89, 95% CI: 1.16-

3.08, p=0.01, Figure 4.10). Low heterogeneity was observed in these studies.  
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Figure 4.7: Forrest plot showing association between baseline hsCRP (7A: with 
outliers and 7B: without outliers) and AF recurrence post-ablation. TE: Estimate of 
effect size, SE: standard error of effect size, SD: standard deviation. SMD: standard 
mean difference, CI: confidence interval [copyright permission taken from Springer 
Nature].210 
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Figure 4.8: Forrest plot showing association between baseline WBC (8A: with outliers 
and 8B: without outliers) and AF recurrence post-ablation. TE: Estimate of effect size, 
SE: standard error of effect size, SD: standard deviation. SMD: standard mean 
difference, CI: confidence interval [copyright permission taken from Springer 
Nature].210 
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Figure 4.9: Forrest plot showing association between baseline IL-6 and AF recurrence 
post-ablation. TE: Estimate of effect size, SE: standard error of effect size, CI: 
confidence interval [copyright permission taken from Springer Nature].210 
 
 

4.3.6 Other biomarkers 
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cholesterol, HDL and TG) did not differ between groups of recurrence and non-

recurrence of AF, post ablation.  

 

4.3.7 Ranking biomarkers 

 

Biomarkers were ranked for their level of association with AF recurrence, which was 

based on ORs (pooled). NT-proBNP had the highest OR (3.11), and this was followed 

by other biomarkers: BNP (OR 2.91), hsCRP (OR 2.04), CITP (OR 1.89), IL-6 (OR 1.83), 

Uric acid (OR 1.26) and eGFR (OR 0.78).  

 

4.3.8 Meta-regression and subgroup-analysis 

 

Meta-regression was only conducted if a biomarker was studied in 10 or more trials 

to explore heterogeneity. These biomarkers were namely: BNP, NT-proBNP, hsCRP, 

WBC and eGFR (Table 4.5). Unsurprisingly, the type of AF was evidently contributing 

factor to the heterogeneity of BNP (R2 = 55.74%, p<0.0001). Subgroup analyses were 

performed. Six studies included only paroxysmal AF (PAF), which showed that high 

levels of BNP were associated with AF recurrence (OR 2.74, 95% CI: 1.63-4.60, 

p<0.01). Interestingly, there is a decrease noted in the strength of association of BNP 

and recurrence group for mixed cohort studies that included both AF and persistent 

AF patients (OR 1.95, 95% CI: 1.15-3.31, p<0.05). Three studies had a mixed 
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population of PAF, persAF and LSPAF, and these studies showed that BNP levels did 

not vary between the groups of recurrence and non-recurrence of AF.  

 

Meta-
regression (R2) 

Age Sex Type of 
AF 

Year of 
publication 

Ablation strategy 
(PVI or PVI+) 

Follow-up (>3 
months) 

BNP 20.42 0 55.74 0 0 0 
NT-proBNP 0 0 0 21.13 0 0 
eGFR 0 8.97 5.37 0 0 0 
hsCRP 0 0 0 0 0 0 
WBC 2.19 0 0 0 0 0 

Table 4.5: Meta-regression. R2 statistic reported above (proportion of variance that 
is explained by co-variate). Significance tests for residual heterogeneity were 
p<0.01. [copyright permission taken from Springer Nature].210 
 
 
 

4.3.9 Publication bias and risk of bias 

 

Small study effect for biomarkers was not present, as illustrated by the lack of funnel 

plot asymmetry (Egger’s test, p>0.05). This was only performed in biomarkers studied 

in ≥10 papers. A low to moderate risk of bias was noted in most studies (58), and a 

high risk of bias was seen in 15 studies (Appendix Table A4.5). Studies were not 

excluded because of their bias.  

 

4.4 Discussion 
 

Seventy-three studies were identified for this meta-analysis, which reviewed baseline 

biomarker levels and their association with recurrence of AF post-CA. The results 

show that (1) NT-proBNP, BNP, hsCRP, CITP and IL-6 have a strong association with 
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AF recurrence compared to non-recurrence following CA (2) the magnitude of 

association was low for other biomarkers (ANP, WBC, uric acid, low eGFR) despite 

reaching clinical significance. The technological evolution of AF ablation in the 

preceding decades is multifactorial, from catheters to mapping and ablation 

strategies with a strong evidence base.213 Despite these advancements, the 

recurrence risk of arrhythmia following ablation was only reduced by ~55% compared 

to AADs based on a recent meta-analysis.214 The unanswered and obvious question 

remains, how do we improve outcomes? Blood biomarkers may have the potential to 

act as a predictive tool to facilitate personalised medicine or act as a drug target 

creating biological conditions resulting in success.  

 

4.4.1 Natriuretic peptides 

 

Limitations such as effect size over-estimation due to lack of consistent measurement 

units and failure to discriminate natriuretic peptides are noted in previous meta-

analyses that reviewed natriuretic peptides.137,138 Elevated BNP and NT-proBNP have 

shown a strong association with AF recurrence following CA in our meta-analysis. We 

already know that these biomarkers are significantly higher in the AF population when 

compared with healthy individuals.215–217 Pathophysiological processes that result in 

raised BNP/NT-proBNP are unique to AF, as we note differences between patients 

with and without AF in heart failure cohorts.218 Do these pathological drivers originate 
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in the atrium or ventricle? There has been a weak to moderate correlation between 

atrial volume changes in AF and BNP levels.219–221 The rise in B-type natriuretic 

peptides noted in AF could result from tachyarrhythmia-induced ventricular 

dysfunction. However, inflammation has shown to result in raised gene expression in 

the myocardium and elevated plasma levels of BNP in the presence of normal cardiac 

haemodynamics.222 Atrial cardiomyopathy has been recently highlighted and defined 

as changes (structural or electrical) in the atria that contribute to AF development and 

maintenance.44,223 Inflammation is a known cause of atrial cardiomyopathy44,223 and 

could play a part in raised B-type natriuretic peptides, which may also increase the 

probability of AF recurrence post-CA. 

 

Our subgroup analysis also highlighted that AF type affects BNP levels, and non-PAF 

cohorts resulted in reducing the strength of association of baseline BNP levels and 

AF recurrence following ablation. Evidence suggests that both BNP and NT-proBNP 

increase linearly with AF progression from PAF to non-PAF.224,225 Furthermore, they 

are both elevated in patients with non-PAF.226,227 This could indicate that increased 

BNP may suggest a high burden of arrhythmia within PAF due to more frequent 

paroxysms. Increasing the chances that the patient may be in AF while having the 

blood test, resulting in elevated B-type natriuretic peptides.228 
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4.4.2 Inflammatory markers 

 

Several meta-analyses assessed CRP and utilised studies assessing hsCRP.138–140 All of 

them concluded that CRP is valuable as a predictor of AF recurrence.138–140 The results 

of this meta-analysis show that hsCRP and not CRP is associated with AF recurrence 

post ablation. Both IL6 and CRP are studied together. Pathophysiological processes 

suggests that IL-6 stimulates the production of CRP.229 Left atrial appendages were 

biopsied in patients undergoing cardiothoracic surgery, which revealed that IL-6 

positive macrophages were higher in AF than in sinus rhythm.230 This suggest that the 

local cardiac inflammatory process in patients with AF results in raised serum IL-6. 

Previous studies have shown that IL-6 increases the risk of developing AF231 and is 

associated with AF recurrence following cardioversion140 and ablation138. This study 

strengthens these findings.  

 

4.4.3 Fibrosis markers 

 

Cardiac fibrosis is characterised by increased deposition of extracellular matrix and 

results in structural change.232 Therefore, markers of collagen synthesis and 

degradation (CITP, TIMP, TGF-b) have logically been investigated in AF. In 

combination (cross-linking and deposition), fibrosis markers (including CITP) involved 

in atrial electrical remodelling have shown to be independent predictors of AF 
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recurrence following ablation.233 This meta-analysis is the first to highlight that CITP 

is associated with ablation outcomes in AF. On the other hand, galectin-3 (Gal-3) has 

had conflicting evidence. Modulation of Gal-3 does not result in cardiac fibrosis 

attenuation.234 This meta-analysis shows that there is no association between serum 

Gal-3 and AF recurrence. However, a recent meta-analysis stated otherwise. Their 

findings may be influenced by a study collecting serum samples from intra-cardiac 

blood.235 A study had previously shown that peripheral blood levels of Gal-3 are much 

higher when compared to intra-cardiac chambers236, which suggests that vascular, 

renal or hepatic sources of Gal-3 are possible.234  

 

4.4.4 Clinical application 

 

The strength of association of biomarkers with ablation outcomes was utilised to rank 

biomarkers in this study. The lowest ranked marker was eGFR, which is interestingly 

part of many prognostic models developed for predicting ablation outcomes for AF 

in various regions of the world.193 Incorporating markers that ranked highly (NT-

proBNP, BNP237, CITP233, hsCRP) to improve existing prognostic models may improve 

performance. Therapeutics such as anti-inflammatory drugs (anti-IL-6) could be a 

potential alternative to anti-arrhythmic treatment as recent evidence shows that IL-6 

directly influences atrial remodelling by down-regulating atrial connexins.238,239 

Precision medicine can be offered if prognostic models are optimised, identifying 
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high-risk AF recurrence groups. These groups can be targeted with drug therapy that 

can modify their outcomes post-ablation. 

 
 

4.4.5 Limitations 

 

One of the main limitations of this meta-analysis is that observational studies (97%) 

make up the majority of the evidence utilised, with 67% being prospective. 

Heterogeneity was noted to be statistically significant in these studies, and the factors 

contributing are multi-fold. These are, namely, more males, sample size range (44-

1410), type of AF, varying ablation strategies (additional lines) and range of follow-up 

(3-61 months). Pre-ablation AAD strategy was difficult to identify from the studies, 

which could have affected the concentration of biomarkers. The exclusion of patients 

with complex conditions such as heart failure, valvular AF, and structural heart disease 

was undertaken to reduce heterogeneity. However, hepatic failure, kidney failure, 

respiratory failure, or concurrent infection simultaneously as the blood test are difficult 

to exclude. Furthermore, cut-off values for these biomarkers lack international 

consensus on their ability to predict ablation outcomes in AF. 
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4.5 Conclusion 
 

B-type natriuretic peptides, inflammatory markers and fibrosis markers have the 

potential predictive capacity for recurrence of AF post-CA. Blood tests are easily 

obtained and inexpensive, making them an attractive test. The higher-ranked 

biomarkers should be incorporated into current prognostic scores to improve their 

capabilities. They would require validation from RCTs across a range of AF cohorts, 

which may lead to practical clinical application, enabling personalised medicine.  
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Chapter 5: Biomarkers as predictors of ablation outcomes 
 

5.1 Introduction 
 

The systematic review highlighted two critical gaps in the field of predictive 

biomarkers in AF ablation: (1) there are very few studies (only 2) conducted in the 

context of thoracoscopic surgical ablation (SA) and, (2) very few RCTs (2 out of 73). 

The two studies conducted in SA did not elicit any baseline predictors (Gal-3, NT-

proBNP, Interleukin-6, CRP, CD40L) of ablation success.240,241 The review and meta-

analysis underlined numerous (~80) biomarkers investigated in patients undergoing 

ablation for atrial fibrillation (AF). Despite the narrowing down to a handful markers 

(natriuretic peptides, inflammatory and fibrosis markers) that have a potential role in 

predicting ablation outcomes in atrial fibrillation, none have been clinically translated. 

Proteomics is a technique utilising mass spectrometry to study large-scale proteins, 

which has shown capacity to identify novel biomarkers from various biological 

pathways. It has been applied in a few studies to predict incident-AF risk.242–244 This 

chapter’s focus is to identify baseline serum biomarkers employing proteomic 

profiling to predict ablation outcomes in patients undergoing ablation.  
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5.2 Methods 
 

5.2.1 Patient selection 

 

This is an exploratory study due to limitations with funding. A cohort of patients was 

identified based on implantable loop recorder (ILR) data. We wanted equal 

distribution of each ablation arm (catheter and surgical ablation) to reduce bias. 

Therefore, we used the first 10 patients who had no recurrence based on ILR data 

and underwent catheter ablation (CA) and the first 10 patients who had no recurrence 

based on ILR data and underwent surgical ablation (SA). All patients with recurrence 

based on ILR were ranked based on arrhythmia burden. Another 10 patients with the 

highest burden undergoing CA and then 10 patients with the highest burden 

undergoing SA were selected. Therefore, there were 20 patients from CA and 20 from 

the SA cohort. These patients were recruited as part of CASA-AF RCT.113 All patients 

provided written consent for analysis.  

 

5.2.3 Blood samples 

 

Two time points are the focus of this analysis for the 40 patients. Blood samples were 

taken from patients at baseline (before catheter or surgical ablation) and at the 12-

month time point. Routine blood tests [including C-reactive protein (CRP)] were done 
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immediately at the hospital using standardised methods. Serum separating tubes 

(yellow top bottles) were used for blood collection. These bottles were left to form a 

clot for around 20-30 minutes. The bottles were centrifuged at 3000rpm for 15 

minutes at 4°C. This resulted in the separation of two visible layers. The upper layer 

is the serum (clear and yellow), which was pipetted into aliquots for storage in a -80°C 

freezer.  

 

5.2.4 O-link 

 

Samples were defrosted for 15 minutes and pipetted onto 96-well plates. The 

samples were distributed based on chronological recruitment, which was done 

randomly, negating the need for further randomisation. These 96-plates were 

immediately placed back in the fridge to reduce thaw timing, reducing the risk of 

protein degradation. These plates were shipped to O-link in Uppsala (Sweden) on the 

following day using temperature-controlled transport using dry ice. Proteins in the 

serum were measured by proximity extension assay (PEA) technology (Olink 

ProteomicsTM, Uppsala, Sweden). We requested three panels cardiovascular III 

(CVD3), cell regulation (CR) and inflammation (INF), each consisting of 92 proteins. 

Quantitative polymerase chain reaction (qPCR) was used by O-link, giving 

quantification cycle (Cq) values. These were converted to Normalized Protein 

eXpression (NPX) for each sample by O-link and returned to our team for analysis. 
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5.2.1 Hypothesis 

 

A baseline blood biomarker taken before the index procedure can predict ablation 

success at 12-months, regardless of the type of ablation (catheter or surgical ablation).  

 

Primary outcome 
 
Baseline biomarker levels should differ between the groups of ablation success (non-

recurrence) and failure (recurrence). Success is based on freedom from arrhythmia 

(AF/AT) of ≥ 30 seconds from the end of blanking period (3 months) to 12-months 

assessed using an implantable loop recorder (ILR) following the index procedure, 

without anti-arrhythmic drugs.  

Secondary outcomes 

1. Baseline biomarker levels should differ between patients with and without 

arrhythmia burden reduction of ≥75% from the end-of-blanking period (3 

months) to 12-months assessed by ILR and off anti-arrhythmic drugs following 

index procedure. 

2. Change in biomarkers from baseline to 12-months (based on the recurrence of 

AF and burden reduction of ≥75%).  
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5.2.5 Statistics 

 

Baseline characteristics were tabulated based on the primary outcome (recurrence 

and non-recurrence based on 30 secs of AF/AT). Data for categorical variables were 

presented as counts (percentages) and continuous variables as mean (SD, range). 

Pearson’s Chi-squared test was used to compare baseline categorical variables and 

linear model ANOVA for baseline continuous variables between groups of recurrence 

and non-recurrence. This is a small exploratory study, and power calculation was not 

undertaken. 

 

Biomarkers with a proportion of ≥30% of their values below the limit of detection at 

baseline and 12-month follow-up were excluded. Imputation of left-censored data 

was undertaken using the QRILC function (RStudio). Principal component analysis was 

done on baseline imputed data. Scree and score plots have been created to visualise 

principal component analysis. A heatmap of Pearson’s correlations for proteins from 

each panel was created.   

 

Univariate logistic regression analysis was performed for each outcome (primary and 

secondary) with proteins as predictors. These were adjusted on age, sex, BMI, 

baseline left atrial diameter and baseline CRP levels. Sensitivity analysis comparing 

results for both outcomes from the univariate analysis was undertaken. Stability 
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selection using logistic lasso algorithm was used with penalised regression model 

fitted on subsamples of data (80%) for both outcomes. Receiver operating 

characteristic analysis was performed from the selected proteins from all panels from 

both outcomes. Multiple test errors managed by correcting p-values using 

Benhamini-Hochberg (BH) method for group differences.245 The analysis was 

conducted using R Studio software (Version 1.3.1056) 

 

5.3 Results 
 

5.3.1 Baseline characteristics 

 

The baseline characteristics for the 40 patients in both groups are presented in Table 

5.1 (recurrence and non-recurrence). Both groups have an equal number of patients 

undergoing CA and SA. The mean age is 61 years (range 41-80), predominantly male 

sex (80%) with a mean body mass index of 31 (range19-42). Despite a high proportion 

of hypertensive patients in both groups (40-50%), the average blood pressure is well 

controlled. There are no differences between the groups based on comorbidities and 

mean LV ejection fraction (56%). Persistent AF was diagnosed on an average of 23 

months before the index procedure (CA or SA) with a mean LA diameter of 45mm. 

However, a significantly higher LA diameter was noted in the recurrence group 

compared to the non-recurrence group. This difference was not present in the CASA-
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AF RCT because the randomisation process included LA diameter as a deciding 

variable.113 The likely cause for the difference is the small sample size. All baseline 

protein levels were compared between the two treatment arms (CA and SA), and no 

significant differences were found, which is a testament to an effective randomisation 

process. 

 

 Total (N=40) Non-recurrence 
(N=20) 

Recurrence 
(N=20) 

p-
value 

Age, mean (SD, range) 61 (10, 41 - 80) 61 (11, 41 - 80) 61 (9, 47 - 76) 1* 

Sex, male (%) 32 (80%) 16 (80%) 16 (80%) 1~ 

BMI, mean (SD, range) 31 (5, 19 - 42) 30 (5, 19 - 37) 32 (5, 24 - 42) 0.12* 

Systolic BP mmHg, 
mean (SD, range)  

129 (14, 100 - 156) 131 (14, 105 - 156) 127 (14, 100 - 
156) 

0.38* 

Diastolic BP mmHg, 
mean (SD, range) 

81 (11, 62 - 109) 82 (12, 65 - 109) 80 (10, 62 - 
100) 

0.54* 

Heart rate (bpm) 81 (15, 56 - 113) 84 (15, 57 - 107) 77 (16, 56 - 
113) 

0.19* 

LVEF %, mean (SD, 
range) 

56 (6, 45 - 71) 57 (6, 49 - 71) 56 (6, 45 - 69) 0.62* 

LA diameter, mm 45 (5, 33 - 53) 44 (6, 33 - 53) 47 (4, 36 - 53) 0.04* 

First diagnosis of 
persistent AF, mths 

23 (10, 9 - 51) 21 (8, 9 - 43) 25 (12, 10 - 51) 0.30* 

Coronary artery disease 3 (7.5%) 0 3 (15%) 0.07~ 

Hypertension 18 (45%) 10 (50%) 8 (40%) 0.53~ 

Diabetes mellitus 1 (2.5%) 1 (5%) 0 0.31~ 

Stroke/TIA 0 0 0 1~ 

Catheter ablation 20 (50%) 10 (50%) 10 (50%) NA 

Surgical ablation 20 (50%) 10 (50%) 10 (50%) NA 

Table 5.2: Baseline Characteristics (*Linear Model ANOVA, ~Pearson’s Chi-squared 
test). 
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5.3.2 Proteins excluded from analysis 

 

The limit of detection for proteins was provided by O-link, who undertake validated 

processes and calculations. The proportion of samples that had values below the limit 

of detection for each biomarker was analysed at baseline and 12-months (Figure 5.1). 

There were no strong differences in the proportion of proteins with values below the 

limit of detection between the time points, except for AXL (CVD3). Proteins with more 

than 30% of the proportion of samples below the limit of detection were to be 

excluded. The results show that 43 proteins met this criterion: 2 in CVD3, 23 in CR 

and 18 in INF. These proteins were excluded from further analysis.  

 

Principal component analysis was used to reduce the dimensionality of data to assess 

their ability to predict ablation outcomes. CVD3 has the least variability, with 40% of 

variance explained by the first principal component (Figure 5.2). The score plot 

(Figure 5.3) for CVD3 shows some discrimination between recurrence and non-

recurrence along the first principal component (Comp 1/Comp 2). Limited 

discrimination between recurrence and non-recurrence was noted in CR using its 

respective first principal component (Figure 5.4). Good discrimination was indicated 

in two principal components (Comp 1 and Comp 2) in the score plot for the INF panel 

(Figure 5.5). This analysis did not reduce the dimensionality of the data due to 
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inadequate discrimination between non-recurrence and recurrence. However, all 

score plots noted the same outlier, which was removed from further analysis. 

 

 
Figure 5.1: Proportion of samples below the limit of detection at baseline and 
follow-up. The dashed line denotes 30%.  
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Figure 5.2: Principal component analysis for CVD3, CR and INF. 

 

 
Figure 5.3: Score plot showing all 40 participants for CVD3 (recurrence – red and 
non-recurrence in dark blue). Comp 1 = first principal component, Comp 2 = 
second principal component, Comp 3 = third principal component. 
 

 
Figure 5.4: Score plot showing all 40 participants for CR (recurrence – red and non-
recurrence in dark blue). Comp 1 = first principal component, Comp 2 = second 
principal component, Comp 3 = third principal component. 
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Figure 5.5: Score plot showing all 40 participants for INF (recurrence – red and non-
recurrence in dark blue). Comp 1 = first principal component, Comp 2 = second 
principal component, Comp 3 = third principal component. 
 
 

5.3.3 Protein interactions 

 

Heatmap of correlations (Pearson’s) between protein levels in participants with and 

without recurrence was plotted for each panel (CVD3 - Figure 5.6, CR - Figure 5.7 and 

INF - Figure 5.8). Blocks of correlated proteins in CVD3 (Figure 5.6) were consistent 

with the redundancy observed in principal component analysis. Differences in 

patterns between the non-recurrence and recurrence groups (Figures 5.6, 5.7 and 

5.8) are likely due to the small sample size. Important to note that majority of protein 

interactions were positively correlated (red to yellow scale), and limited negative 

correlations (blue scale) were noted in all panels.  
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Figure 5.6: Heatmap of Pearson’s correlations between protein levels in CVD3 panel 
(Left: non-recurrence group, right: recurrence group). 
 
 

 
Figure 5.7: Heatmap of Pearson’s correlations between protein levels in CR panel 
(Left: non-recurrence group, right: recurrence group). 
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Figure 5.8: Heatmap of Pearson’s correlations between protein levels in INF panel 
(Left: non-recurrence group, right: recurrence group). 
 
 

5.3.4 Univariate analysis for identifying predictors of ablation outcomes 

 

As the previously defined primary outcome is defined by ablation success (non-

recurrence) and failure (recurrence) based on freedom from arrhythmia (AF/AT) of ≥30 

seconds. A logistic regression model with individual proteins as predictors and non-

recurrence as the outcome was adjusted based on age, sex, BMI, baseline LA 

diameter and CRP levels (Figure 5.9). Statistically significant associations are noted 

when the blue dots in the respective figures are on/above the dashed line (red). 

Strong associations were noted in the CVD3 and INF panels (Figure 5.9) but not in 

the CR panel. 

 

 



 138 

 
Figure 5.9: Univariate logistic model with individual proteins as predictors and non-
recurrence as the outcome (primary) was adjusted on age, sex, BMI, baseline LA 
diameter and baseline CRP levels (Red dashed line - significance line p<0.001). 
 

Burden reduction of arrhythmia by ≥75% was regarded as a success for the secondary 

outcome. The logistic regression model was applied in a similar method using 

individual proteins as predictors and ≥75% burden reduction as the outcome and 

was adjusted on the same variables (Figure 5.10). Like the primary outcome, CVD3 

and INF panel proteins had stronger associations with the outcome and none from 

the CR panel. 
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Figure 5.10: Univariate logistic model with individual proteins as predictors and 
≥75% burden reduction as outcome were adjusted on age, sex, BMI, baseline LA 
diameter and baseline CRP levels (Red dash - significance line p<0.001). 
 

Sensitivity analysis was undertaken by comparing results of both outcomes - primary 

outcome and ≥75% burden reduction (Figure 5.11). Generally, good consistency was 

noted between the two outcomes, meaning the majority of the proteins were 

significantly associated with the primary outcome and the secondary outcome of 

burden reduction. However, only one protein from the CVD3 panel (FAS) had a 

stronger association with ≥75% burden reduction compared to the primary outcome 

(Figure 5.11). 
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Figure 5.11: Sensitivity analysis of results from univariate logistic analysis for both 
outcomes (all = primary outcome and burden = ≥75% burden reduction). 
 

5.3.5 Best predictors of ablation outcomes  

 

Stability selection logistic lasso was utilised for multivariate analysis for each panel 

and respective outcomes - primary outcome (Figure 5.12) and ≥75% burden 
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the data (80%) to generate selection proportions (proteins) from each panel. For 

predicting primary outcome: PRTN3 and CCL15 were jointly selected from the CVD3 

panel, SULT2A1 from the CR panel and CD8A, MCP-1 and CD40 were jointly selected 

from the INF panel. The same proteins from the INF panel were reselected jointly for 

predicting ≥75% arrhythmia burden reduction (Figure 5.13). However, FAS and CPB1 

were jointly selected from CVD3, and GCG, RNTPD6 and IL17RB were jointly selected 

from the CR panel to predict ≥75% arrhythmia burden reduction (Figure 5.13).  

 

 
Figure 5.12: Multivariate analysis for primary outcome adjusting for age, sex, BMI, 
LA diameter and CRP. 
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Figure 5.13: Multivariate analysis for ≥75% burden reduction adjusting for age, sex, 
BMI, LA diameter and CRP. 
 
 
Prediction performances were evaluated using the selected proteins from all panels 

and for respective outcomes using receiver operating characteristic analysis (ROC). 

The model was re-fitted on 80% of samples (training), and performance was evaluated 

on the remaining 20% (test). This procedure was repeated 1000 times to produce 

ROC curves (Figure 5.14 and Figure 5.15). The best performing panel was the stable 

selected inflammatory panel for both outcomes - primary [AUC = 0.83 (0.79-0.87), 

0.0

0.2

0.4

0.6

0.8

1.0

Se
le

ct
io

n 
Pr

op
or

tio
ns

TN
FR

SF
14

LD
L−

re
ce

pt
or

IT
G

B2
IL
−1

7R
A

TN
F−

R2
M

M
P−

9
EP

HB
4

IL
2−

RA
O

PG
AL

CA
M

TF
F3

SE
LP

CS
TB

M
CP

−1
CD

16
3

G
al
−3

G
RN

NT
−p

ro
BN

P
BL

M
−h

yd
ro

la
se

PL
C

LT
BR

No
tc

h−
3

TI
M

P4
CN

TN
1

CD
H5

TL
T−

2
FA

BP
4

TF
PI PA

I
CC

L2
4

TR
TN

FR
SF

10
C

G
DF

−1
5

AZ
U1

DL
K−

1
SP

O
N1

M
PO

CX
CL

16
RE

TN
IG

FB
P−

1
CH

IT
1

TR
−A

P
G

P6
PS

P−
D

PI
3

Ep
−C

AM
AP

−N AX
L

IL
−1

RT
1

M
M

P−
2

FA
S

M
B

TN
FS

F1
3B

PR
TN

3
PC

SK
9

U−
PA

R
O

PN
CT

SD
PG

LY
RP

1
CP

A1
JA

M
−A

G
al
−4

IL
−1

RT
2

SH
PS

−1
CC

L1
5

CA
SP

−3 uP
A

CP
B1

CH
I3

L1 ST
2

t−
PA

SC
G

B3
A2

EG
FR

IG
FB

P−
7

CD
93

IL
−1

8B
P

CO
L1

A1
PO

N3
CT

SZ
M

M
P−

3
RA

RR
ES

2
IC

AM
−2

KL
K6

PD
G

F−
su

bu
ni

t−
A

TN
F−

R1
IG

FB
P−

2
vW

F
PE

CA
M
−1

M
EP

E
CC

L1
6

Ca
rd

io
va

sc
ul

ar
 II

I

0.0

0.2

0.4

0.6

0.8

1.0

Se
le

ct
io

n 
Pr

op
or

tio
ns

G
CG

SL
AM

F8
SL

IT
RK

2
LR

RN
1

SO
RC

S2
FA

M
19

A5
BG

N
AM

IG
O

2
PF

KM
CO

L4
A1

AR
SB CB

L
SI

G
LE

C1
0

O
M

G
CF

C1
SK

AP
1

M
RC

2
LY

AR
SL

IT
RK

6
G

AL
NT

2
G

FR
A2

SI
G

LE
C6

BC
L2

L1
1

M
O

G
G

KN
1

DC
BL

D2
PR

DX
6

M
ET

AP
1D

NF
AT

C1
TA

CS
TD

2
AR

HG
EF

12
SE

M
A4

C
CP

XM
1

CD
NF

BO
C

TP
53

LR
M

P
FG

F−
21

SE
Z6

L2
AT

G
4A

SU
LT

2A
1

DD
AH

1
PR

O
K1

PO
DX

L2
VA

M
P5

LG
AL

S7
O

PT
C

BC
R

KL
K1

2
DK

KL
1

KA
ZA

LD
1

PC
DH

17
AP

BB
1I

P
HS

6S
T1

TN
FR

SF
10

A
IG

SF
3

HS
3S

T3
B1

CR
IS

P2
W

NT
9A

NF
KB

IE
DN

AJ
B1

VE
G

FD
ZB

TB
16

ZB
TB

17
M

AP
2K

6
EN

TP
D6

CL
ST

N3
IL

17
RB

G
CN

T1

Ce
ll R

eg
ul

at
io

n

0.0

0.2

0.4

0.6

0.8

1.0

Se
le

ct
io

n 
Pr

op
or

tio
ns

IL
8

VE
G

FA
CD

8A
M

CP
−3

G
DN

F
CD

CP
1

CD
24

4
IL

7
O

PG
.1

LA
P−

TG
F−

be
ta
−1

uP
A.

1
IL

6
IL
−1

7C
M

CP
−1

.1
IL
−1

7A
CX

CL
11

AX
IN

1
TR

AI
L

IL
−2

0R
A

CX
CL

9
CS

T5
IL
−1
−a

lp
ha

O
SM

CC
L4

CD
6

SC
F

IL
18

SL
AM

F1
TG

F−
al

ph
a

CC
L1

1
TN

FS
F1

4
FG

F−
5

M
M

P−
1

LI
F−

R
FG

F−
21

.1
CC

L1
9

IL
−1

5R
A

IL
−1

0R
B

IL
−2

2−
RA

1
IL
−1

8R
1

PD
−L

1
CX

CL
5

TR
AN

CE HG
F

IL
−1

2B
M

M
P−

10
IL

10
TN

F
CC

L2
3

CD
5

CC
L3

Fl
t3

L
CX

CL
6

4E
−B

P1
SI

RT
2

CC
L2

8
DN

ER
EN

−R
AG

E
CD

40
IF

N−
ga

m
m

a
FG

F−
19

M
CP

−2
CA

SP
−8

CC
L2

5
CX

3C
L1

TN
FR

SF
9

NT
−3

TW
EA

K
CC

L2
0

ST
1A

1
ST

AM
BP AD

A
TN

FB
CS

F−
1

In
fla

m
m

at
io

n



 143 

Figure 5.14] and ≥75% arrhythmia burden reduction [AUC = 0.82 (0.75-0.87), Figure 

5.15].  

 

 
Figure 5.14: ROC analyses utilising selected proteins from multivariate analysis for 
the primary outcome. 
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Figure 5.15: ROC analyses utilising selected proteins from multivariate analysis for 
outcome of ≥75% burden reduction. 
 
 

5.4 Discussion 
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proteins for predicting ablation success assessed by both: ≥30 seconds of AF/AT 

recurrence (primary outcome) and ≥75% burden reduction.  

 

5.4.1 CD8A 

 

T-cell surface glycoprotein CD8 alpha chain (a.k.a CD8A or CD8) are a cytotoxic 

subset of T-cells that play a role in the immune response to external and internal 

attacks.246 In the context of ischaemic heart injury in mice, CD8A T-cells were recruited 

to the myocardium, leading to inflammation, injury and myocardial functional 

deterioration.246 Further, the protective effects of neutralising CD8A T-cells by 

administering antibodies directed against them was demonstrated.246 Human studies 

suggest that high levels of CD8A increase risk of incident AF in post-operative 

patients247 and detection in the left atrium of patients with AF248 may contribute to 

atrial remodelling via PDL1 (CD244)249. Our study findings indicate that high levels 

are associated with poor outcomes. 

 

5.4.2 Monocyte chemotactic Protein 1 (MCP-1) 

 

Numerous cytokines and chemokines have been proposed in AF pathogenesis.223 

Their immediate response to pathological insult is to regulate leukocyte chemotaxis 

and activation, initiating inflammation.250 Other roles include fibrosis, tissue 
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remodelling and homeostasis (such as the development of lymph nodes or recruiting 

of lymphoid cells that are involved in innate or acquired immunity).251,252 Monocyte 

chemotactic protein (a.k.a. MCP-1, CCL2; Figure 5.16) is one such chemokine and it 

acts as a potent monocyte chemoattractant.252 Elevated levels of MCP-1 has been 

found in atrial tissue of AF patients230,253,254 and correspond with elevated serum 

levels.255–258  

 

Differentially expressed gene databases showed that CCR2 (receptor for MCP-1) was 

abnormally expressed in AF,259,260 but studies have ruled out raised MCP-1 as a 

causation for incident AF (Framingham Heart Study cohort and a Mendelian 

randomisation study).261,262 A study assessing baseline MCP-1 level did not show an 

association with AF recurrence at 3 months following ablation, which is objectively 

too short a period for assessing ablation outcomes.258 Despite our study not including 

all the patients in the RCT, this study shows potential for high baseline levels of MCP-

1 and AF recurrence following ablation at 12-months. 
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Figure 5.16: Role of MCP-1 in AF pathogenesis [created with BioRender.com]. 

 

 

Elevated levels of serum MCP-1 do not explain the aetiology of AF, but it may play a 

role in AF maintenance. Exploring cardiovascular comorbidities such as hypertension, 

coronary artery disease (CAD), myocardial infarction (MI), stroke and obesity and their 

links with MCP-1 may elucidate potential therapeutic targets. Hypertension is the 

most common risk factor for developing AF. Hypertension mimicked by pressure 
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overload animal models shows increased inducibility of AF, irregular hypertrophied 

endothelial cells in the left atrium and enhanced MCP-1 expression.266 Other 

pathological changes of note were the presence of small gaps in the cell border and 

infiltration of macrophages into the LA tissue.266 The likely explanation is that the 

MCP-1 attracts distinct monocytes via these small gaps, and monocytes transform 

into macrophages. Another animal model with hypertension induced with AF showed 

increased MCP-1 gene expression.267 In these pressure overload animals, 

pioglitazone (peroxisome proliferator-activated receptor-y agonist) was administered, 

which suppressed MCP-1 and attenuated atrial fibrosis.268 Pioglitazone has the 

potential to reduce AF duration and attenuate interstitial fibrosis and arrhythmogenic 

remodelling associated with age in animal models.269,270 A prospective observational 

study for patients with drug-refractory PAF with type 2 diabetes undergoing catheter 

ablation was divided into groups based on the addition of pioglitazone therapy.271 

Freedom from AF following a single procedure was significantly higher in the 

pioglitazone group compared to the ones not taking the drug at a mean follow-up of 

23 months.271  

 

Another important risk factor for AF is coronary artery disease/myocardial infarction. 

The previously mentioned mendelian randomisation study showed that high MCP-1 

levels increase the risk of CAD and MI.262 Furthermore, MCP-1 gene polymorphism 

that increases the chemokine expression showed that the risk of AF in CAD is also 
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increased.272 A potential hypothesis is that MCP-1 may play a causative role via 

inflammation for developing AF in CAD. The pathophysiological process of the 

infarcted heart has a distinct inflammatory phase, hallmarked by chemokine 

upregulation recruiting pro-inflammatory leukocytes.273 CXC chemokines (such as 

CXCL8)274 recruit neutrophils, and CC chemokines (MCP-1) recruit monocytes.275 The 

monocyte response is biphasic.275 First phase is characterised by distinct MCP-1 

responsive monocyte accumulation, succeeded by proteolysis and phagocytosis.275 

The next phase is marked by another distinct monocyte accumulation via CX3CL1, 

promoting granulation tissue through myofibroblast accumulation, collagen 

deposition and angiogenesis.275 Anti-MCP-1 gene therapy that blocks MCP-1 

signalling or placebo was injected in mice before inducing myocardial infarction (MI) 

and compared against the sham procedure.276 Immunoreactive staining highlighted 

the significant reduction in macrophages and CD4 and CD8 T-lymphocytes in MCP-

1 deficient mice with MI compared to placebo and sham mice.276 In addition, 

morphometric quantification of collagen showed mitigation of interstitial fibrosis (also 

MMP-9, TNF-α, TGF-β and IL-1β were attenuated) in the anti-MCP-1 group.276 

Improved survival and LV dilatation and dysfunction were also attenuated in this 

group.276 In keeping with these findings, another study replicated the attenuation of 

LV remodelling based on significantly lower LV end-diastolic diameter (p=0.05) and 

improved survival in MCP-1 deficient mice.277 In contrast, they stated that the 
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inflammatory phase with macrophage infiltration was prolonged with delay in 

granulation tissue replacement but negating neither process.277  

 

MCP-1 may have a role in identifying patients with an increased thromboembolic risk. 

The Mendelian randomisation study showed that genetically increased serum MCP-1 

predisposes a higher risk of ischaemic stroke (larger-artery, cardioembolic).262 

Interestingly, MCP-1 was an independent predictor of left atrial thrombi 

(transoesophageal echocardiography) in patients with AF. There has been a debate 

as to whether anticoagulants have the potential to offset MCP-1, and studies have 

crushed these debates. Thrombin has been shown to upregulate serum MCP-1 

protein and mRNA levels, nullified by dabigatran (direct anti-thrombin effects).278 This 

would imply that dabigatran could have the potential to lower MCP-1 levels when 

compared to other anticoagulants, especially rivaroxaban which has shown to 

increase MCP-1 when compared to warfarin.279 A study failed to show differences in 

serum MCP-1 levels comparing dabigatran and rivaroxaban.280  

 

Obesity is another systemic disease that is associated with inflammation. Increased 

activity has been identified in the pericardial adipose tissue in AF patients.223 Leptin, 

a protein secreted by adipose tissues (also known as adipokine), can potentially 

decrease circulating levels of MCP-1.  Animal models have shown leptin deficient 

mice are resistant to developing AF and atrial fibrosis.282 The authors further 
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suggested that hyperleptinaemia may exacerbate AF and LA fibrosis. They 

administered a high fat diet to leptin-deficient mice and wild-type mice.283 This 

resulted in attenuation of upregulation of MCP-1 mRNA levels in the atrium and LA 

fibrosis in the former group.283 Leptin has been historically suggested and ruled out 

as a drug target for obese patients.  

 

Macrophages play a pivotal role by releasing cytokines and growth factors stimulating 

inflammation and fibroblasts.284 The studies thus far have identified other 

inflammatory cytokines in left atrial tissue and serum of patients with AF alongside 

MCP1, especially elevations of IL-6, IL-8, IL-10, VEGF, TNF-α, IFN-y and NT-

proBNP.256,285 In the mice that were treated with anti-MCP-1 gene therapy, preventing 

fibrosis also indicated attenuation of inflammatory and fibrotic markers, such as IL-1b, 

TNF-α, TGF-β and MMP-9.276 Atrial tissue samples from humans that have shown high 

MCP-1 expression, also expressed high metalloproteinases (MMP-2, MMP-7, MMP-

9), cytokines (GDF-15, TNFR2) and  NT-proBNP.254 Drugbank database targeting 

MCP-1 suggests a few non-specific drugs such as mimosine (DB01055), danazol 

(DB01406) and chondroitin sulfate (DB09301). Evidence indicates that MCP-1 and IL-

6 are co-dependent and induce each other.286 IL6 has shown causal link with AF, CAD 

ischaemic stroke, especially with cardioembolic and small vessel stroke.287 There is 

preliminary evidence that tocilizumab is an anti-IL-6 inhibitor with a reduction in 

chemokines, including MCP-1.288–290 A study also showed significantly decreased 
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levels of MMP-9 in patients being treated with tocilizumab for Takayasu arteritis.291 

Furthermore, tocilizumab has shown to have anti-arrhythmic properties in patients 

being treated for rheumatoid arthritis, therefore may have additional benefits.237,238 

 

5.4.3 CD40 

 

CD40 (also known as CD154) is part of the tumour necrosis factor family and is 

involved in both endocrine and immune pathways.292 Serum CD40 levels represent 

CD40 ligand (aka CD40L), which are not associated with incident AF.261 Many studies 

report elevated levels of CD40 in AF patients compared to controls.293–299 Chronicity 

of AF and rising age (≥75) show that they potentially impact CD40 levels.263,300 

Furthermore, CD40 did not differ between intracardiac levels to peripheral levels.301 

The relationship between stroke risk and CD40 levels has contradictory evidence.302–

304 A previous study with a small sample size lacked differences in CD40 levels 

between the group of ablation success and failure at baseline.305 However, baseline 

CD40 predicting risk of post-operative AF following cardiovascular surgery has shown 

promising results.306 Furthermore, levels of CD40 were seen to significantly decrease 

post CA regardless of radiofrequency or cryoballoon techniques when reviewed at 

the 6-month time-point, which we did not observe in our study at the 12-month time-

point.307  
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5.4.4 Development, validation, and clinical utility 

 

The next step for development of a predictive biomarker(s) is to test this inflammatory 

panel of biomarkers in all patients recruited to CASA-AF trial and have a control arm 

of healthy patients (age, sex and BMI-matched). If these 3 biomarkers continue to 

show predictive capabilities, then further research is necessary to identify cut-off 

values. After identifying cut-off values, internal and independent validation would be 

the next steps. Internal validation would be undertaken using the multi-variable 

predictive markers in a prospective cohort assessing AF ablation outcomes for all AF 

types. Internal validation should explore eligibility criteria (demographics, sex, BMI 

etc), timing of blood tests, confounders, outcomes, and study types. If internal 

validation would be successful, it leads external validation. The key for any 

biomarker(s) to achieve recognition or interest is clinical utility and generalizability in 

various settings. 

 

The emergence of technologies that enable researchers to gather data such as 

proteomics, means that there is a rise in exploratory studies to pursue diagnostic or 

prognostic biomarkers and personalized medicine. This necessitates international 

reporting guidelines (e.g. TRIPOD308), which give a framework for biomarker 

development, validation and utility. Clinical validity does not necessarily mean clinical 

utility. What is the clinical utility of such prediction markers in AF ablation? Clinical 
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outcomes will obviously improve if ablation is only offered to patients who are likely 

to succeed. For patients who are likely to fail ablation, a predictive biomarker can 

help both patient and clinician. Patients’ expectations can be set earlier in the course 

of their ablation journey and clinicians can closely monitor these patients to address 

the next steps in their treatment journey.  

 

Another challenge with these biomarkers is their lack of specificity, as these 

inflammatory markers are systemic (blood) rather than organ-specific. In addition, we 

know that lone AF is not so common, making most patients complex and biomarkers 

more non-specific to AF. Measuring known confounders while trying to validate these 

biomarkers is crucial.309  Cardiovascular risk factors that lead to AF, can also be silent 

like AF itself. Therefore, silent cardiovascular diseases could be part of unmeasurable 

confounders. Clinical utility of these biomarkers maybe downgraded due to 

unmeasurable and adjustable confounders during development and validation.  

 

5.4.5 Anti-inflammatory therapies 

 

Evidence suggests that non-steroidal anti-inflammatory drugs (NSAIDs) are 

associated with increased risk of incident AF.310,311 Despite the benefit of steroids that 

can reduce systemic inflammation, their associated adverse events in long term use 

makes them less ideal. Short term steroid use showed promising results initially for 

reducing recurrences following CA312, but later trials were 313,314. It is important to bear 
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in mind that most of these trials consisted primarily of PAF cohorts. Colchicine has 

been shown to be effective at preventing post-operative AF following cardiac 

surgery.315 Two studies, one RCT and the other observational, have shown reduction 

in AF recurrences following CA at medium term follow-up (~12months).316,317 These 

positive findings have not inspired further research in colchicine despite its low 

adverse events rate.  

 

Studies have indicated that statins have anti-inflammatory properties.318–320 Statins 

have been futile in reducing AF occurrence following cardiac surgery.321 Meta-analysis 

of trials using statins in persistent AF cohorts undergoing DCCV, suggested 

decreased risk of AF recurrence.322 However, this risk reduction did not extend to 

patients undergoing ablation.323 Canakinumab (a specific interleukin-1b antibody) has 

been used in patients with persistent AF following electric cardioversion to assess 

differences in arrythmia outcomes at 6 months follow-up.324 Despite lower recurrences 

in the treatment arm (canakinumab) compared to placebo, it was not statistically 

significant. However, the sample size was too small to address differences. Other anti-

inflammatory pathways such as anti-IL-6325 are currently being trialled to prevent 

cardiovascular event rates and may be a better suited to AF as evidence shows that 

IL-6 directly influences atrial remodelling by down-regulating atrial connexins238,239. 
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5.4.6 Limitations 

 

Despite being an exploratory study, the patient cohort based on ILR data brings in 

selection bias, which is the most significant limitation. This can be seen in the 

differences in baseline characteristics of LA diameter between the group of non-

recurrence and recurrence, which did not exist in the main publication for CASA-AF 

trial because the randomisation process included LA diameter in the algorithm.113 

Another important limitation is the small sample size for a biomarker study. Blood 

proteins involved in inflammatory and fibrosis pathways are systemic and not unique 

to cardiac tissue. Therefore, the lack of atrial or LAA tissue biopsies to correlate with 

serum biomarkers is a drawback. Furthermore, serum samples taken at a single time 

may not reflect only myocardial inflammation, regardless of the lack of non-cardiac 

comorbidities in this cohort.  

 

5.5 Conclusion 
 

Inflammatory processes play a vital role in the maintenance of atrial fibrillation. Three 

combined (CD8A + MCP1 +CD40) biomarkers were best suited to predicting ablation 

outcomes in patients with LSPAF. The aim is to investigate the inflammatory panel for 

all the patients in the CASA-AF cohort to test the validity of these findings. However, 

further external validation in other RCTs will be needed to test their potential as 
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predictors. Additive therapies such as anti-inflammatory drugs could be explored to 

assess the impact on ablation outcomes.    

 
 

5.6 Future 
 

• We have raised funds to conduct internal validation of the above results by 

sending all samples from CASA-AF trial (baseline, 6-month and 12-month) to 

assess the inflammatory panel from O-link. This will test the hypothesis whether 

these three proteins predict outcome in the whole cohort, both at 12-months 

and 36-months.  

• We have serum samples from a control group (healthy age, sex and BMI 

matched group) that has been sent for analysis. This will highlight whether 

these biomarkers are unique to AF patients or not.  
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Chapter 6: Health economics chapter and paper: Is 
catheter ablation cost-effective in patients with non-

paroxysmal AF? 
 

6.1 Introduction 
 

Atrial fibrillation (AF) imposes a significant cost burden on healthcare due to 

symptomatic management and life-altering complications (stroke and heart failure). 

Existing treatment strategies aim to revert AF to sinus rhythm (SR) effectively to 

improve patients’ symptoms, which may reduce hospitalisations and costs. Currently 

treating non-PAF (persAF and LSPAF) patients utilise a combination of medical 

therapy with anti-arrhythmic drugs (AADs), catheter ablation (CA) and less commonly 

surgical ablation (SA).7 CA is effective at achieving SR and reducing symptoms in non-

PAF, compared to AADs in the medium-term (12 months).326 Longer term studies 

show that the effectiveness of single-procedure success reduces linearly and usually 

requires repeat procedures, unlike PAF.99 To improve the single-procedure 

effectiveness of achieving SR, standalone SA has been proposed as an alternative for 

this cohort. Ablation outcomes from studies for SA are sparse but favourable, except 

for CASA-AF trial.189,191,195,327 Furthermore, early rhythm management has shown a 

reduction in a composite of morbidity and mortality (cardiovascular death, stroke, 

heart failure).75 The objective of this chapter is to evaluate the cost-effectiveness of 

existing strategies (AADs, CA and SA) for treating non-PAF. 
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6.2 Methods 
 

6.2.1 Model structure 

 

A probabilistic Markov model (Figure 6.1) was developed to compare the cost-

effectiveness of CA with SA and AADs. The health states depicted in the Markov 

model (Figure 6.1) are either being in AF, sinus rhythm (SR), following the diagnosis 

of stroke (post-stroke), following the diagnosis of heart failure (post-heart failure) and 

death. There can be many health states for patients with atrial fibrillation based on 

the objective of treatment being studied. Bleeding (gastro-intestinal or haemorrhagic 

stroke) could have been another health state and an important adverse event for 

patients with AF who are on anti-coagulation. However, all patients undergoing anti-

arrhythmic management (medical or interventional) are on anti-coagulation 

regardless of CHA2DS2VASc score. Therefore, it has been assumed that the incidence 

of bleeding and respective costs for any bleeding will impact all three treatment 

trajectories (AAD, CA and SA) equally. Data from the CASA-AF trial and long-term 

outcomes was utilised for cost, clinical effectiveness and complications for CA and SA 

arms. This was complemented by the literature (clinical studies, meta-analyses, and 

registries). Furthermore, meta-analysis and network meta-analysis was conducted to 

synthesise the evidence from RCTs for comparison of AADs, CA and SA. Health 

outcomes used quality-adjusted life-years (QALYs). The costs and health benefits 

were discounted based on UK National Institute of Clinical Excellence (NICE) 
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standards at 3.5% annually.328 Electric cardioversion is assumed to be utilised in all 

the treatment strategies (AADs, CA, SA) and therefore is not treated as a separate 

treatment entity. The aim is to use trials containing non-PAF only, and where data 

was scarce, mixed and PAF studies were considered. The model extrapolates costs 

and health benefits over a lifetime horizon using 1-year cycle length. 

  
 
Figure 6.1: Markov model applied to AADs, CA and SA. 
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6.2.3 Model input 

 

* 
Outcomes at the end of period/start of next period 

AF SR Post-S Post-HF Dead 
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ut
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AF p_AF_AF p_AF_SR p_AF_S p_AF_HF p_AF_Dead 

SR p_SR_AF p_SR_SR p_SR_S p_sr_HF p_SR_Dead 

Post-S 0 0 p_S_S 0 p_S_Dead 

Post-HF 0 0 0 p_HF_HF p_HF_Dead 

Dead 0 0 0 0 1 

Table 6.1: Cost-effectiveness model transition probabilities [Atrial Fibrillation (AF), 
probability (p), Heart failure (HF), Stroke (S), Sinus Rhythm (SR)] for each treatment 
arm (AAD, CA, SA). 
Basic parameters 

The deterministic model starts at 62 years from the CASA-AF study.113 Markov cycle 

length is 1 year, and model time will aim to understand the benefits over a lifetime: 

𝑎𝑔𝑒!"#$ = 𝑠𝑡𝑎𝑟𝑡𝑖𝑛𝑔	𝑎𝑔𝑒 

𝑎𝑔𝑒%&%'$ = 𝑚𝑜𝑑𝑒𝑙()*$ + 𝑎𝑔𝑒!"#$ 

𝑚𝑜𝑑𝑒𝑙()*$ = 𝑛𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑐𝑦𝑐𝑙𝑒𝑠 

All patients start from AF because non-PAF patients are likely to be in AF all the time 

and not in SR (Table 6.1). 

 

Decision problem 

The population, interventions, and outcomes are summarised in Figure 6.2. The 

population in focus is non-PAF without heart failure. Interventions being compared 

are AADs (amiodarone, dronedarone, flecainide, propafenone, disopyramide, 
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sotalol, excluding rate control), CA (radiofrequency, cryoballoon), and SA (minimally 

invasive, standalone, excluding convergent procedures). The outcome of interests 

includes efficacy of treatment (freedom from atrial arrhythmia of ≥ 30 seconds after 

the single procedure) at 12-months, failure rates (recurrence of atrial arrhythmias 

following single procedure) after 12-months, repeat procedures for intervention arms 

(CA and SA), stroke, heart failure and mortality.  

 

 
Figure 6.2: Population, intervention and outcomes for cost-effective analysis 
comparing AADs, CA and SA.   
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Clinical Effectiveness (12 months) 

Catheter ablation RCTs comparing cryoballoon (CB) and radiofrequency (RF) have 

only been studied in PAF cohorts showing similar efficacy between the procedures.81–

83 Furthermore, RF is a well-established treatment in non-PAF patients and therefore 

is the focus of the CA arm for the cost-effectiveness model. The reference arm for the 

first year focuses on success following AAD treatment, defined by freedom from atrial 

arrhythmia (AF/AT) at 12 months. A systematic review and a network meta-analysis of 

all RCTs assessing AADs, CA and SA was undertaken. The reason for utilising network-

meta-analysis to ascertain clinical effectiveness was to reduce bias that can arise from 

using data from single trials and single countries. 

 

The network meta-analysis was conducted using PICO (Table A6.1), inclusion and 

exclusion criteria (Table A6.2), a consort diagram for included studies (Figure A6.1, 

Figure A6.2), a list of the trials initially considered for further review (Table A6.3 and 

A6.4) and list of trials with outcome data used in the network meta-analysis (Table 

A6.5 and A6.6).  

 

After a systematic review of RCTs, only three articles contained non-PAF patients 

without heart failure (HF), utilising RF for CA and excluding rate control strategy for 

medical therapy to estimate primary outcome for AADs (Table A6.3).77,78,329 The 

proportion of patients that reached primary outcome was 50% in the AAD group 
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(Figure A6.3), which is an overestimation in non-PAF as we have noted earlier that 

success rates are much lower [CABANA-AF’s subgroup analysis with AADs was 

25%].80 Therefore, to derive a more representative probability of success at 12-

months, we utilised a wider inclusion criterion for the RCTs. A meta-analysis of 6 RCTs 

comparing CA (either RF or CB) and AADs (excluding rate control) in mixed AF 

cohorts (excluding heart failure but consisting of non-PAF cohorts) showed the 

proportion of patients achieving success in the AAD arm was 36% [95% CI: 18%, 55%; 

Figure 6.3].77,78,80,329–331 There was a high level of heterogeneity in these studies (I2 = 

93%, Figure 6.3). Removing the outlier (Stabile 2006) reduced the heterogeneity 

slightly to 81% and increased the proportion of patients achieving success in the AAD 

arm to 42% (Figure A6.4). A potential explanation for Stabile (2006) being an outlier 

is because the RCTs CA arm consisted of concomitant AAD use and compared it 

against AADs alone.330 Briggs equation for calculating probabilities from rates (aka 

proportions, r= rate, t=time period and p=probability) has been used:332 

𝑟 = 	−[ln(1 − 𝑝)]/𝑡 

𝑝 = 1 − exp{−rt}	 

𝑝 = 1 − exp{−0.42 × 1} 

𝑝 = 0.34 
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Figure 6.3: Probability of success following AAD treatment at 12 months. 
 
 

The probability of success from AF to SR for CA and SA arms was relative to the AAD 

arm. A Cochrane meta-analysis (2016) showed that CA was superior to AADs at 12 

months in non-paroxysmal AF (RR 1.84, 95% CI 1.17-2.88).326 The aforementioned 

network meta-analysis (Figure A6.1-2, Table A6.1-6) reviewed the literature and 

identified 10 RCTs to compare the three treatment arms (Figure 6.4, Figure A6.5-

7).77,78,80,111–113,329–331,333 The results concurred with the Cochrane meta-analysis (2016, 

RR 1.84, 95% CI:1.17-2.88) comparing AAD and CA in non-PAF (RR 1.83, 95% CI:1.36-

2.46). The probabilities in all treatment arms going from AF to SR are used only for 

the first year of the Markov cycle.  
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Figure 6.4: Forrest plot showing network meta-analysis of the three treatment arms 
for the outcome of freedom from arrhythmia recurrence.  
 

Repeat procedures 

The probability of redo procedures applies only to the interventional arms (CA and 

SA). Regardless of the index procedure, the redo procedure is the CA. The proportion 

of patients having repeat procedures is similar in CA and SA (Table 6.2). The 

deterministic model does not consider redo ablations as an eventuality. This 

assumption will likely underestimate incremental QALYs and costs for CA and SA 

compared to AADs, which may affect the incremental cost-effectiveness ratio (ICER). 

However, a sensitivity analysis will be undertaken to assess its impact on ICERs.  

 

 

 

 

 

 

Treatment

ca
sa

0.5 1 2

Comparison: other vs 'aad'
(Random Effects Model)

Favors AAD Favors ablation (CA/SA)

RR

1.83
2.26

95%−CI

[1.36; 2.46]
[1.39; 3.69]
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Months Redo ablation CA (n=60) SA (n=55) Total (n=115) 

0-12 
 

1st 9 9 18 
2nd 0 1 1 

12-24 
1st 2 4 6 
2nd 3 1 4 

24-36 
1st 3 2 5 
2nd 0 2 2 
3rd 0 1 1 

0-36 
 

1st 14 15 29 
2nd 3 4 7 
3rd 0 1 1 

Table 6.2: Repeat CA procedures throughout follow-up. 
 

Sensitivity analysis for redo procedures 

Success rates defined by converting AF to SR in repeat procedures are not published. 

To run sensitivity analysis with the assumption that in Markov cycle 2, the success of 

redo procedures will be the same as being on AADs, the below will be utilised. 

However, this is an underestimation, given that it increases their likelihood of 

maintaining SR. 

 
𝑝. 𝑎𝑓. 𝑠𝑟. 𝑐𝑎1 = 𝑖𝑓𝑒𝑙𝑠𝑒(𝑚𝑎𝑟𝑘𝑜𝑣%&%'$ == 1, (𝑝""+ ∗ 𝑟𝑟𝐶𝐴),

𝑖𝑓𝑒𝑙𝑠𝑒V𝑚𝑎𝑟𝑘𝑜𝑣%&%'$ == 2, 𝑝""+ 	, 0W 
 

𝑝. 𝑎𝑓. 𝑠𝑟. 𝑠𝑎1 = 𝑖𝑓𝑒𝑙𝑠𝑒(𝑚𝑎𝑟𝑘𝑜𝑣%&%'$ == 1, (𝑝""+ ∗ 𝑟𝑟𝑆𝐴),
𝑖𝑓𝑒𝑙𝑠𝑒V𝑚𝑎𝑟𝑘𝑜𝑣%&%'$ == 2, 𝑝""+ 	, 0W 

 
 

Another option is to assume that the success of redo CA procedures is similar to the 

index CA procedure, which is also an underestimation given that repeat procedures 

are viewed to increase the likelihood of maintaining SR.  
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𝑝,$+- = 0.25	(𝑎𝑣𝑒𝑟𝑎𝑔𝑒	𝑜𝑓	0.23	𝑎𝑛𝑑	0.27	𝐶𝐴𝑆𝐴 − 𝐴𝐹) 
𝑝""+ = 0.36	(𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦	𝑜𝑓	𝐴𝐴𝐷𝑠	𝑟𝑒𝑠𝑢𝑙𝑡𝑖𝑛𝑔	𝑖𝑛	𝐴𝐹	𝑡𝑜	𝑆𝑅) 
𝑟𝑟𝐶𝐴 = 1.84	(𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦	𝑜𝑓	𝐶𝐴	𝑟𝑒𝑠𝑢𝑙𝑡𝑖𝑛𝑔	𝑖𝑛	𝐴𝐹	𝑡𝑜	𝑆𝑅) 
𝑟𝑟𝑆𝐴 = 2.26	(𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦	𝑜𝑓	𝑆𝐴	𝑟𝑒𝑠𝑢𝑙𝑡𝑖𝑛𝑔	𝑖𝑛	𝐴𝐹	𝑡𝑜	𝑆𝑅) 

𝑝#.%%$## = 𝑝""+ ∗ 𝑟𝑟𝐶𝐴 = 0.66 
𝑝,$+-/0 = (𝑝,$+- ∗ 𝑝#.%%$##) + ((1 − 𝑝,$+-) ∗ 𝑝""+) = 0.17 + 0.27 = 0.44 

 
𝑝#%$1",)- = 𝑎𝑑𝑑	𝑖𝑛	𝑎	𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟	𝑡𝑜	𝑑𝑜	𝑠𝑐𝑒𝑛𝑎𝑟𝑖𝑜	𝑎𝑛𝑎𝑙𝑦𝑠𝑖𝑠 

𝑝,$+-/0 = 𝑝,$+- ∗ (𝑝#.%%$## ∗ 𝑝#%$1",)-) + ((1 − 𝑝,$+-) ∗ 𝑝""+) 
 
 

To run sensitivity analysis with the assumption that in Markov cycle 2, the success of 

redo procedures will be based on the probability of index CA procedure: 

 
𝑝. 𝑎𝑓. 𝑠𝑟. 𝑐𝑎2 = 𝑖𝑓𝑒𝑙𝑠𝑒(𝑚𝑎𝑟𝑘𝑜𝑣%&%'$ == 1, (𝑝""+ ∗ 𝑟𝑟𝐶𝐴),

𝑖𝑓𝑒𝑙𝑠𝑒V𝑚𝑎𝑟𝑘𝑜𝑣%&%'$ == 2, 	𝑝,$+-/0	, 0W) 
 
 

𝑝. 𝑎𝑓. 𝑠𝑟. 𝑠𝑎2 = 𝑖𝑓𝑒𝑙𝑠𝑒(𝑚𝑎𝑟𝑘𝑜𝑣%&%'$ == 1, (𝑝""+ ∗ 𝑟𝑟𝑆𝐴),
𝑖𝑓𝑒𝑙𝑠𝑒V𝑚𝑎𝑟𝑘𝑜𝑣%&%'$ == 2, 	𝑝,$+-/0	, 0W) 

 
 

Clinical Effectiveness (after 12 months) 

The probability of clinical effectiveness after the first year is derived from Kaplan Meir 

curves (KM, method explained in statistical analysis). For the deterministic model, we 

assume that patients who fail to achieve SR in the first year will remain in AF and can 

only progress to stroke, heart failure or death. However, patients in SR at the 

beginning of Markov cycle 2 still have the potential to go back into AF due to 

recurrence rates. These recurrence rates (SR to AF) can be derived from studies 

focusing on long-term outcomes of AADs and CA for persistent cohorts.204,334,335 For 
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this analysis KM curve from the CAPA AF RCT was used to obtain 5-year outcomes 

for AADs and CA.336  

 

Another RCT analysed longer term outcomes with a mean follow-up of 7 years, 

consisting of mixed cohorts (PAF and non-PAF).327 However, the follow-up of patients 

in the study was inconsistent with identifying AF recurrence, which was based on 

either clinical notes or 7-day Holter at the 7-year time point with no other review 

between 1 and 7 years.327 Another RCT comparing these two strategies beyond 12 

months exist (Adiyaman 2018) but has limitations such as shorter follow-up for 2 years, 

and the population is less representative (only PAF and early persistent AF, no 

mention of percentages).156 Therefore, we did not include this study in our analysis. 

We observed that long-term clinical effectiveness in the interventional arms (CA and 

SA) are like the long-term outcomes in CASA AF. Therefore, we assumed that the rate 

at which patients have AF recurrence (SR to AF) could be implemented from KM 

curves for CA from the CAPA study.336 

 

Stroke 

Stroke risk for AF patients is based on the CHA2DS2VASc score.7 This score is affected 

by commodities, ≥2 qualifies patients for anticoagulation therapy and being 

appropriately anti-coagulated reduces stroke risk.337 Stroke risk has mainly been 

studied by the scoring system and not as much by the characterisation of AF. First, 
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we assessed if specific treatments increased stroke risk and reviewed the RCTs that 

compared AADs, CA and SA.80,81,83,111,112,114,286–289. Few stroke events occurred in these 

RCTs, and we didn’t find any differences between the treatment arms (Figures 6.5 

and 6.6). These lack of events and differences could likely be the result of the short-

term follow-up of these patients. 

 

 
Figure 6.5: Forrest plot comparing stroke risk in AADs and CA. 
 

 
Figure 6.6: Forrest plot comparing stroke risk in CA and SA. 
 

The AFFIRM study showed that the adjusted (covariates including warfarin) hazard of 

stroke in AF is 60% greater than in SR [HR 1.60 (95% CI: 1.11, 2.30), p=0.01].337 The 

EAST-AFNET trial focused on the impact of rhythm management on the composite 

Study
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end-point consisting of stroke, heart failure and cardiovascular mortality risk.75 The 

trial grouped patients into early rhythm management versus usual care; both groups 

had an equal number of patients in sinus rhythm at the beginning (due to a mixed 

cohort consisting of both PAF and non-PAF).75 The primary outcome was not affected 

by non-PAF (Supplementary Figure S1 of their study); therefore, it is assumed that the 

results impact all cohorts of AF similarly.75 During follow-up of 2 years majority of 

patients in the early rhythm management group (80.7%) were in SR compared to the 

usual care group (SR = 60.1%, Supplementary Figure S3 of their study).75 Therefore, 

this cost-effectiveness analysis assumed to allocate ‘early rhythm management group’ 

to ‘SR’ and ‘usual care group’ to ‘AF’. As per the study’s findings, there are significant 

differences in stroke risk between the two treatments; arms and stroke risk 

probabilities are summarised in Table 6.3.75 The assumption is likely an underestimate 

of stroke risk in AF and, therefore, QALYs; likely to impact ICERs.  

 

Another method to calculate stroke risk was attempted by focusing on a trial 

comparing AADs and CA for non-paroxysmal AF, with a median follow-up of more 

than 5 years.336 This RCT was not utilised in the network-meta-analysis because of a 

lack of outcome data for 1 year concerning AF recurrence rates, stroke and heart 

failure rates.336 The study shows that patients treated with AADs (including 25% who 

underwent DCCV) were at higher risk of stroke than CA.336 The stroke probability rates 

in AADs in the CAPA study were similar to patients from the ‘usual care group’ in the 
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EAST-AFNET trial (Table 6.3). Further, the probability of stroke in patients undergoing 

CA in the CAPA study is much lower than in patients in ‘early rhythm management 

group’ in EAST-AFNET. This method has assumed that CA and SA would have similar 

probabilities of stroke risk. The AFFIRM was then used to show differences between 

stroke probabilities in AF compared to SR (3.5-year follow-up). The assumptions of 

this method are likely to overestimate stroke risk in AF and, therefore, QALYs; likely 

to impact ICERs. Therefore, this method has been utilised for sensitivity analysis. 

 

Despite risk scores to reduce stroke risk and increase anticoagulation in AF patients, 

this is not achieved in all patients. To consider this in the UK, we have used the official 

statistics and calculated that 20% of the total number of eligible AF patients are not 

anti-coagulated.338 

 

RCT FU  Group A Group B 
EAST-
AFNET 
trial75 
 

5 years  Usual care=1394 Early rhythm mx=1395 
n p n p 

Stroke/TIA 86 0.013 65 0.009 
HF 177 0.027 144 0.022 

Death 164 0.025 138 0.021 
CAPA 
study336 
 

6 years  Pharmacotherapy=321 Ablation=327 
n p n p 

Stroke/TIA 23 0.012 14 0.007 
HF 23 0.012 9 0.005 

Table 6.3: Events and respective risk probabilities for stroke and heart failure in EAST-
AFNET75 and CAPA336 RCTs. FU: follow-up, mx=management, n=patients 
experiencing the event, p=probability calculated using Briggs formula332 
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Heart failure 

Being in AF is a risk factor for developing heart failure (HF).7 Rhythm management 

strategies, specifically CA, have shown to be effective at reducing heart failure 

hospitalisations.339 The EAST-AFNET trial showed that early rhythm management 

significantly reduces heart failure compared to usual care.75 Therefore, a similar 

approach to assumptions for stroke has been applied to heart failure from the trial, 

and the probabilities are in Table 6.3. These results are likely to be a conservative 

approach, underestimating probabilities for heart failure. Therefore, sensitivity 

analysis will be conducted using the CAPA-AF study results.336 

 

Bleeding 

All patients treated with anti-arrhythmic medication or undergoing ablation, 

regardless of CHA2DS2VASc score, are on anticoagulation.7 We did not observe any 

bleeding events related to CA or SA during the 3-year follow-up. There have not been 

any published reports of increased bleeding risk based on being in AF or SR. 

Therefore, for this cost-effectiveness analysis, we did not incorporate bleeding 

eventualities. 

 

Mortality 

Mortality is represented by ‘Death’ in the transition probabilities and is multifaceted. 

Intervention related mortality could not be differentiated between treatment groups 
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because of few events within published RCTs (Figures 6.7 & 6.8). Furthermore, this 

has been shown in the recent CABANA-AF trial, where no difference was elicited in 

all-cause mortality comparing AADs and CA.80  Mortality from ‘AF’ and ‘SR’ states to 

‘Death’ was extrapolated from the EAST-AF NET trial (Table 6.3).75  Age-related death 

has been taken from WHO charts for the UK population.340 The annualised probability 

of death (mortality rate) from acute stroke with known AF is 12.2% in the first year of 

a stroke, and other years are calculated based on age-related death.341 Death from 

‘HF’ was deduced from KM curves from a UK population-based cohort study.342  

 
 

 
Figure 6.7: Forrest plot comparing mortality risk in AADs and CA 
 

 
Figure 6.8: Forrest plot comparing mortality risk in CA and SA. 

Study

Total (95% CI)
Prediction interval
Heterogeneity: Tau2 = 0; Chi2 = 0.57, df = 2 (P = 0.75); I2 = 0%
Test for overall effect: t2 = 0.97 (P = 0.43)

Krittayaphong 2003
Oral 2006
Stabile 2006
Forleo 2009
Mont 2014
Packer 2019

Events
 0
 0
 1
 0
 0

22

Total

592

 15
 69
 69
 35
 48
356

AAD
Events

 0
 1
 1
 0
 0
18

Total

639

 15
 77
 68
 35
 93

351

CA
Weight

100.0%

0.0%
5.2%
5.0%
0.0%
0.0%

89.9%

MH, Fixed, 95% CI

1.14 [0.63;  2.04]
 [0.15;  9.03]

 
0.10 [0.00; 65.17]
0.99 [0.06; 15.44]

 
 

1.21 [0.66;  2.21]

Risk Ratio

0.001 0.1 1 10 1000

Risk Ratio
MH, Fixed, 95% CI

Favours AAD Favours CA

Study

Total (95% CI)
Heterogeneity: Tau2 = NA; Chi2 = 0.00, df = 0 (P = NA); I2 = NA%
Test for overall effect: Z = 0.75 (P = 0.45)

Boersma 2012
Pokushalov 2013
Adiyaman 2018
Haldar 2020

Events
 0
 0
 0
 1

Total

173

 61
 32
 25
 55

SA
Events

 0
 0
 0
 0

Total

180

 63
 32
 25
 60

CA
Weight

100.0%

0.0%
0.0%
0.0%

100.0%

MH, Fixed, 95% CI

12.00 [0.02; 7691.27]

 
 
 

12.00 [0.02; 7692.29]

Risk Ratio

0.001 0.1 1 10 1000

Risk Ratio
MH, Fixed, 95% CI

Favours SA Favours CA



 175 

Costs 

All costs are shown in Table 6.4. The cost of procedures was taken from HRG codes 

from the hospital for CA and SA. An average of their respective cohorts calculated 

the final cost of CA and SA. The cost of all drugs was acquired from NHS drug tariffs.343  

AAD costs were focused on anti-arrhythmic used in the CASA-AF trial (amiodarone, 

sotalol, flecainide, dronedarone) and their representation in the real world based on 

a  European registry study.344 Complications were based on CASA-AF trials, adverse 

events and costs retrieved from the National Schedule of NHS costs.345 Trial 

participants had A&E visits, and hospital admissions with fast arrhythmias (AF/AT) 

were also costed. Stroke and heart failure have incident costs that are applied for 

Markov cycle 1 and subsequent year costs for Markov cycle 2.346,347 Heart failure costs 

are from 2015; therefore, an inflation index has been applied.348 In addition, drug 

costs for stroke only include clopidogrel. However, heart failure is more complex and 

therefore has its medications summarised in Table 6.5.  

 

Utilities 

Quality of life adjusted years (QALY) and utilities were calculated for the CASA-AF 

trial. The overall median utility for patients in CASA-AF at baseline was 0.728. Utility 

improved to 0.9, regardless of whether the patients were in AF or SR at the 12-months 

follow-up. We used an international registry to portray utilities for patients with AF, 

which were divided into not in SR or uncontrolled (0.67) and in SR (0.75).349 Health 
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utilities for stroke have been provided based on modified Rankin Scale scores 

(mRS).350  Applying these utilities, we assume that each mRS is equally distributed in 

AF patients (Table 6.6) to acquire the stroke health utility (0.498).350 Heart failure utility 

(0.60) was applied from a study published in 2005.351 

 

6.3 Statistical analysis plan 
 

R package ‘heemod’ was utilised for health economic analysis.353  To extract data (x= 

time, y= survival probability) from KM curves we utilised 

https://apps.automeris.io/wpd/ (Figure 6.9) and converted the data to using 

https://www.trialdesign.org/one-page-shell.html (Figure 6.10) to get survival time 

and status. Wiebull distribution was applied to KM curves. Monte Carlo simulation 

was performed using 1000 patients in each treatment cohort. Deterministic model 

results are referred to by costs, QALYs, ICERs and net monetary benefit difference. 

Following deterministic modelling, sensitivity analysis was undertaken based on 

starting age (standard deviation from CASA-AF study), probability of success for 

AADs (considering a wider range of success rates), probability of stroke, heart failure 

and mortality (Table 6.3), cost of interventions (based on redo-CA), discounted rate 

and years of costs associated with stroke and heart failure. The lifetime horizon was 

noted to be 37 years.  
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 Cost (£, Drugs = 1 

tablet) 
Source 

AAD  NHS Drug tariff352 
Amiodarone (60%) 8  

Sotalol (20%) 5  
Flecainide (15%) 5  

Dronedarone (5%) 113  
Procedures  Hospital HRG codes 
CA 14469.15  
SA 19776.85  
Complications  National Schedule of 

NHS costs345 
Diaphragmatic hemiparesis   

Non-Invasive Ventilation Support 
Assessment (x3) 

496.07  

Oxygen assessment and monitoring 378.38  
Sleep study (x2) 183.00  

Lung function test 438.95  
Pneumonia 1916.56  
Pleural effusion 2925.01  
Pacemaker 4950.09  
Cardioversion 2253.04  
Others  National Schedule of 

NHS costs345 
A&E attendance 342  

Non-elective admission into hospital 2253  
Outpatient clinic visit 125  

Stroke   
First-year (incident stroke) 17063 346 

The subsequent year (prevalent 
stroke) 

7225 346 

Clopidogrel 5 NHS Drug tariff352 
Heart failure   

Inflation index 2021 = 0.021 
2020 = 0.011 
2019 = 0.02 
2018 = 0.023 
2017 = 0.026 
2016 = 0.009 

348 

First year (incident heart failure) 13055 347 
Subsequent year (prevalent heart 

failure) 
3901 347 

Medication Refer to Table 3 NHS Drug tariff  
Table 6.4: Costs. 
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Drug Dose Frequency £ (pack) £ (1 

tablet) 
% £ (1 

year) 

Angiotensin-converting enzyme inhibitors/Angiotensin II receptor blockers 
Ramipril  10mg OD 118 (28) 4 0.5 2337 
Lisinopril 5mg OD 86 (28) 3 0.1 

 

Enalapril 5mg BD 251 (28) 9 0.05 
 

Captopril  50mg TDS 165 (56) 3 0.05 
 

Candesartan 8mg OD 135 (28) 5 0.05 
 

Irbesartan  75mg OD 198 (28) 7 0.1 
 

Losartan  50mg OD 125 (28) 4 0.1 
 

Valsartan  80mg OD 718 (28) 26 0.05 
 

Beta-blocker 
Bisoprolol 10mg OD 98 (28) 4 0.8 1359 
Carvedilol  6.25mg OD 116 (28) 4 0.15 

 

Nebivolol 5mg OD 169 (28) 6 0.05 
 

Aldosterone antagonists 
Spironolactone 25mg OD 148 (28) 5 0.5 6603 
Eplerenone  25mg OD 865 (28) 31 0.5 

 

Diuretics 
Furosemide  40mg BD 84 (28) 3 0.5 1395 
Bumetanide 1mg BD 130 (28) 5 0.5 

 

Entresto 
Sacubitril/Valsartan  49/51mg BD 9156 (56) 164 0.2 23871 

Sodium-glucose transport protein 2 inhibitors 
Dapagliflozin  5mg OD 3659 (28) 131 0.05 4770 
Empagliflozin  10mg OD 3659 (28) 131 0.05 

 

Table 6.5: Medication costs for heart failure. 
 

mRS Utility SD % (assumption) Utility 
0 0.9 0.17 16.6 0.149 
1 0.82 0.19 16.6 0.136 
2 0.7 0.21 16.6 0.116 
3 0.53 0.26 16.6 0.879 
4 0.2 0.31 16.6 0.332 
5 -0.15 0.23 16.6 0.249 

Average 0.498 
Table 6.6: Health utilities based on mRS, the proportion of each mRS assumed in 
AF cohorts. 
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Figure 6.9: Using published data (Wu 2020)336 to extract time and survival 
probabilities for AADs and CA. 
 
 

 
Figure 6.10: Converting extracted data from Wu (2020)336 to get survival time and 
status. 
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6.4 Results 
 

6.5.1 Deterministic model 

 

After a lifetime model (37 years) majority of patients in AF and SR states have exited, 

meaning costs and QALYs related to these accrued after do not relate to the 

treatment arms (Figure 6.11 and Figure 6.12). The cost-effectiveness plane in Figure 

6.13 shows that CA and SA are more effective (QALYs) than AADs, but they come 

with a significantly higher cost.  

 

 
Figure 6.11: The Markov model based on 1000 patients (count) over 37 cycles (years), 
comparing the states (af, death, hf, sr, stroke) based on the 3 treatment groups (aad, 
ca, sa). 
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Figure 6.12: The Markov model comparing the 3 treatment groups based on states 
(af, sr, stroke, hf, death). Count refers to the number of patients. The model starts 
with 1000 patients in ‘af’ (seen in the top graph).  
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Figure 6.13: Markov model just focusing only on stroke, hf and death states to 
visualise the minute differences in the 3 treatment groups.  
 

 
Figure 6.14: Cost-effectiveness plane showing incremental cost and effect (QALY), 
taking AAD as the reference point. 
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The UK’s (NICE) willingness to pay threshold is £20,000 to £30,000 per QALY gained. 

After 37 years, the cost of CA is £7,244.95 per QALY (Figure 6.14). However, NICE’s 

threshold doesn’t apply for life cycles that are 37 years long and are given for a shorter 

term of 5 to 10 years. Focusing on 10-year ICER, CA in the acceptable cost threshold 

by falling below the upper limit (£30,000) of the NICE threshold at £25,004.12 (Figure 

6.15). Net monetary benefit (NMB) analysis highlights that CA has the highest net 

monetary benefit of £2,379.85 at the upper limit of the NICE threshold. The analysis 

shows that despite SA having higher effectiveness (QALY) compared to CA, it is very 

expensive, requiring £64,814.80 per QALY. 

 
Figure 6.15: Deterministic model showing costs, QALYs and ICERs over lifetime. 
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Figure 6.16: Deterministic model showing costs, QALYs, NMB and ICERs for a 10-
year cycle. 
 
 
6.5.2 Sensitivity analysis 

As stated in the methods, sensitivity analysis was undertaken for several assumptions 

that may have under or over predicted ICERs. Important points are highlighted in the 

Toranado plots (Figure 6.16 and 6.17), showing that the risk of heart failure in patients 

with AF has a major impact on ICERs. The costs of redo-procedures increase the ICER 

when compared to AADs. However, the cost of redo-procedures comparing CA and 

SA would further increase the cost of SA more dramatically than CA (Figure 6.17). 
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Figure 6.17: Sensitivity analysis was undertaken with variables specified on the y-
axis, comparing AADs and CA. 
 

 
Figure 6.18: Sensitivity analysis was undertaken with variables specified on the y-
axis comparing CA and SA.  
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6.5 Discussion 
 

The Markov model was developed to compare AADs, CA and SA for treating non-

PAF populations. The main findings of this deterministic model show CA is more cost-

effective than AADs or SA for patients with non-PAF based on a life-time cycle. The 

incremental cost-effectiveness of CA is compared to AAD and SA over 10 years, 

costing the NHS £25,004 per QALY gained, which meets the NICE willingness-to-pay 

threshold. Only one study conducted health economic analysis comparing AADs, CA 

and SA in non-PAF.354 However, the SA arm utilised the convergent procedure. The 

study concluded that SA was the most cost-effective strategy in the USA. Another 

study conducted in USA, compared CA and SA in non-PAF, reporting SA’s superiority 

over CA.157 However, the study has many methodological flaws especially the 

effectiveness of SA to restore SR was 93% at 1 year.157 This is an overestimation and 

is nearly 50% higher than the findings our network meta-analysis. The willingness to 

pay thresholds in both aforementioned studies157,354 compared to the UK, would 

negate their findings that SA is the most cost-effective strategy compared to CA 

because NICE has lower thresholds. CASA-AF trial published a within-trial analysis 

comparing CA and SA, whereby CA was the more cost-effective strategy over the 

course of 1-year.113  

 

There have been no further health economic evaluations of the existing treatment 

strategies for non-PAF. CA has repeatedly succeeded at being a cost-effective 
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strategy compared to AADs in the PAF patients that had failed AADs.151–153,155 

Aronsson et al. (2015) was the first economic analysis to suggest that CA remains to 

be cost-effective compared to AADs as first line strategy, however only in patients 

younger than 50 years of age.148 In patients above 50, AADs were recommended as 

first line by the authors of the study. 148 Two meta-analyses highlight that CA as first-

line strategy for PAF is significantly more effective than AADs at reducing AF 

recurrences, and hospitalisations, therefore reduced health care resource 

utilisation.355,356 A health economic evaluation from China comparing AADs and CA in 

both PAF and persAF, showed that CA is more cost-effective.156 However, whether 

CA is first line or not is not elucidated in the study methodology.156  

 

6.6 Limitations 
 

Cost-effective analyses are based on several assumptions, which is the biggest 

limitation of this study. Identifying studies that only consisted of non-PAF populations 

was the first challenge. We were unable to utilise results only from CASA-AF and their 

long-term outcomes, as patients were specifically LSPAF. Furthermore, not all 

patients recruited to interventional trials (CA vs SA), were undergoing CA or SA as 

first line and as some had previously undergone CA. The results for long-term efficacy 

of maintaining SR in either CA or SA from the meta-analysis is based on mixed 

methods of identifying recurrence rates, majority not utilising implantable loop 

recorders therefore success rates are likely an overestimation. The other limitation is 
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the use of AADs in patients prior to CA or SA, therefore this analysis does not suggest 

that CA is cost-effective than AADs and SA as first line strategy. That question can 

only be asked when there are RCTs conducted with CA as first line compared to AADs 

in non-PAF.  

 

6.7 Conclusion 
 

Non-PAF patients experience worse quality-of-life compared to PAF and impose a 

high-cost burden on the NHS. Majority of the RCTs comparing SA and CA, suggest 

the earlier to be a more clinically effective strategy to treat non-PAF. CASA-AF 

medium term and long-term results suggest the CA is equally effective at achieving 

SR. Our model incorporating all RCTs consisting of non-PAF shows that CA is a more 

cost-effective strategy than AADs and SA, at a willingness-to-pay threshold of 

£30,000.  

 

6.8 Future 
 

• To complete the health economic analysis comparing the three strategies in 

non-PAF, we need to develop a probabilistic model, which is currently 

underway. 
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Chapter 7: General discussion 
 
 

7.1 Aims and objectives 
 

This PhD aimed to understand the long-term outcomes of catheter ablation (CA) 

versus surgical ablation (SA) in patients with non-paroxysmal atrial fibrillation. We 

recruited patients for a randomised controlled study (CASA-AF) comparing CA and 

SA in long-standing persistent atrial fibrillation (LSPAF). These patients then 

consented at the 12-month follow-up to continue up to a 36-month time point. The 

CASA-AF study did not show any differences in clinical effectiveness between CA and 

SA. At the 12-month time point, CA was associated with better quality of life scores 

and was more cost-effective compared to SA. Evidence from RCTs with mixed AF 

cohorts (PAF and non-PAF) has suggested that SA is superior to CA in the long term 

(Adiyaman et al156 and Castella et al ). Therefore, we hypothesised that SA was 

superior to CA in the long-term of 36-months in LSPAF.  

 

A secondary aim of the PhD was to investigate predictive biomarkers in AF ablation. 

There have been more than 100 biomarkers that have been studied in the field of AF, 

which narrowed to 86 when focusing on AF ablation studies. Therefore, we utilised 

two methods of scientific exploration to identify a predictive biomarker of AF ablation. 

The first method was a meta-analysis of published data to determine a predictive 

biomarker that has been investigated thus far. The second method was a proteomics’ 
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approach to identify a novel predictive biomarker of AF ablation outcomes. The final 

aim of the PhD was to assess if SA was a cost-effective strategy when compared to 

CA for managing non-paroxysmal AF.  

 

7.2 Summary of findings  
 

After 36-months of follow-up in patients (LSPAF) who underwent CA and SA in a 

randomised fashion, there were no differences in AF recurrence rates between the 

treatment arms. Success rates defined by maintaining freedom from ≥30 seconds of 

atrial arrhythmias using an implantable loop recorder were suboptimal in CA (12%) 

and SA (11%). Nonetheless, findings showed that both treatments effectively reduced 

arrhythmia burden by ≥75% in 77% and 67% of patients in CA and SA, respectively. 

Despite the lack of statistical significance, SA had lower success rates.  

 

Previous studies that showed differences either focused only on paroxysmal AF (PAF) 

or mixed populations of both PAF and non-PAF. Our study showed that both 

treatment strategies were effective (67-77%) at reducing arrhythmia burden by ≥75% 

in the long-term. Despite CA being significantly better than SA at improving quality 

of life scores at the 12-month follow-up, this difference was eradicated at 36-months. 

Clinical insights were gained, such as patients not achieving ≥75% burden reduction 

were more likely to require redo-CA procedures. This is in keeping with the significant 
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differences noted in the quality of life between patients that achieved the ≥75% 

burden reduction compared to the ones that did not.  

 

Our meta-analytical approach to highlight biomarkers associated with arrhythmia 

recurrence in AF ablation studies narrowed the pool of predictive biomarkers from 86 

to 9. Natriuretic peptides, inflammatory markers, fibrosis markers and renal markers 

were associated with AF recurrence following ablation. These biomarkers were ranked 

based on their effectiveness at predicting AF recurrence following ablation. Subgroup 

analysis based on the ability of biomarkers to predict the outcome for non-paroxysmal 

AF was not conducted due to a lack of specific biomarker levels. However, we were 

able to do subgroup analysis for mixed populations. Some biomarkers were more 

effective as predictors in PAF patients undergoing ablation, such as BNP.  

 

The systematic review of the literature on biomarkers and ablation highlighted the 

interplay between inflammatory and fibrosis markers as potential predictors of AF 

ablation. Proteomics was then utilized to identify novel biomarkers as predictors of 

ablation outcome. Three panels were selected: cardiovascular, cell cytology and 

inflammation. We found that a set of inflammatory markers (MCP-1+CD8A+CD40) 

were jointly associated with both freedom from AF/AT ≥30 seconds and ≥75% AF/AT 

burden reduction. Over the years, inflammation has been shown to play a role in AF 
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initiation and maintenance. These markers highlight the potential for anti-

inflammatory therapeutics to be tested for managing AF.  

 

The cost-effectiveness of treatment strategies for non-paroxysmal AF has not been 

thoroughly explored in the UK. Employing a deterministic model with a sensitivity 

analysis, AADs, CA and SA were compared. We found that CA was the most cost-

effective treatment compared to AADs and SA in the long-term for non-paroxysmal 

AF when assessing at 10-year and lifetime outcomes.   

 

7.3 Limitations 
 

There are several limitations for the studies conducted in this thesis. The most 

important limitation for the RCT comparing CA and SA is that the study was not 

designed for long term follow-up at its onset. Sample size for such studies is difficult 

to ascertain regardless of statistical rigor. The pandemic impacted research follow-

ups and therefore missed data points for quality of life, which is a possible cause for 

the eradication of QoL superiority of CA compared to SA at 36-months. There are 

several limitations to the meta-analysis, important ones being that most papers were 

observational, presence of significant heterogeneity between studies and lack of 

international consensus for cut-off values of biomarkers.  The next step of the 

biomarker investigation, was studying proteomics, which had many limitations; 

selection bias being the most significant. Blood protein levels are an amalgamation 
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of interaction between all organs, therefore are not specific to cardiac tissue even 

though our objective was to assess cardiac outcomes. Finally, we were unable to do 

a health economic analysis purely on LSPAF cohort, because of lack of focused 

studies. Therefore, we had to expand our objective consisting of  all  under the 

diagnosis umbrella of non-paroxysmal AF.  

 

7.4 Further work to be completed 
 

1. We are also conducting a within-trial cost-effective analysis of the long-term study of 

CASA-AF study and plan on submitting the paper once completed 

2. Serum samples from CASA-AF (baseline, 3-month and 12-month) and a control group 

(non-AF, age-matched and sex-matched) have been analysed using the inflammatory 

panel using O-link (Sweden). We are in the process of running NT-proBNP analysis for 

these time points for all patients at our local laboratory. This data will give insights 

into whether the findings are unique to AF patients and whether they remain 

unchanged with the entire cohort. 

3. The next step for health economic analysis is undertaking a cost-effective 

probabilistic analysis of AADs, CA and SA for non-PAF.  
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7.5 The current landscape of AF research 
 
 

CASA-AF strategies for CA and SA are not current state of the art approaches for AF 

management. In the CA arm, adjunct PWI164, MIL179 and CTI174 would not be re-

attempted as first line strategy for endocardial ablation, if the protocol was being 

planned for CASA-AF today. Various lesion sets have been utilised in recent RCTs 

(HARTCAP-AF114, CONVERGE357) in the CA arms and their respective success (41% 

and 50%) at freedom from arrythmia at 12-months are similar to CAPLA164 trials’ 

experimental arm (52%, PVI +PWI). Both HARTCAP-AF and CONVERGE utilised 

adjunct PWI ± CTI. Therefore, PVI alone maybe sufficient as the index procedure 

strategy as suggested by CAPLA164 (PVI alone – 53.6%) and an updated meta-

analysis183 for non-PAF cohorts. 

 

The field of energy sources for CA has evolved in the last decade encompassing 

cryoballoon (FIRE AND ICE358) and pulsed field ablation (ADVENT359). Pulsed field 

ablation was expected to have superior results, due to myocardial specificity and 

therefore less likely to cause adverse events such as oesophageal fistula.360 However, 

both strategies have only shown non-inferiority for PAF cohorts in achieving arrythmia 

outcomes at 12-months.358,359 Evolving catheters in the last 2 decades haven’t 

improved arrythmia outcomes for LSPAF.207 A similar analysis is required to assess 

impact from the above mentioned energy sources. New methods such as vein of 
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Marshall ethanol infusion172 are possible strategies for improving outcomes for LSPAF 

cohorts. 

  

The current state of the art for SA is hybrid ablation. Recent RCTs comparing CA vs 

hybrid ablation suggests the latter to be superior.114,357 Both surgical arms in the trials 

(HARTCAP-AF114 and CONVERGE357) consisted of lesions involving PVI and PWI. 

Additionally, CTI ablation endocardially was conducted in the hybrid arm, if patients 

had previously documented atrial flutter in HARTCAP-AF, and for all patients in the 

CONVERGE trial. The endocardial (CA) part of the surgical arms was also focused on 

completing PVI and PWI, if there were any gaps identified with exit and entrance 

block. Arrythmia free success rates in the hybrid arms in CONVERGE was 67.7% and 

HARTCAP-AF was 89%, utilising PVI + PWI ± CTI.  The addition of PWI or CTI lesion 

sets to the HARTCAP-AF, CONVERGE or CAPLA in the CA arms did not lead to better 

outcomes as stated earlier. Therefore, why do those lesions show better outcomes 

when used by SA? Better success rates could be attributed to the hybrid element 

whereby lesions are perfected using an endocardial approach, which may achieve a 

better transmural lesion than CA or SA alone. The impressive results in HARTCAP-AF 

and CONVERGE are caveated by the use of exclusive Holter monitoring. Unlike 

CASA-AF’s continuous monitoring, it is challenging to directly compare outcomes 

using different recording techniques. Notwithstanding, it’s likely that hybrid 
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approaches offer added clinical improvement, given the large difference in outcome 

success versus CASA-AF SA. 

 
7.6 The future landscape of AF research 
 
 

The focus for treating AF should lean towards prevention and if unable to prevent – 

then to stop paroxysmal AF from progressing to non-paroxysmal AF. How do we 

prevent AF? Risk factor modification such as lifestyle changes and optimising medical 

co-morbidities need to be prioritized. There has been consistent evidence spanning 

decades that low socio-economic status leads to poor cardiovascular care and 

outcomes. In the UK, the pandemic has increased the cost of living, which has resulted 

increased poverty and use of foodbanks. This leads to increased levels of stress, 

obesity and unhealthy lifestyle choices. It is difficult to promote healthy lifestyles to 

patients, when they are struggling to pay for bills. Obesity, a well-known risk factor 

for AF, was already on the rise for a few decades. Therefore, in the NHS, cardiac 

rehabilitation programmes (exercise, dietician, psychologist) and digital health tools 

(help reach lifestyle and medication goals) should be developed and investigated for 

effectiveness in both preventing AF and stopping AF progression. New drugs such 

as semaglutide should undergo trials in AF patients to assess impact of treating 

obesity on AF outcomes.  

 



 198 

The new frontiers in AF pharmacological treatment will consist of biologics and gene 

therapy. First, anti-inflammatory biologics (monoclonal antibodies) will be explored 

as a treatment strategy, either as stand-alone or additive therapy to rhythm control 

strategies. Second, gene therapy for atrial fibrillation targeting ion channels to 

increase action potential durations, repairing gap junction and potentially modifying 

microRNAs.  

 

7.7 Conclusion 
 

CA is a less invasive procedure than SA for treating LSPAF. CA was effective at 

reducing arrhythmia burden and improving quality of life in the long-term at 36-

months in the CASA-AF cohort. Cost-effective analysis indicated that CA was superior 

to SA in treating non-paroxysmal AF. Inflammatory biomarkers have shown potential 

to act as predictors of ablation outcomes in both meta-analysis and proteomics.  
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Chapter 4 
 
Table A4.1: Search strategy [copyright permission taken from Springer Nature].  
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Initial search strategy conducted in Pubmed/Medline and Embase 
# Search term Results 
1 atrial fibrillation.af. 249696 
2 ablation.af. 288851 
3 biomarker*.af. 1139256 
4 1 and 2 and 3 616 
Articles from the initial search strategy were reviewed to identify biomarkers that 
have been studied in atrial fibrillation. These biomarkers were collated, and search 
repeated in Pubmed/Medline, Embase, Web of Science and Scopus 
# Search term Results 
1 atrial fibrillation 249696 
2 ablation 288851 
3 biomarker* 1139256 
4 proadrenomedullin OR osteoprotegerin or interleukin or CTGF 

or glycogen phosphorylase BB or osteoprotegerin or ST2 or 
RANKL or proadrenomedullin or NGF or YKL-40 or monocyte 
or IFN or heat shock protein or fibrocyte or Fas or E-selectin or 
CGA or ferritin or NOx or TIMP or osteopontin or apelin or 
aldosterone or RAAS or telomere length or TRAP or hFABP or 
thyroid or genes or FGF or VCAM or VEGF or MCP or 
peroxynitrite or relaxin or myeloperoxidase or cholesterol or 
adiponectin or myoglobin or red cell or HbA1c or fibrinogen or 
endothelin or homocysteine or uric acid or NLR or plasminogen 
or norepinephrine or lipoprotein or P-selectin or NTproANP or 
NT-proANP or MR-proANP or vWF or oxidative stress or RNA 
or mRNA or microRNA or miR or d-dimer or TNF or TGF or 
galectin or ANP or platelet or NTproBNP or NT-proBNP or 
CKMB or collagen or troponin* or BNP or CRP or hsCRP or 
natriuretic peptide or cystatin or eGFR or chemokine or MMP 
or Neutrophil or Lymphocyte or GDF or urokinase or PIIINP or 
creatinine or CITP or ICTP or t-PA or plasminogen activator 
inhibitor or fibrinopeptide or thrombin antithrombin or soluble 
thrombomodulin or antiplasmin or urokinase-type plasmin-
antiplasmin or white blood cell or thromboglobulin or HDL or 
LDL or triglyceride or TIMP or CD40 or ADMA or IL6 or IL1 or 
IL2 or IL8 or IL10 or PAI or PAP or IL16 or IL4 or IL12 or Gal-3 
or GDF15 or GDF-15 or Gal3 

12205225 

5 3 or 4 12764695 
6 1 and 2 and 5 3838 
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Table A4.2: Baseline characteristics of papers in the meta-analysis [M: Male; N: No; 
NA: not available; Pro: prospective; RCT: randomised controlled trial; Ret: 
retrospective; Y: yes, copyright permission taken from Springer Nature].  

Author Year Country 

Follow-
up 

(mean 
months) 

Type 
of 

study  

Total 
no. AF 
cohort 

Control 
(non-
AF) 

Age 
(mean) 

  

Gender 
(M%) 

 
Holter 

Age 
(SD) 

Date T 2006 Japan 14 Pro 53 21 53 10 89 Y 

Yamada T 2006 Japan >3 Pro 66 NA 61 10 82 Y 
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Letsas K 2009 Germany 13 Ret 72 NA 55 9 81 Y 

Nakazawa Y  2009 Japan 6 Pro 51 NA 58 11 88 Y 

Lellouche N 2009 France 14 Ret 125 NA 54 11 78 N 

Nilsson B 2009 Denmark 12 RCT 51 NA 56 11 63 Y 

Henningsen K 2009 Denmark 12 RCT 46 NA 55 11 63 Y 

Liu J 2010 China 23 Ret 121 NA 55 12 77 Y 

Tokuda M 2010 Japan 37 Ret 224 NA 55 12 83 Y 

den Uijl D 2011 Netherlands 7 Pro 87 NA 55 9 80 Y 

Shin S 2011 Korea 6 Pro 80 80 54 9 58 y 

Machino-Ohtsua T 2011 Japan 34 Pro 155 NA 61 9 79 Y 

Naruse Y 2011 Japan 32 Pro 221 NA 59 11 81 Y 

Okumura Y 2011 Japan 14 Pro 50 NA 61 9 76 Y 

Wang H 2012 China 22 Pro 158 NA 55 12 68 Y 

Kornej J 2013 Germany 6 Pro 68 NA 59 11 65 Y 

Canpolat U 2013 Turkey 29 Pro 251 NA 54 11 52 N 

Im S 2013 South Korea 25 NA 499 NA 57 11 74 N 

Li S 2013 China 12 Ret 288 NA 57 11 70 Y 

He X 2013 China 9 Ret 330 NA 60 11 68 Y 

Zou C 2013 China 12 Ret 76 77 65 9 51 Y 

Shim J 2013 Republic of Korea 30 Pro 46 10 56 11 74 Y 

Wu C 2013 Taiwan 11 Pro 46 NA 53 9 91 Y 

Canpolat U 2014 Turkey 19 Pro 363 NA 54 11 53 Y 

Pillarisetti J 2014 USA 12 Pro 88 NA 60 8 68 Y 

Guo X 2014 China 31 NA 379 NA 50 7 73 Y 

Kimura T 2014 Japan 10 Pro 44 NA 59 8 - Y 

Qiong H 2014 China 12 Ret 120 NA 52 12 59 N 

Aksu To 2015 Turkey 7 Pro 57 NA 55 12 50 y 

Aksu T 2015 Turkey 10 Pro 49 NA 58 12 51 Y 

Cabrera-Bueno F 2015 Spain 19 Pro 44 10 58 10 73 Y 

Canpolat U 2015 Turkey 20.6 Pro 402 NA 54 11 56 Y 

Parwani A 2015 Germany 12 Pro 87 NA 62 9 66 Y 

Kornej J 2015 Germany 6 Pro 105 14 62 9 65 Y 

Shaikh A 2015 USA 6 Ret 161 NA 59 10 70 Y 

Wu X 2015 China 17 Pro 50 46 50 8 96 y 

Uçar F 2016 Turkey 20 Ret 102 NA 50 12 63 Y 

Clementy N 2016 France 12 Pro 160 NA 61 10 71 Y 

Yanagisawa S 2016 Japan 6 Ret 54 NA 60 13 85 Y 

Ma X 2017 China 12 Pro 120 NA 64 7 60 Y 

Güneş H 2017 Turkey 12 Pro 60 NA 54 11 60 Y 

Shiozawa T 2017 Japan 19.2 Pro 78 NA 59 9 81 Y 

Kishima H 2017 Japan 12 Pro 113 38 65 10 65 Y 

Deng H 2018 China 20.7 Ret 1410 NA 57 12 68 Y 
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Luetkens J 2018 Germany 12 Pro 61 NA 60 13 66 Y 

Clementy N 2018 France 12 Pro 75 NA 63 10 81 Y 

Liu L 2019 China 12 Pro 384 NA 66 9 59 Y 

Qu X 2019 China 18 Pro 248 NA 66 11 63 Y 

Bazoukis G 2019 Greece 26 Ret 346 NA 59 NA 65 Y 

Deng H 2019 China 12 Ret 450 NA 58 12 68 Y 

Tamura S 2019 Japan 15 Ret 227 NA 66 10 69 Y 

Miake J 2019 Japan 24 Pro 254 NA 66 9 72 Y 

Su C 2019 China 14 Pro 282 NA 65 11 54 Y 

Celik A 2019 Turkey 12 Pro 50 NA 50 13 56 Y 

Ravassa S 2019 Spain 12 Pro 150 NA 64 10 67 Y 

Yano M 2019 Japan >3 Pro 168 NA 64 10 64 Y 

Namino F 2019 Japan 6 Ret 101 NA 62 9 80 Y 

Choi J 2019 Republic of Korea 37 Ret 137 70 56 12 83 Y 

Xu M 2020 China 6 Ret 233 NA 63 10 84 Y 

Okawa K (PAF) 2020 Japan 12 Pro 229 NA 68 8 62 Y 

Liu H 2020 China 13 Pro 266 NA 61 9 55 Y 

Okawa K (PersAF) 2020 Japan 12 Pro 129 NA 68 8 73 Y 

Yano M 2020 Japan 12 Pro 369 NA 70 8 40 Y 

Du W 2020 China 12 Ret 108 NA 63 8 54 Y 

Huang Z 2020 China 12 Ret 422 NA 64 10 65 Y 

Wei Y 2020 China 24 Pro 150 NA 64 11 57 Y 

Li A 2020 China 12 Pro 257 NA 61 12 53 Y 

Macias-Ruiz R 2020 Spain 12 Pro 124 NA 55 10 69 Y 

Kawaji T 2020 Japan 61 Pro 791 NA 65 10 69 Y 

Chen S 2020 China 25 Ret 125 NA 61 9 55 Y 

Oka T 2020 Japan 36 Ret 292 NA 62 10 72 Y 

Can V 2021 Turkey 12 Pro 101 60 60 NA 36 Y 

Nakamura K 2021 Japan 12 Pro 194 NA 65 11 77 Y 

Yang Z 2021 China >3 Ret 215 NA 63 10 84 Y 

 
 
 
Table A4.3: Ablation characteristics of papers in the meta-analysis [CB: cryoballoon; 
CFAE: complex fractionated atrial electrogram; CTI: cavotricuspid isthmus; LSPAF: 
long standing persistent AF; NA: not available; PAF: paroxysmal AF; PersAF: 
persistent AF; PVI: pulmonary vein isolation; RF: radiofrequency, copyright 
permission taken from Springer Nature].  

Author Year 
Type of 
ablation 

Ablation Lines 

Total no. 
AF cohort 

Type of AF 

Recurrence 
(%) PVI 

Linear 
lesions 

Mitral 
isthmus CFAE CTI 

PAF 
% 

PersAF 
% 

LSPAF 
% 

Non-
PAF % 

Date T 2006 RF 1 0 0 0 0 53 100 - - - 40 
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Yamada T 2006 RF 1 0 0 0 0 66 100 - - - 47 

Letsas K 2009 RF 0 1 0 0 0 72 64 36 - - 39 

Nakazawa Y  2009 RF 1 0 0 0 1 51 76 24 - - 47 

Lellouche N 2009 RF 1 1 1 0 1 125 52 - - 48 47 

Nilsson B 2009 RF 1 0 0 0 0 51 67 33 - - 75 

Henningsen K 2009 RF 1 0 0 0 0 46 67 33 - - 83 

Liu J 2010 RF 1 1 1 1 1 121 64 36 - - 30 

Tokuda M 2010 RF 1 0 0 0 0 224 100 - - - 64 

den Uijl D 2011 RF 1 0 0 0 0 87 89 10 - - 24 

Shin S 2011 RF 1 0 0 1 1 80 76 24 - - 28 

Machino-Ohtsua T 2011 RF 1 1 0 0 1 155 65 35 - - 29 

Naruse Y 2011 RF 1 1 0 1 0 221 57 43 - - 39 

Okumura Y 2011 RF 1 0 0 1 0 50 56 36 8 - 42 

Wang H 2012 RF 1 1 1 0 0 158 65 35 - - 45 

Kornej J 2013 RF 0 1 1 0 0 68 59 41 - - 18 

Canpolat U 2013 CB 1 0 0 0 0 251 80 20 - - 24 

Im S 2013 RF NA NA NA NA NA 499 53 47 - - 24 

Li S 2013 RF 1 0 0 0 1 288 100 - - - 28 

He X 2013 RF 1 0 0 0 0 330 100 - - - 32 

Zou C 2013 RF 1 1 1 0 0 76 57 43 - - 33 

Shim J 2013 RF 1 1 1 0 1 46 57 43 - - 52 

Wu C 2013 RF 1 0 0 1 0 46 - - - 100 65 

Canpolat U 2014 CB 1 0 0 0 0 363 100 - - - 19 

Pillarisetti J 2014 RF 1 1 0 1 1 88 33 64 3 - 22 

Guo X 2014 RF 1 1 1 0 1 379 60 - - 40 33 

Kimura T 2014 RF 1 0 0 1 0 44 70 30 - - 34 

Qiong H 2014 RF 1 0 0 1 0 120 - - - 100 44 

Aksu To 2015 RF, CB 1 0 0 1 0 57 100 0 0 0 12 

Aksu T 2015 CB 1 0 0 0 0 49 100 - - - 14 

Cabrera-Bueno F 2015 RF 1 0 0 0 1 44 100 - - - 16 

Canpolat U 2015 CB 1 0 0 0 0 402 81 19 - - 24 

Parwani A 2015 RF 1 1 1 0 0 87 54 46 - - 29 

Kornej J 2015 RF 1 0 0 0 0 105 52 - - 48 34 

Shaikh A 2015 RF, CB 1 0 0 0 0 161 60 40 - - 48 

Wu X 2015 RF 1 1 1 0 1 50 0 100 0 0 64 

Uçar F 2016 CB 1 0 0 0 0 102 100 - - - 19 

Clementy N 2016 RF 1 1 1 1 0 160 55 - - 45 34 

Yanagisawa S 2016 RF 1 1 0 1 0 54 30 48 22 - 35 

Ma X 2017 RF 1 0 0 0 0 120 46 54 - - 33 

Güneş H 2017 CB 1 0 0 0 0 60 78 22 - - 37 

Shiozawa T 2017 RF 1 1 0 0 0 78 64 - - 36 37 

Kishima H 2017 RF 0 1 0 0 1 113 48 52 - - 38 
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Deng H 2018 RF, CB 1 1 1 1 1 1410 77 - - 23 26 

Luetkens J 2018 CB 1 0 0 0 0 61 66 34 - - 33 

Clementy N 2018 RF 1 1 1 1 0 75 100 100 - - 33 

Liu L 2019 CB 1 0 0 0 0 384 86 14 0 0 21 

Qu X 2019 RF 1 1 1 0 0 248 51 49 - - 21 

Bazoukis G 2019 CB 1 0 0 0 0 346 62 35 3 0 23 

Deng H 2019 CB 1 1 1 1 1 450 77 0 0 23 25 

Tamura S 2019 RF, CB 1 0 0 0 0 227 56 44 0 0 25 

Miake J 2019 RF 1 0 0 0 1 254 69 31 - - 26 

Su C 2019 RF 1 1 1 0 1 282 65 - - 35 28 

Celik A 2019 RF 1 0 0 0 0 50 100 - - - 28 

Ravassa S 2019 RF 1 0 0 0 0 150 57 43 - - 29 

Yano M 2019 RF 1 0 0 0 1 168 93 0 0 7 30 

Namino F 2019 RF 0 0 0 1 0 101 53 36 11 0 46 

Choi J 2019 RF 1 1 0 0 1 137 0 0 0 100 56 

Xu M 2020 RF 1 0 0 0 0 233 100 0 0 0 18 

Okawa K (PAF) 2020 RF 1 0 0 0 0 229 100 0 0 0 18 

Liu H 2020 RF 1 NA NA NA NA 266 64 0 0 36 20 

Okawa K (PersAF) 2020 RF 1 0 0 0 0 129 0 100 0 0 20 

Yano M 2020 RF 1 0 0 0 0 369 100 0 0 0 22 

Du W 2020 RF 1 NA NA 1 NA 108 66 34 0 0 22 

Huang Z 2020 NA NA NA NA NA NA 422 67 33 0 0 23 

Wei Y 2020 RF 1 1 NA NA NA 150 59 41 0 0 25 

Li A 2020 RF NA NA NA NA NA 257 68 0 0 32 31 

Macias-Ruiz R 2020 RF, CB 1 0 0 0 0 124 60 40 0 0 32 

Kawaji T 2020 RF 1 1 0 1 1 791 69 0 0 31 34 

Chen S 2020 RF 1 0 0 0 0 125 100 0 0 0 38 

Oka T 2020 RF 1 1 1 1 1 292 100 0 0 0 46 

Can V 2021 CB 1 0 0 0 0 101 100 0 0 0 20 

Nakamura K 2021 RF 1 0 0 0 0 194 66 0 0 34 20 

Yang Z 2021 RF 1 1 1 1 1 215 0 100 0 0 26 

 
Table A4.4: Bias assessment using QUIPS for papers included [copyright permission 
taken from Springer Nature].  

Author Year 

QUIPS Bias Assessment 

 Study 
Participation 

 Study 
Attrition 

Prognostic 
Factor 

Measurement 
 Outcome 

Measurement 
 Study 

Confounding 

 Statistical 
Analysis & 
Reporting 

Overall 
Risk of 

Bias 

Date T 2006 Moderate Low Low Low Moderate Moderate Moderate 

Yamada T 2006 Moderate Low Low Moderate Moderate Low Moderate 

Henningsen K 2009 Low Low Low Low Moderate Low Moderate 

Lellouche N 2009 Moderate Moderate Low High High Moderate High 
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Letsas K 2009 Low Low Low Low Low Low Low 

Nakazawa Y  2009 Low Low Low Low Low Low Low 

Nilsson B 2009 Low Low Low Moderate Moderate Low Moderate 

Liu J 2010 Low Low Low Low Moderate Low Moderate 

Tokuda M 2010 Low Low Moderate Moderate Low Low Moderate 

den Uijl D 2011 Moderate Moderate Low Low Low Low Moderate 

Machino-Ohtsua T 2011 Low Low Low Low Low Low Low 

Naruse Y 2011 Moderate Low Moderate Low Low Low Moderate 

Okumura Y 2011 Moderate Low Low Low Moderate Low Moderate 

Shin S 2011 High Low Low Low Low Low High 

Wang H 2012 Low Low Low Low Low Low Low 

Canpolat U 2013 Low Low Low Low Low Low Low 

He X 2013 Low Moderate Low Low Low Low Moderate 

Im S 2013 Moderate Low Low High Low Low High 

Kornej J 2013 Low Low Low Low Low Low Low 

Li S 2013 Low Low Low Low Low Low Low 

Shim J 2013 High Low Low Low Low Low High 

Wu C 2013 Moderate Low Low Low Low Moderate Moderate 

Zou C 2013 Moderate Low Low Low Low Low Moderate 

Canpolat U 2014 Low Low Low Low Low Low Low 

Guo X 2014 Low Low Low Low Low Low Low 

Kimura T 2014 Moderate Low Low Low Low Low Moderate 

Pillarisetti J 2014 Low Low Low Low Moderate Low Moderate 

Qiong H 2014 Moderate Low Low Moderate High Moderate High 

Aksu T 2015 Low Low Low Low Low Low Low 

Aksu To 2015 Low Low Low Low Low Low Low 

Cabrera-Bueno F 2015 Low Low Low Low Low Low Low 

Canpolat U 2015 Low Low Low Low Low Low Low 

Kornej J 2015 High Moderate Low Low Low Moderate High 

Parwani A 2015 Moderate Low Low Low Low Low Moderate 

Shaikh A 2015 Low Low Low Low Moderate Low Moderate 

Wu X 2015 Low Low Low Low Low Low Low 

Clementy N 2016 Low Low Low Low Low Low Low 

Uçar F 2016 Moderate Low Low Low Moderate Low Moderate 

Yanagisawa S 2016 Moderate Low Low Low Low Low Moderate 

Güneş H 2017 High Low Low Low Low Low High 

Kishima H 2017 Moderate Low Low Low Low Low Moderate 

Ma X 2017 Moderate Low Low Low Low Low Moderate 

Shiozawa T 2017 Moderate Low Low Low Low Low Moderate 

Clementy N 2018 Low Low Low Low Low Low Low 

Deng H 2018 Low Low Low Moderate Moderate Low Moderate 

Luetkens J 2018 Moderate Low Low Low Moderate Low Moderate 
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Miake J 2018 Low Low Low Low Low Low Low 

Bazoukis G 2019 Low Low Moderate Moderate High Moderate High 

Celik A 2019 High Low Low Low Moderate Moderate High 

Choi J 2019 Low Low Low Low Moderate Low Moderate 

Deng H 2019 Low Low Moderate Low Moderate Low Moderate 

Liu L 2019 Low Moderate Low Low Low Moderate Moderate 

Namino F 2019 Moderate Low Low High High High High 

Qu X 2019 Low Low Low Low Low Low Low 

Ravassa S 2019 Low Low Moderate Low Low Low Moderate 

Su C 2019 Low Low Low Low Low Low Low 

Tamura S 2019 Low Low Low Low Low Low Low 

Yano M 2019 Low Low Moderate Low Low Low Moderate 

Macias-Ruiz R 2020 Low Low Low Low Moderate Low Moderate 

Xu M 2020 High Low Low Low Low Low High 
Chen  S 2020 High  Low Moderate Moderate Moderate Low 

High 
Du W 2020 Low Low Low Moderate Moderate Low Moderate 

Huang Z 2020 Low Low Low Moderate Low Low Moderate 

Kawaji T 2020 Low Moderate Moderate High Moderate Low 
High 

Li A 2020 High Low  Low Low Moderate Low 
High 

Liu H 2020 Low Moderate Low Low Moderate Low Moderate 

Oka T 2020 Low Low Low Low Moderate Low Moderate 

Okawa K 2020 Low Moderate Low Moderate Low Low Moderate 

Wei Y 2020 Low Low Low Low Moderate Low Moderate 

Yano M 2020 Low Low Low Low Moderate Low Moderate 

Can V 2021 Low Low Low Moderate Moderate Low Moderate 

Nakamura K 2021 Low Low Low Low Moderate Low Moderate 

Yang Z 2021 High Low Low Moderate Moderate Low 
High 

 
 
 
 

Chapter 6 
 
 
Table A6.1: PICO for network meta-analysis (AAD, CA, SA)  
Population Atrial fibrillation 

Intervention Catheter ablation 

Comparator Anti-arrhythmic drugs 
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Surgical ablation 

Outcome Freedom from arrythmia at follow-up   

 
 
Table A6.2: Inclusion and exclusion criteria for network meta-analysis (AAD, CA, SA) 
Inclusion  Exclusion 

-Randomized controlled trial 
-Catheter ablation for non-valvular atrial 
fibrillation 
-Comparator arm: Anti-arrhythmic 
drugs (medical therapy) OR Rate 
control drugs 
-Comparator arm: Surgical ablation 
-Arrythmia recurrence outcome at 12-
months 

-Cohort consisting of only paroxysmal 
AF patients  
-Arrythmia recurrence outcome using 
ECG monitoring not assessed 
-Convergent surgical ablation 
-Hybrid surgical ablation 
-Heart failure, cardiomyopathy, valvular 
heart disease 
-Letter, editorials, and commentary 
-Non-English language publications 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A6.1: CONSORT for trials comparing CA vs AADs 
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Figure A6.2: CONSORT for trials comparing CA vs SA 
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Studies included for further 
review, n=17

Records excluded = 2006
Based on inclusion and exclusion criteria

Total records excluded = 36
Based on outcome of interest 

Duplicates = 856

Studies included for meta-
analysis, n=6
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Table A6.3: List of studies included for further review in CA and AAD RCTs. 
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d

Records identified through 
database  searching

(Medline/Pubmed, EMBASE, 
Web of science), n=1284

Articles screened on basis of 
title and abstracts, n=833

Records assessed for eligibility, 
n= 43

Studies included for further 
review, n=10

Records excluded = 790
Based on inclusion and exclusion criteria

Records excluded = 34
Based on outcome of interest 

Duplicates = 451

Studies included for further 
review, n=4
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Author AF cohorts 
Krittayaphong 2003 Chronic AF 
Wazni 2005 Mixed: PAF (n=67), PersAF (n=3) 
Oral 2006 Chronic AF 
Pappone 2006 PAF 
Stabile 2006 Mixed: PAF, PersAF 
Jais 2008 PAF 
Forleo 2009 Mixed: PAF, PersAF 
Wilber 2010 PAF 
Pappone 2011 PAF 
Cosedis Nielsen 2012 PAF 
Hummel 2013 PersAF and LSPAF (only followed-up for 6 months) 
Packer 2013 Mixed: PAF, early PersAF* 
Pokushalov 2013 PAF 
Mont 2014 PersAF 
Morillo 2014 PAF 
Sohara 2016 PAF 
Packer 2019 Mixed: PAF, PersAF, LSPAF 

*Early persAF was treated as more in keeping with PAF cohorts than mixed 
 
Table A6.4: List of studies included for further review in CA and SA RCTs 

Author AF cohorts 
Wang 2011 LSPAF 
Boersma 2012 Mixed: PAF, PersAF 
Pokushalov 2013 Mixed: PAF, PersAF 
Wang 2014 PAF 
Haldar 2017 LSPAF 
Adiyaman 2018 Mixed: PAF, PersAF 
Sindby 2018 PAF 
Sugihara 2018 PAF 
Pearman 2019 Mixed: PAF, PersAF, LSPAF 
Haldar 2020 LSPAF 

 
 
 
 
 
 
 
 
 
Table A6.5: List of studies included in the network meta-analysis: CA and AAD. 
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Author CA 
type CA (n) AAD (n) 

CA 
success 

(n) 

AAD 
success 

(n) 

CA 
Stroke 

(n) 

CA 
Death 

(n) 

AAD 
Stroke 

(n) 

AAD 
Death 

(n) 
Krittayaphong 2003 RF 15 15 12 6 0 0 0 0 

Oral 2006 RF 77 69 57 40 0 1 0 0 

Stabile 2006 RF 68 69 38 6 0 1 1 1 

Forleo 2009 RF 35 35 28 15 0 0 0 0 

Mont 2014 RF 93 48 69 21 0 0 0 0 

Packer 2019 RF, CB 351 356 165 107 
    

 
 
Table A6.6: List of studies included in the network meta-analysis: CA and SA. 

Author CA 
type CA (n) SA (n) 

CA 
success 

(n) 

SA 
success 

(n) 

CA 
Stroke 

(n) 

CA 
Death 

(n) 

SA 
Stroke 

(n) 

SA 
Death 

(n) 
Boersma 2012 RF 63 61 23 40 1 0 1 0 

Pokushalov 2013 RF 32 32 15 26 1 0 0 0 

Adiyaman 2018 RF 25 25 14 8 0 0 0 0 

Haldar 2020 RF 60 55 17 14 0 0 0 1 

 
 
Figure A6.3: Probability of success following AAD treatment at 12 months utilising 
RCTs which only consisted of non-PAF cohorts. 

 
 
Figure A6.4: Probability of success following AAD treatment at 12 months without 
outlier (Stabile 2006). 
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Total (95% CI)
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Figure A6.5: Forest plot comparing success rates (freedom from arrythmia) of CA 
versus AAD at 12 months. 
 

 
Figure A6.6: Forest plot comparing success rates (freedom from arrythmia) of CA 
versus AAD at 12 months without outlier. 

 
 
 
Figure A6.7: Forest plot comparing success rates (freedom from arrythmia) of CA 
versus SA at 12 months. 
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Krittayaphong 2003
Oral 2006
Stabile 2006
Forleo 2009
Mont 2014
Packer 2019

Events
  6
 40
  6
 15
 21

107

Total

592

 15
 69
 69
 35
 48
356

AAD
Events

 12
 57
 38
 28
 69
165

Total

639

 15
 77
 68
 35
 93

351

CA
Weight

100.0%

3.9%
17.5%
0.0%
9.1%

15.3%
54.1%

MH, Fixed, 95% CI

0.64 [0.56; 0.73]
 [0.53; 0.81]

0.50 [0.26; 0.98]
0.78 [0.62; 1.00]
0.16 [0.07; 0.34]
0.54 [0.35; 0.81]
0.59 [0.42; 0.83]
0.64 [0.53; 0.78]

Risk Ratio

0.1 0.5 1 2 10

Risk Ratio
MH, Fixed, 95% CI

Favours CA Favours AAD

Study

Total (95% CI)
Prediction interval
Heterogeneity: Tau2 = 0.1369; Chi2 = 11.74, df = 3 (P < 0.01); I2 = 74%
Test for overall effect: t3 = 0.72 (P = 0.52)

Boersma 2012
Pokushalov 2013
Adiyaman 2018
Haldar 2020

Events
40
26
 8
14

Total

173

 61
 32
 25
 55

SA
Events

23
15
14
17

Total

180

 63
 32
 25
 60

CA
Weight

100.0%

33.3%
22.1%
20.6%
24.0%

MH, Fixed, 95% CI

1.31 [1.04; 1.66]
 [0.17; 8.66]

1.80 [1.24; 2.61]
1.73 [1.16; 2.60]
0.57 [0.29; 1.12]
0.90 [0.49; 1.65]

Risk Ratio

0.2 0.5 1 2 5

Risk Ratio
MH, Fixed, 95% CI

Favours CA Favours SA
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Saturday, July 23, 2022 at 21:44:06 Bri5sh Summer Time

Page 1 of 2

Subject: AW: copyright request
Date: Monday, 28 March 2022 at 11:06:39 Bri?sh Summer Time
From: Sebas?an Fruehwirth
To: Boyalla, Vennela

This email from sebastian.fruehwirth@springer.com originates from outside Imperial. Do not click on links and attachments unless
you recognise the sender. If you trust the sender, add them to your safe senders list to disable email stamping for this address.

 

Dear Vennela,
 
Thank you very much for your kind request.
I just had a look at your paper and it seems that it was published with open access
(hPps://link.springer.com/ar?cle/10.1007/s00392-021-01978-w).
 
It is absolutely no problem to re-use a figure from this paper for your PhD thesis. Please also see this link
to receive the permission for the re-use of the material, provided the original work is properly cited:
hPps://s100.copyright.com/AppDispatchServlet?
?tle=Biomarkers%20as%20predictors%20of%20recurrence%20of%20atrial%20fibrilla?on%20post%20abl
a?on%3A%20an%20updated%20and%20expanded%20systema?c%20review%20and%20meta-
analysis&author=Vennela%20Boyalla%20et%20al&contentID=10.1007%2Fs00392-021-01978-
w&copyright=Crown&publica?on=1861-0684&publica?onDate=2022-01-
09&publisherName=SpringerNature&orderBeanReset=true&oa=CC%20BY
 
Thank you very much and best wishes,
Sebas?an
 
---
Sebas5an Frühwirth, PhD
Editor
Medicine and Life Sciences - Journals
 
Springer
Tiergartenstrasse 17, 69121 Heidelberg, Germany
T   +49 6221 487-8756
F   +49 6221 487-68756

sebas?an.fruehwirth@springer.com
springer.com
--
Springer Nature advances discovery by publishing robust and insighiul research, suppor?ng the
development of new areas of knowledge and making ideas and informa?on accessible around the world.
We provide the best possible service to the whole research community.
 
Springer is part of Springer Nature.
--
Branch of Springer-Verlag GmbH, Heidelberger Platz 3, 14197 Berlin, Germany 
Registered Office: Berlin / Amtsgericht Berlin-CharloPenburg, HRB 91881 B 
Directors: Mar?n Mos, Dr. Ulrich Vest, Dr. Niels Peter Thomas, Volker Böing
 
 
 
Von: Boyalla, Vennela <vennela.boyalla15@imperial.ac.uk> 
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Gesendet: Montag, 28. März 2022 11:38
An: Sebas?an Fruehwirth <sebas?an.fruehwirth@springer.com>
Betreff: Re: copyright request
 

[External - Use Caution]

Dear Sebas?an,
 
I hope this email finds you well.
 
Imperial College London requires that students re-word their publica?ons so as to not self-plagiarise. I am
currently wri?ng my PhD thesis and I would like to use the images from the below publica?on (I am first
author). It was not open access and I will be ci?ng the paper throughout the chapter.
DOI: 10.1007/s00392-021-01978-w
Looking forward to your response.
 
Best wishes,
Dr Vennela Boyalla
Research fellow
 


