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Abstract 

 

While success rates of catheter ablation for paroxysmal atrial fibrillation (AF) are good, the 

optimal treatment for persistent AF remains uncertain. Pulmonary vein isolation is a 

cornerstone in the treatment of persistent AF. However, extra pulmonary vein sites are also 

responsible for the initiation and maintenance of AF of which the left atrial appendage (LAA) 

has been identified as having a significant role. 

 

Electrical isolation of the LAA may improve freedom from atrial arrhythmias, though results 

in a high risk of thromboembolism due to a non-contractile appendage and may increase the 

risk of perforation if ablation is performed at areas of thin tissue. 

 

A pre-clinical canine study was conducted to evaluate the safety and feasibility of 

conventional pulmonary vein isolation with concomitant LAA electrical isolation and device 

occlusion. Histological analysis gave valuable information about regions of the LAA ostium 

that were more challenging to ablate and demonstrated that the procedure was both feasible 

and safe. 

 

Following on from this study, a translational, pilot study of conventional AF ablation with 

concomitant LAA electrical isolation and occlusion was designed and conducted to evaluate 

the feasibility and safety of this procedure in humans with longstanding persistent AF when 

compared to a control group undergoing conventional AF ablation only. The primary efficacy 

end point was successful LAA electric isolation and occlusion and primary safety end point 

was the absence of any major procedure-related complication or thromboembolic event 



	   4	  

during follow-up. The secondary end points included single-procedure atrial arrhythmia–free 

survival, AF-free survival, and atrial arrhythmia– free survival time, left atrial (LA) size and 

change in AFEQT quality of life score over the 12 month follow-up period. Safety and 

feasibility were demonstrated. Study patients experienced significantly higher freedom from 

AF recurrences (95% vs 63%, p=0.036) than control patients. There was also a trend to 

higher freedom from AF or atrial tachyarrhythmia, though this did not reach statistical 

significance (60% vs 40%, p=0.17). 

 

A high rate of acute LAA reconnection (85%) was observed during the initial ablation 

procedure with most seen at the anterior and superior margins of the LAA ostium. 

Histological analysis of cadaveric patient samples matched to the study cohort for left atrial 

size and AF duration demonstrated that the regions of significantly thicker tissue at the LA-

LAA junction corresponded to the sites where acute reconnection was most commonly seen. 

 

To further investigate these findings, a novel algorithm was designed to accurately measure 

the thickness of the LA-LAA junction from the pre-procedural CT scans of the study patients. 

Measured wall thicknesses correlated well with clinically observed acute reconnection sites 

and with histological measurements.  This provided a robust, semi-automated method to 

accurately measure atrial wall thicknesses, which may ultimately help guide ablation. 

 

Percutaneous LAA closure (LAAC) carries a high upfront cost when compared to existing 

pharmacological therapies for stroke prevention in non-valvular AF. It is important to 

quantify the clinical benefits and costs of this procedure to aid appropriate allocation of 

limited healthcare resources. 

A detailed UK perspective cost impact analysis was performed utilising data from 
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randomised controlled data and real-world experience of LAAC relative to oral 

anticoagulation. LAAC may offer substantial savings compared with current oral therapies. 

Savings are most evident in patients at higher risk of stroke and those unsuitable for 

anticoagulation. 
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1  Introduction 

 

1.1 Background 

Atrial fibrillation (AF) is a complex rhythm disturbance of the heart originating in the atria. It 

results in an irregular heart beat and can be diagnosed on a 12 lead ECG. It is the most 

common cardiac arrhythmia and its prevalence increases with age, affecting over 10% of 

people over the age of 80.1 

 

1.1.1 Physiological effects of atrial fibrillation 

Physiological studies have demonstrated that the atria contribute a substantial proportion of 

the ventricular filling and consequently stroke volume. In AF, the atria contract in a rapid and 

chaotic fashion at approximately 300-600 times per minute. This results in loss of the atrial 

contribution to ventricular stroke volume resulting in an overall reduction in cardiac output.    

The resultant irregular and often rapid ventricular contraction further impairs cardiac 

haemodynamics. This sequence of changes can result in heart failure. 

Additionally, the rapid and chaotic atrial contractions lead to sluggish flow within the atria. 

This can result in thrombus formation and subsequent embolisation. 

 

1.1.2 Aetiologies 

There has been a temporal shift in the main aetiologies of AF. Twenty years ago, rheumatic 

fever resulting in mitral valve disease (stenosis and/or regurgitation) was an important cause 

of AF. The incidence of rheumatic valvular disease in developed countries has diminished 

considerably in recent decades due mainly to improved living conditions and use of penicillin 

based antibiotics.2 Today, AF as a result of mitral valve disease (valvular AF) is relatively 
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rare in developed countries. The term non-valvular AF is used to describe cases where the 

arrhythmia occurs in the absence of rheumatic mitral stenosis, a mechanical or bioprosthetic 

heart valve, or mitral valve repair.3 This is the most frequently encountered AF category in 

the developed world. 

There are multiple clinical risk factors associated with AF. Advanced age, hypertension, 

coronary artery disease, diabetes, congestive cardiac failure and thyroid disease are now the 

most common underlying causes of AF. Dietary, lifestyle and other factors that contribute to 

the risk of AF include emotional and physical stress and excessive caffeine, alcohol or illicit 

drug intake. More recently, obesity has been identified as an important independent risk 

factor for AF.4,5 

AF occurs when any of the above pathological factors cause structural or electrophysiological 

changes within the atrial myocardium, such that abnormal creation and propagation of 

electrical impulses is observed (Figure 1-1). 
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Figure 1-1. Mechanisms of AF. 

AF = atrial fibrillation; Ca++ = ionised calcium; and RAAS = renin-angiotensin-aldosterone system. 

Reproduced with permission3 

Although AF is the final consequence of many disease states, the mechanisms are poorly 

understood and multifactorial.6 

1.1.2.1 Molecular mechanisms of atrial fibrillation 

The key electrophysiological mechanisms leading to AF are abnormal Ca2+ handling within 

atrial myocytes, electrical remodeling resulting in a functional substrate for re-entry, 

structural remodeling resulting in a fixed substrate and changes within the autonomic nervous 

system. These mechanisms are detailed below and have been extensively reviewed by Nattel 

et al.7 

Interestingly, despite AF being an irregular rhythm it is often caused by regular triggers such 

as atrial ectopics and atrial tachycardias. Once established, AF causes further abnormal 

2076  Circulation  December 2, 2014

review articles, along with evolving treatment strategies 
and new drugs. This guideline supersedes the “ACC/AHA/
ESC 2006 Guidelines for the Management of Patients With 
Atrial Fibrillation”5 and the 2 subsequent focused updates 
from 2011.6,7 In addition, the ACC, AHA, American College 
of Physicians, and American Academy of Family Physicians 
submitted a proposal to the Agency for Healthcare Research 
and Quality to perform a systematic review on specific ques-
tions related to the treatment of AF. The data from that report 

were reviewed by the writing committee and incorporated 
where appropriate.8a,8b

The 2014 AF guideline is organized thematically, with recom-
mendations, where appropriate, provided with each section. Some 
recommendations from earlier guidelines have been eliminated or 
updated as warranted by new evidence or a better understanding 
of earlier evidence. In developing the 2014 AF guideline, the writ-
ing committee reviewed prior published guidelines and related 
statements. Table 2 lists these publications and statements deemed 
pertinent to this effort and is intended for use as a resource.

2. Clinical Characteristics and Evaluation of AF
2.1. AF Classification
AF may be described in terms of the duration of episodes 
using a simplified scheme shown in Table 3.5,29,30 Implanted 
loop recorders, pacemakers, and defibrillators offer the pos-
sibility of reporting frequency, rate, and duration of abnormal 
atrial rhythms, including AF.31,32 Episodes often increase in 
frequency and duration over time.

2.2. Mechanisms of AF and Pathophysiology
AF occurs when structural and/or electrophysiological abnor-
malities alter atrial tissue to promote abnormal impulse formation 
and/or propagation (Figure 1). These abnormalities are caused 
by diverse pathophysiological mechanisms,29,33,34 such that AF 
represents a final common phenotype for multiple disease path-
ways and mechanisms that are incompletely understood.

2.3. Risk Factors and Associated Heart Disease
Multiple clinical risk factors, electrocardiographic and echo-
cardiographic features, and biochemical markers are associ-
ated with an increased risk of AF (Table 4).

Table 3. Definitions of AF: A Simplified Scheme

Term Definition

Paroxysmal AF
intervention within 7 d of onset.

Persistent AF

Long-standing persistent AF

Permanent AF
patient and clinician make a joint decision 
to stop further attempts to restore and/or 
maintain sinus rhythm.

attitude on the part of the patient 
and clinician rather than an inherent 
pathophysiological attribute of AF.

symptoms, efficacy of therapeutic 
interventions, and patient and clinician 
preferences evolve.

Nonvalvular AF
stenosis, a mechanical or bioprosthetic 
heart valve, or mitral valve repair.

AF indicates atrial fibrillation.

Figure 1. Mechanisms of AF. AF indicates atrial fibrillation; Ca++ ionized calcium; and RAAS, 
renin-angiotensin-aldosterone system.
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electrical and substrate remodeling and thus is self-perpetuating. This phenomenon leads to 

the commonly used term ‘AF begets more AF’.8 

 

1.1.2.1.1 Ca2+ handling abnormalities 

Spontaneous release of Ca2+ from the sarcoplasmic reticulum together with upregulated Na+-

Ca2+ exchanger function following action potential completion in atrial cells results in 

delayed after depolarisations. These abnormal membrane depolarisations result in atrial 

ectopic beats and are the primary cause of atrial ectopy in AF.9 Atrial automaticity due to 

spontaneous diastolic depolarisations and early after depolarisations are less common sources 

of atrial ectopy.9,10 

	  
1.1.2.1.2 Functional substrates 

Electrical remodeling occurs when rapid atrial tachyarrhythmias cause action potential 

duration shortening with consequent reduction of the refractory period of conducting tissue, 

and conduction slowing. Together, these factors create a functional substrate that supports re-

entry.6 

	  
1.1.2.1.3 Fixed substrates 

Atrial fibrosis occurs in many pathophysiological processes including cardiac dysfunction, 

ischaemic heart disease and mitral valvular heart disease and is frequently seen in AF. Rapid 

atrial tachyarrhythmias promote atrial tissue fibrosis through a complex interaction between 

autocrine and paracrine mechanisms that upregulate mechanical (atrial stretch) and humoral 

stimuli (angiotensin II, transforming growth factor-β) of fibroblast proliferation and 

differentiation.7 Fibrosis results in regional conduction slowing by interrupting myocardial 

fibre bundle continuity within the atria thus causing heterogeneity in conduction velocities. 
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This creates a fixed substrate for unidirectional conduction block and macro- and micro-re-

entrant circuits.11 

	  
1.1.2.1.4 Autonomic nervous system 

Experimental studies have suggested that the autonomic nervous system may play an 

important role in the initiation and maintenance of AF. Both vagally mediated and adrenergic 

mediated forms of AF exist. Patients with paroxysmal AF in the context of a structurally 

normal heart predominantly have a vagally mediated arrhythmia whereas those with 

structural heart diseases often have adrenergic driven AF episodes.12 Targetting of ganglionic 

plexi as a method of autonomic modulation for the treatment of AF has demonstrated mixed 

results.13 Further studies are warranted to precisely delineate the contribution of the 

autonomic nervous system to AF and to robustly evaluate the benefit of therapies targeting 

ganglionic plexi. 

	  

1.2 Healthcare burden 

AF affects approximately 1% of the general population worldwide. In Europe and USA the 

prevalence ranges between 1 to 4%.14,15 Although AF prevalence in developing countries has 

been reported to be lower, this may well be underestimated due to a lack of longitudinal 

epidemiological studies.16 Studies indicate that the lifetime risk may exceed 20%.1,17 

Prevalence increases with age, rising to over 13% over 80years, with median age 75years.1 It 

is estimated that there are 5.2 million people in the United States18, 8.8 million in the 

European Union19 and 33.5 million people worldwide20 with AF. AF accounts for 

approximately 1% of the total National Health Service budget in the UK21, with expenditure 

estimates of over $25 billion in the USA.22 The prevalence is increasing – in part due to 

population ageing, but also due to an increase in age-adjusted AF incidence18 – which clearly 

has significant implications for health service planning during this century. 
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1.2.1 Healthcare projections 

As the population ages, AF prevalence will continue to increase. In Europe, AF is projected 

to affect approximately 18 million people by 206019, whilst in the USA the figure is expected 

to increase from 5.2 million to approximately 12 million in 203018. The public health burden 

resulting from these increases are likely to be substantial and will place incremental pressure 

on already strained national health budgets (Figure 1-2). 

 

Figure 1-2. Global prevalence of AF 

Current prevalence per country illustrated in blue. Estimated increases in prevalence by 2050, 

illustrated in orange, based on population projections by the USA Census Bureau. Reproduced with 

permission.16 
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comprises an increased percentage of total DALYs for  
each nation.40,41

Sources of variability in the data
Methodological limitations
The majority of epidemiological studies conducted 
outside North America and Western Europe have 
limitations, such as a cross-sectional design, the small 
number of individuals with AF, and lack of inclusion of 
an adequate proportion of the population. For example, 
patients admitted to hospital, cardiovascular clinics, or 
fitted with pacemaker devices have much higher rates 
of major risk factors for AF, such as cardiomyopathies, 
than do the general population. The cohorts are also 
often over-representative of urban populations, and lack 
patients from remote or rural areas. Similarly, urban and 

Key points

 ! Atrial fibrillation (AF) is a worldwide epidemic affecting approximately 33!million 
people, and its rising prevalence is expected to account for increasing clinical 
and public health costs

 ! Australia, Europe, and the USA have the highest reported prevalence of AF (1%!in 
the adult population), but the prevalence of AF in low-income and middle-income 
countries is probably underestimated

 ! AF is associated with an increased risk of myocardial infarction, heart failure, 
stroke, dementia, and chronic kidney disease, as well as increased mortality

 ! Treatment of patients with AF is inadequate: <50% of those at high thromboembolic 
risk receive anticoagulation therapy worldwide

 ! The dearth of data on the prevalence, lifetime risk, prognosis, prevention, 
treatment, and economic implications of AF in many regions around the world 
remains to be addressed

rural populations could have different risk factors for 
AF, such as an increased prevalence of rheumatic heart 
disease (RHD) in rural populations.42

Even though large studies from high-income coun-
tries are available, our current data might still under-
estimate the true prevalence of AF in these regions. 
Investigators in studies of AF usually identify affected 
patients from single-occasion screening electrocardio-
grams,9 which are likely to reveal only permanent AF 
(Table"1). Many patients with AF are asymptomatic 
and some are identified only as a result of other inves-
tigations or interventions,10 such as after a stroke,43–46 
during ambulatory electrocardiography,8 or implanta-
tion of a pacemaker device.47,48 The underestimation of 
AF prevalence is a worldwide problem, as demonstrated 
by a study of patients aged >30"years with hypertension 
in Malaysia, among whom the prevalence of asympto-
matic AF was 0.75%.49 The possible underestimation of 
AF might explain some of the variability in prevalence 
reported worldwide. Consequently, upcoming studies 
using ambulatory and mobile electrocardiography 
might demonstrate an increased prevalence of AF, even 
in high-income countries.

Ethnicity and geography
The exact reasons underlying the ethnic and regional 
variation in AF have not been identified, but are prob-
ably attributable to differences in study design (as noted 
above), genetics, and environmental factors. Variants 
at several genetic loci are associated with the develop-
ment of AF and seem to differ in frequency between 
populations, and are likely to explain some of the ethnic 
v ariation observed in the prevalence of AF.50,51

Individuals of non-European ancestry have a lower 
prevalence of AF. Among members of the Kaiser 
Permanente Southern California Health Plan who were 
aged #60"years in 2008, the prevalence of AF was sig-
nificantly higher in white individuals (8.0%) than in 
black (3.8%), Hispanic (3.6%), and Asian (3.9%) ethnic 
groups;52 the increased prevalence of AF in white groups 
is supported by several other large US studies.22,53–56 
Similarly, data from the UK-based West Birmingham 
Atrial Fibrillation Project57,58 showed a low prevalence 
of AF among Indo-Asian participants aged >50"years 
(0.6%), whereas the prevalence of AF was 2.4% in the 
general study population aged #50"years. Global studies 
lend support to the findings of ethnic variation in the 
prevalence of AF in the Western world: an analysis of 
data from the multinational ASSERT trial59 (in which 
patients had an implanted pacemaker or defibril-
lator) revealed a higher incidence of AF in individuals 
of European ancestry than in individuals of African, 
Chinese, or Japanese"backgrounds.

Data are lacking on the prevalence of AF in Africa, 
South America, and South Asia, owing to a dearth of 
longitudinal epidemiological studies. The available data 
on the prevalence of AF suggest that values in LMICs 
are lower than those in the Western world (Table"1). 
In East Asian nations, the estimated prevalence of AF 
is 0.36–0.90%,34–36,60–62 whereas among Brazilians aged 
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1.3 Types and classification of atrial fibrillation 

AF can occur in different patterns, usually as a progression from paroxysmal (intermittent) to 

persistent through to long-standing persistent forms. 

The definitions for these sub-types of AF are well described in the literature3 and are 

summarised in Table 1-1. 

 

Table 1-1. Classification of AF. 

Term Definition 

Paroxysmal AF AF that terminates spontaneously or with 

intervention within 7 days of onset 

Persistent AF Continuous AF sustained for > 7 days 

Long-standing persistent AF Continuous AF sustained for > 12 months 

Permanent AF Defined when the patient and clinician 

make a joint decision to stop further 

attempts to restore and/or maintain sinus 

rhythm 

  

The common aetiologies of AF all lead to increased atrial wall stress and progressive atrial 

dilatation. In turn, this increases the likelihood of AF developing. In more advanced cases of 

persistent and in particular, long-standing persistent AF, fibrous tissue can replace healthy 

myocardium. Histological assessment and, more recently, cardiac MRI23,24 have been able to 

delineate these areas of fibrosis within the left atrium. These islands of fibrosis can result in 

areas of slower conduction, therefore providing a mechanism for AF to propagate.23-25 
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Less commonly, AF can occur in patients with no identifiable aetiology, known as ‘lone AF’. 

Detailed analysis of atrial myocardial structure in these patients can however also show areas 

of fibrosis, which are implicated in the pathophysiology of AF.26 

 

1.4 Clinical sequelae of atrial fibrillation  

1.4.1 Atrial fibrillation and stroke 

Stroke is the most feared and debilitating sequela of AF. AF results in an almost five-fold 

increase in the risk of stroke and is the strongest independent cardiovascular risk factor for 

stroke (Figure 1-3).27 The associated sluggish blood flow leads to an increased risk of 

thrombus formation which can embolise, causing infarction in the affected organ. The most 

common site of embolisation is the brain, resulting in an ischaemic stroke.  

Ischaemic strokes due to AF are usually associated with more disability and morbidity 

compared to non-AF strokes.27-30 Acute MRI scans of AF-related strokes demonstrate more 

severe baseline hypoperfusion, resulting in larger infarct volumes.28 In addition, the higher 

ischaemia severity has been hypothesised to damage blood vessel integrity thus increasing 

the risk of haemorrhagic transformation of the ischaemic infarct.31 These observations may 

be a result of the baseline cerebral collateral circulation being less well developed in patients 

with AF as most lack the pre-existing substrate of carotid or intracranial large artery stenosis 

to promote collateral circulation growth.32 
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Figure 1-3. 2 year age-adjusted stroke incidence according to presence (black bars) or 

absence (white bars) of cardiovascular condition. 

HBP = hypertension; CHD, coronary heart disease; CHF, congestive heart failure; AF, atrial 

fibrillation. Reproduced with permission27 

 

1.5 Management of atrial fibrillation 

The treatment for AF has evolved significantly over the last 20 years. Recognition and 

detection of AF are paramount as it can present with non-specific symptoms, or indeed 

symptoms may be absent. Once diagnosed, thromboembolic risk must be assessed and 

optimised with antithrombotic agents if indicated. 

Treatment of AF (rate and/or rhythm control) including its underlying causes can then be 

instituted. 

Although AF can be asymptomatic, in many cases it is associated with palpitations and 

breathlessness among other symptoms. More frequent assessment and, if applicable, 

utilisation of data stored in implanted devices may improve AF recognition. This is 

particularly important in high-risk groups, such as those with structural or congenital heart 

disease where the commencement of AF is frequently associated with significant 

symptomatic and prognostic deterioration.  

Wolfet al Atrial Fibrillation and Risk of Stroke 985

Risk Ratio

FIGURE 1. Bar graph of 2-year age-adjusted incidence of
stroke according to presence (filled bars) and absence (open
bars) of cardiovascular condition. HBP, hypertension; CHD,
coronary heart disease; CHF, cardiac failure; AF, atrial
fibrillation. *p<0.001 different from unity.

into 17 bienniums of experience. Prevalence rates
were calculated for 10-year age groups by pooling
bienniums of experience and counting the number of
cardiovascular conditions. Tests of the association
between age and each cardiovascular condition were
also performed.13

To estimate the 2-year incidence of stroke, the 34
years of follow-up were again divided into 17 bienni-
ums of experience. Subjects free of stroke and tran-
sient ischemic attacks at the beginning of each bien-
nium were then followed up for 2 years. Incidence
rates were calculated by combining all bienniums of
experience and noting the number of occurrences of
stroke or transient ischemic attacks. Two-year rates
were calculated for first stroke events among subjects
with and without each of the cardiovascular abnor-
malies hypertension, coronary heart disease, cardiac
failure, and atrial fibrillation. This cross-sectional
pooling method yields estimates of relations that are
very close to those obtained by time-dependent Cox
regression analysis.14

To describe the changing effects of cardiovascular
risk factors on the incidence of stroke with advancing
age, the relative risk of stroke associated with each
condition was estimated within 10-year age groups.
The estimated relative risk approximates the ratio of
the probability of stroke in the presence of each
cardiovascular condition compared with its absence.
Each estimate of relative risk associated with a

specific cardiovascular condition was adjusted for the
confounding effects of the other conditions based on
logistic regression models for survival data analysis.13

Statistical tests of the effect of age on changes in the
relative risk were also performed. All tests of signif-
icance were two-sided.

To estimate the percentage of strokes that could
be attributed to a specific cardiovascular condition,
the attributable risk of stroke was calculated by
10-year age groups.15 Attributable risks represent the
percentage of strokes that could be eliminated from
a population if the cardiovascular condition were
removed. The attributable risk is a function of the
prevalence of a cardiovascular condition and the
relative risk of stroke in the presence of the condition
versus its absence. The attributable risk increases if
either the prevalence or the relative risk increases.

The effect of age on changes in the attributable
risk of stroke was also examined for each cardio-
vascular condition. Age effects were evaluated by
testing for a linear trend with advancing age after
adjusting for differences in the variance of the
attributable risk estimates.16

Results
After 34 years of follow-up, a substantial number

of cardiovascular events occurred among the
Framingham Study participants. Among persons be-
tween the ages of 50 and 89 years, there were 572
initial strokes, 122 of which were transient ischemic
attacks only. There were 256 instances of athero-
thrombotic brain infarction, 114 persons had stroke
from cerebral embolism, 27 had intracerebral and 39
had subarachnoid hemorrhage, and 14 strokes were
attributed to other miscellaneous causes. Hyperten-
sion was observed in 1,706 individuals. There were
1,328 initial coronary events and 495 instances of
cardiac failure; atrial fibrillation occurred in 311
subjects.

The prevalence of each of these cardiovascular
conditions increased significantly with advancing age
(Table 1). The 2-year age-adjusted incidence of
stroke was significantly increased in the presence of
each cardiovascular condition compared with its ab-
sence (Figure 1). Hypertensive individuals experi-
enced a more than threefold excess of stroke
(p<0.001). In addition, the incidence of stroke in the
presence of coronary heart disease was more than

TABLE 2. Estimated Relative Risk of Stroke for Persons With Given Cardiovascular Condition Compared to Those
Without Condition by Age

Cardiovascular
condition
Hypertension*
Coronary heart diseased
Cardiac failure^
Atrial fibrillation

50-59 yr

3J t
2.9t
3.9§
4.0t

60-69 yr
3.2t
2.0t
2.4t
2.6t

Age group
70-79 yr

2.5t
1.75
2.2t
3.3t

80-89 yr
1.7
0.7
1.7
4.5t

Each relative risk is adjusted for the other stroke risk factors.
*tp<0.05 and 0.001, respectively, significant decline in estimated relative risk of stroke with advancing age.
t§p<0.001 and 0.01, respectively, significant excess of stroke in those with cardiovascular condition.

 by guest on May 18, 2013http://stroke.ahajournals.org/Downloaded from 
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1.5.1 Stroke prevention strategies 

1.5.1.1 Antithrombotic agents 

AF confers a near five-fold increase in annual risk of thromboembolic stroke27,33 with a 

predilection to thrombus formation in the left atrial appendage (LAA) due to stasis in the 

poorly contracting atrium34
 

Treatment with warfarin or the novel oral anticoagulants (NOACs), dabigatran, rivaroxaban, 

apixaban or edoxaban, reduces the risk of stroke.35-38 Baseline thromboembolic risk may be 

quantified using the CHADS2
39 or more sensitive CHA2DS2-VASc40 (based on presence of 

chronic heart failure, hypertension, age, diabetes, prior stroke or TIA, vascular disease, and 

female sex) score. Thromboembolic prophylaxis with warfarin or NOACs is advocated for 

patients with AF with a prior stroke or TIA or a CHA2DS2-VASc score of 2 or greater.3 For 

patients with a CHA2DS2-VASc score of 0 or 1, the evidence is less clear. The 

AHA/ACC/HRS task force guidelines suggest that no antithrombotic treatment or treatment 

with a formal oral anticoagulant or aspirin can be considered in this group. In contrast, 

updated clinical guidance from the National Institute of Health and Care Excellence41 

recommends no antiplatelet monotherapy solely for stroke prevention in patients with AF. 

Importantly, thromboembolic risk should be stratified in the same way regardless of AF type 

or duration.42 

The NOACs have been studied in large, randomised controlled trials demonstrating in most 

cases, equivalence if not superiority to warfarin in a range of outcomes including ischaemic 

and haemorrhagic stroke, major and minor bleeding, and mortality. These outcomes are 

summarised in Table 1-2. 
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Table 1-2. Summary of results from randomised controlled studies of novel oral 

anticoagulant agents (NOACs). 

RCT=randomised controlled trial 

Clinical Events and 
RCTs35-38 

Novel Drug and Dose Novel Agent 
(%/yr) 

Warfarin 
(%/yr) 

HR  
(95% CI) 

p-value 

Stroke or systemic 
embolism 

     

RE-LY Dabigatran 110mg  1.53 1.69 0.91 (0.74–1.11) 0.34 

 Dabigatran 150mg 1.11 1.69 0.66 (0.53–0.82) <0.001 

ROCKET-AF Rivaroxaban 20mg 2.12 2.42 0.88 (0.75–1.03) 0.12 

ARISTOTLE Apixaban 5mg 1.27 1.6 0.79 (0.66–0.95) 0.01 

ENGAGE AF-
TIMI 48 

Edoxaban 30mg 2.06 1.81 1.15 (0.98-1.32) 0.14 

Edoxaban 60mg 1.57 1.81 0.86 (0.74–1.02) 0.1 

Haemorrhagic stroke      

RE-LY Dabigatran 110mg 0.12 0.38 0.31 (0.17–0.56) <0.001 

 Dabigatran 150mg 0.1 0.38 0.26 (0.14–0.49) <0.001 

ROCKET-AF Rivaroxaban 20mg 0.26 0.44 0.59 (0.37–0.93) 0.02 

ARISTOTLE Apixaban 5mg 0.24 0.47 0.51 (0.35–0.75) <0.001 

ENGAGE AF-
TIMI 48 

Edoxaban 30mg 0.16 0.47 0.33 (0.22-0.50) <0.001 

Edoxaban 60mg 0.26 0.47 0.54 (0.38-0.77) <0.001 

Major bleeding      

RE-LY Dabigatran 110mg 2.71 3.36 0.80 (0.69–0.93) 0.003 

 Dabigatran 150mg 3.11 3.36 0.93 (0.81–1.07) 0.31 

ROCKET-AF Rivaroxaban 20mg 3.6 3.45 1.04 (0.90–1.20) 0.58 

ARISTOTLE Apixaban 5mg 2.13 3.09 0.69 (0.60–0.80) <0.001 

ENGAGE AF-
TIMI 48 

Edoxaban 30mg 1.61 3.43 0.47 (0.41-0.55) <0.001 

Edoxaban 60mg 2.75 3.43 0.80 (0.71-0.91) <0.001 

Death      

RE-LY Dabigatran 110mg 3.75 4.13 0.91 (0.80–1.03) 0.13 

 Dabigatran 150mg 3.64 4.13 0.88 (0.77–1.00) 0.051 

ROCKET-AF Rivaroxaban 20 mg 4.5 4.9 0.92 (0.82–1.03) 0.15 

ARISTOTLE Apixaban 5 mg 3.52 3.94 0.89 (0.80–1.00) 0.047 

ENGAGE AF-
TIMI 48 

Edoxaban 30mg 3.8 4.35 0.87 (0.79-0.96) 0.006 

Edoxaban 60mg 3.99 4.35 0.92 (0.83-1.01) 0.08 
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Compared with warfarin, the most significant relative risk reduction with the NOACs was 

seen for intracranial haemorrhage. However, the only agent that was superior to warfarin in 

terms of ischaemic stroke risk reduction was the higher dosage of dabigatran – 150mg twice 

daily. The majority of benefits seen with NOACs over warfarin resulted from reduced risks 

of intracerebral haemorrhage or major bleeding.43 

 

1.5.1.2 Local therapy 

Despite proven efficacy, oral anticoagulation has a significant risk of bleeding complications, 

is often not well tolerated by patients and requires lifelong treatment, leading to a high rate of 

drug cessation.44 Indeed, the discontinuation rate for NOACs in their respective randomised 

controlled studies were also substantial (apixaban 25% vs warfarin 28%, p=0.001)37; 

rivaroxaban 35% vs warfarin 34%45; edoxaban 34% vs warfarin 34%38. In the case of 

dabigatran, the discontinuation rate at 2 years was significantly higher when compared with 

warfarin (21% vs 17%, p<0.001).35 Discontinuation was principally due to drug intolerance 

rather than severe bleeding. 

 

It has long been recognised that the LAA, a blind-ended pouch protruding from the left atrial 

body, is a common site for thrombus formation in AF. Previous clinical studies of patients 

with AF have sought to identify the underlying AF aetiology and evaluate the presence and 

location of left atrial thrombus at the time of surgery46, autopsy47 or transoesophageal 

echocardiography (TOE)48,49. Blackshear and Odell analysed 23 studies that had evaluated 

the location of left atrial thrombus in patients with AF. Left atrial thrombus was documented 

in 13% of patients with rheumatic (valvular) AF and 17% of patients with non-valvular AF. 

Thrombi were localised to the LAA and extended into the left atrial cavity in 57% of patients 

with rheumatic valvular AF. In contrast, 91% of thrombi were localised to the LAA in 
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patients with non-valvular AF.34 This lent credence to the theory that excluding the LAA 

from the systemic circulation should reduce stroke risk in patients with non-valvular AF. 

Permanent, non-pharmacological stroke prevention strategies that exclude the LAA have 

therefore been developed. These also have the benefit of removing the need for long-term 

anticoagulation. 

Since the first surgical LAA resection described by Madden50 in 1949, cardiac surgeons have 

been excising the LAA most commonly as an adjunct to mitral valve surgery or more 

recently, surgical AF ablation (see section 1.7.2.1 Surgical ablation). However, imaging 

studies have demonstrated that surgical LAA excision or exclusion (using a suture or stapler) 

has a high rate of unsuccessful closure. Katz51 demonstrated that in 50 patients undergoing 

suture exclusion, successful LAA closure was achieved in 32/50 (64%). A later study by 

Kanderian52 demonstrated that in 137 patients undergoing surgical LAA closure, successful 

closure was achieved in 0% using stapler exclusion, 23% using suture exclusion and climbing 

to 73% with excision. More importantly, LAA thrombus was seen in 41% of patients with 

unsuccessful closure and 18% in this group had evidence of thromboembolic events.  

As is evident from the data above, most studies are relatively small and controversy exists for 

the conclusions about stroke prevention by surgical LAA exclusion or excision. However, the 

Left Atrial Appendage Occlusion Study III (LAAOS III), a large randomised trial that is 

aiming to recruit 4700 participants to compare the safety and efficacy of concomitant surgical 

LAA occlusion to no occlusion in patients with AF undergoing cardiac surgery, will 

hopefully address this paucity of data when it reports in 2020.53 

The large variability in success rates of surgical LAA closure and invasive nature of surgical 

LAA closure, led to the development of minimally invasive percutaneously delivered closure 

devices. The first was the PLAATO device, which, although showed feasibility in its early 

clinical experience54, was withdrawn due to commercial issues. This device led to the 
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development of the currently available range of endocardial closure devices. The most widely 

used are the Watchman (Boston Scientific, Malborough, MA, USA), Amplatzer Cardiac Plug 

(St Jude Medical, St Paul, MN, USA) and LARIAT (SentreHEART, Redwood City, CA, 

USA) devices. The only device that has supporting data from randomised controlled trials 

(RCT) is the Watchman device (Boston Scientific, Marlborough, MA, USA). A meta-

analysis of these two RCTs (the PROTECT AF55 and PREVAIL studies56 and their respective 

continued access registries, demonstrated that Watchman device implantation resulted in 

improved rates of haemorrhagic stroke, cardiovascular/unexplained death, and nonprocedural 

bleeding compared to warfarin.57 The ACP58,59, second generation ACP 2 (Amulet)60, and 

LARIAT61 devices have a wide range of registry data available broadly supporting the 

conclusions of the Watchman device studies. However, some notable differences were a 

higher rate (17.6%) of device surface thrombosis with the ACP device even with continuation 

of dual antiplatelet therapy59 and higher levels of procedure related complications (10.4% 

significant pericardial effusions, 9.7% major complications and 9.1% major bleeding) with 

the LARIAT device.61 The WaveCrest (Biosense Webster, Diamond Bar, CA, USA) and 

LAmbre (LifeTech Scientific Corporation, China) devices are the newest of the endocardial 

LAA closure systems to gain CE Mark approval for European use in September 2013 and 

June 2016, respectively. Outcome data for both devices are in their infancy with only small 

registry studies describing early experiences.62,63
 

 

1.5.2 Rate control 

1.5.2.1 Medical therapy 

A ventricular rate control strategy has been the mainstay of treatment for patients with 

asymptomatic AF. It is also employed in patients with symptomatic AF in whom restoration 

or maintenance of sinus rhythm would be extremely difficult. Beta-blockers, non-
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dihydropyridine calcium channel antagonists and digoxin are available for this purpose.64-66 

Their mechanism of action includes increasing the refractoriness of the atrioventricular node. 

Digoxin is ineffective at controlling ventricular rates during exercise, though has the benefit 

of a lack of negative inotropic effect lending itself to use in heart failure or in the presence of 

hypotension.3 Combination therapy of beta-blockers or non-dihydropyridine calcium channel 

antagonists with digoxin may be required where ventricular rate is not controlled with a 

single agent.64 

There are a few exceptions where amiodarone may be used for rate control, for example, in 

critically ill patients or when other agents have been unsuccessful or are contraindicated.  

 

The AFFIRM study66 demonstrated that, in the majority of patients (58%), ventricular rate 

control was possible. The pre-defined goals of this study were a resting heart rate of <80bpm 

or a heart rate during exercise of <110bpm. Interestingly, in the RACE II study, lenient rate 

control (resting heart rate <110bpm) was shown to be as effective, and easier to achieve, as 

strict rate control (resting heart rate <80bpm) for the primary composite endpoint of 

cardiovascular death, hospitalisation for heart failure, and stroke, systemic embolism, 

bleeding, and life-threatening arrhythmic events).67  

 

In the acute setting, intravenous administration of the above agents can be utilised, though in 

most circumstances oral therapy is sufficient.68,69 However, in a patient who is 

haemodynamically unstable, electrical cardioversion should be employed (described in 

section 1.5.3.2). 
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1.5.2.2 Pace and ablate 

The pharmacological therapies described in the previous section may not be effective in 

achieving adequate ventricular rate control. In such situations, when it is has been decided 

between the patient and clinician that rhythm control is not achievable then ablation of the 

atrioventricular (AV) node preceded by permanent ventricular pacing is an acceptable option. 

A pivotal study in 2001 by Ozcan et al,70 described the results of 350 consecutive patients 

with permanent atrial fibrillation who underwent AV node ablation and permanent 

pacemaker implantation with a mean follow-up duration of 36±26 months. Observed survival 

rates were compared to the survival rates in a) an age and sex-matched local population and 

b) consecutive patients with AF who received drug therapy 

The study demonstrated that in the absence of underlying cardiac disease, long-term survival 

is not adversely affected by permanent pacing followed by AV nodal ablation. This finding 

was corroborated by a meta-analysis of 21 studies, including 1181 patients with medically 

refractory AF.71 The analysis demonstrated that AV node ablation and pacing therapy in this 

patient group was associated with an improvement in an extensive range of clinical 

outcomes, such as left ventricular ejection fraction and quality of life scores. In particular, 1-

year mortality rates (6.3%) were demonstrated to be on par with medical therapy (6.7%). 

 

1.5.3 Rhythm control 

1.5.3.1 Medical therapy 

For patients with symptomatic AF including those with recent onset AF, a rhythm control 

strategy can be considered.  There is an increased risk of intracardiac thrombus formation 

after 48 hours of continuous AF.72,73 In the absence of a clear history of AF onset within the 

preceding 48 hours, patients require formal anticoagulation for at least 3 weeks before and 4 

weeks after chemical (or electrical) cardioversion to avoid the risk of intracardiac thrombus 
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development.3 

 

Agents with class I action (flecainide, procainamide and propafenone) are very effective in 

patients with structurally normal hearts, though should be avoided in patients with ischaemic 

and/or structural heart disease due to their elevated proarrhythmic risk and potential negative 

inotropic effects.74 The class III agents sotalol and amiodarone are also effective in 

maintaining sinus rhythm. Despite a high efficacy in treating AF, amiodarone carries a 

significant risk of adverse effects if continued long-term. Dronedarone, related in structure to 

amiodarone though with no iodinated component, has limited use in current practice due to 

its link with higher mortality rates in patients with severe left ventricular systolic 

dysfunction.75 

 

1.5.3.2  Electrical cardioversion 

If there is an semi-urgent requirement for electrical cardioversion and the AF duration is 

greater than 48 hours, then TOE can be employed to help rule out the presence of intracardiac 

thrombus, particularly in the LAA.76 The use of TOE does not, however, remove the need for 

formal anticoagulation. Patients should receive therapeutic anticoagulation before TOE and 

this should be maintained for at least 4 weeks following cardioversion.76  

Despite these measures, thromboembolic events can occur in patients in whom thrombus has 

been excluded on TOE prior to cardioversion. This may be as a result of the spatial resolution 

of TOE being unable to detect very small thrombi or the formation of thrombus due to LAA 

stunning following cardioversion.77,78 

AF recurrence after electrical cardioversion occurs in over 50% of patients at 1 month, with 

the majority occurring within the first 5 days after cardioversion.79 Measures should therefore 
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be taken to maintain sinus rhythm in the longer term with antiarrhythmic drug or ablation 

strategies.  

	  
	  
1.5.3.3 Atrial fibrillation ablation 

Surgical and percutaneous ablation of AF are more definitive and effective strategies to 

eliminate AF and maintain sinus rhythm in the long-term. The success rates vary depending 

on the type of AF (PAF, persistent, long-standing persistent), with the highest degree of 

success seen in patients with PAF.80 

The evolution of both techniques has been described in section 1.7.  
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1.6 Health economics 

1.6.1 Health expenditure 

Over the past 40 years, the health status of populations has improved considerably. Health 

technologies, including pharmaceutical drugs have made a significant contribution to this 

observation.81 Unsurprisingly, in this period, healthcare expenditure per capita has also 

increased. Total UK healthcare expenditure in 2013 was £150.6 billion. This represents an 

increase of 175% since 1997 when expenditure was £54.9 billion (Figure 1-4).82 

 

 

Figure 1-4. Total healthcare expenditure in the UK between 1997 to 2013. 

All figures are in current prices, unadjusted for inflation. Reproduced with permission82 

 

The average annual rate of growth in total expenditure of 8.1% between 1997 to 2009, 

slowing to 2.0% between 2009 to 2013 due to the global economic downturn. 
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Patient level expenditure was £2350 per person in 2013, representing an increase of 150% 

since 1997 when expenditure was £941 per person (Figure 1-5).82 Although healthcare 

expenditure growth changes with economic growth, the magnitude is greater therefore 

resulting in a deficit, in particular for government funded organisations such as the NHS. 

 

  

Figure 1-5. Total healthcare expenditure per person in the UK, 1997 to 2013. 

Compound growth rates used. Reproduced with permission82 

 

The share of UK gross domestic product allocated to healthcare spending was 8.5% in 2013 

compared with an average of 8.9% for the 34 members of the Organisation for Economic Co-

operation and Development (OECD). Austerity measures were introduced following the 2008 

economic downturn and following government requirements to improve productivity and 

efficiency and to underspend, healthcare expenditure in the UK fell in real terms in 2010 and 

2011 (-1.3% and -0.1%, in contrast to an average increase (0.1% and 0.5%) in healthcare 



	   47	  

spending for the other OECD members over the same time period. In 2012 and 2013, there 

has been a 0.3% and 0.6% increase in per capita healthcare spending, in real terms, 

respectively.83 

Population growth and ageing, an increased prevalence of and survival with chronic diseases, 

increases in the cost of health care resources coupled with the high cost of medications and 

advanced technology utilised in health care, have all contributed to increases in in healthcare 

expenditure. 

In order to control and ensure effective spending of limited healthcare resources, 

governments and health care organisations increasingly use tools such as health economic 

assessments to evaluate healthcare technologies and to consider the extent to which a 

technology will be used based both on its cost and potential to improve population health.84 

 

1.6.2 Health economics of AF 

The practice of medicine is focused on treating conditions such as AF. However, with the 

increasing cost of new medications, the economic impact of their use must also be evaluated 

in order to assess whether or not their clinical benefits are economically viable. As with most 

medical conditions, the costs of AF relate not only to its treatment but also to its potential 

sequelae. These sequelae can exert their effects over both the short and long-term, thus the 

economic impact of treatments are related to both their direct costs and also to the potential 

reduction in costs that result from avoiding a clinical event. 

Health economics is an applied branch of economic analysis that is often credited to Kenneth 

Arrow’s 1963 paper ‘Uncertainty and the Welfare Economics of Medical Care’.85 Health 

economic evaluation is the comparison of two or more alternative treatments in terms of both 

their costs and consequences.84 In the UK, new and existing pharmaceutical agents and 

devices are appraised by the National Institute for Health and Clinical Excellence by health 
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technology assessments using microeconomic models. There are many types of economic 

evaluations which differ in the how consequences are quantified. Commonly utilised analyses 

include cost-impact and cost-effectiveness analyses.84 

As discussed in section 1.5.1, the mainstay of AF treatment is appropriate antithrombotic 

treatment based on the individual patient’s underlying stroke and bleeding risk. 

Emergence and more recently, adoption of the new oral anticoagulant agents (NOACs) has 

reduced the burden on patients and the health service of frequent blood tests for monitoring 

INR. However, this is offset by the significantly higher costs of these agents compared to 

warfarin. With over a 3-fold increase in drug costs when compared with warfarin, even taken 

into account the additional expense of INR monitoring (£949 vs £279)86,87 , the cost of the 

NOACs may appear prohibitive. One must therefore balance this by assessing the benefits of 

these agents, some of which are a ‘class-effect’ and some, agent-specific, to evaluate their 

overall costs. In particular the significant reductions in major bleeding rates, including 

intracerebral haemorrhage, compared with warfarin35-38 have a large impact on the overall 

costs of the NOACs. 

As atrial fibrillation can be asymptomatic, it may first present with an embolic stroke – the 

leading cause of morbidity and mortality in AF. Stroke may have a devastating effect from a 

clinical perspective, potentially resulting in major disability and subsequent requirements for 

long-term care. This in turn has a significant economic impact both at a patient and national 

level.88 
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1.7 Electrophysiology of AF  

1.7.1 Evolution of AF mechanisms 

The advent of advanced computing techniques facilitated the analysis of atrial activation 

patterns during AF. As a result of these analyses, Moe89 hypothesised that a "grossly irregular 

wavefront becomes fractionated as it divides about islets or strands of refractory tissue, and 

each of the daughter wavelets may now be considered as independent offspring. Fully 

developed fibrillation would then be a state in which many such randomly wandering 

wavelets coexist.” This multiple wavelet hypothesis was supported by computer simulations 

of atrial electrical activity during atrial fibrillation.90 and, subsequently, by animal models91,92 

and clinical surgical mapping studies93,94. 

 

1.7.2 History of interventional therapy for AF 

1.7.2.1 Surgical ablation 

In 1987, Dr. James Cox pioneered an open-heart surgical procedure to cure atrial fibrillation, 

which went on to be called the Cox Maze procedure. It involved a complex set of incisions 

made in a maze-like pattern on the left and right atria to permanently interrupt the multiple 

fibrillatory electrical signals On healing, the resulting scar tissue caused conduction block 

and thereby limited initiation and spread of the electrical impulses implicated in atrial 

fibrillation. Over time it evolved into the Cox Maze III procedure, also known as the "cut-

and-sew-Maze"95, which incorporates encirclement of the pulmonary veins, a lesion joining 

the circumferential pulmonary vein lesion to the mitral annulus with amputation of the LAA, 

a circumferential lesion in the coronary sinus and ablation of the right atrium. Prasad et al96 

demonstrated that over 96% of patients undergoing Cox Maze III procedures in their 

institution, were free of AF 5.4 ±2.9 years after surgery. In addition, freedom from stroke was 

reported in excess of 95% for this procedure. 
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Nonetheless, the Cox Maze III is an extremely complex procedure with a relatively high 

complication rate. A study by Schaff at el97 demonstrated an early mortality rate of 1.4% and 

the requirement for permanent pacing in 3.2% of patients. 

Newer iterations of the procedure have utilised surgical radiofrequency- or cryo-ablation over 

incisions. For patients having a lone surgical AF ablation, a minimally invasive thoracoscopic 

procedure, known as the mini maze procedure, is now available. However, the incidence of 

complications is still significant, in particular, the risk of conversion to sternotomy (7%). In 

hospital stays are also longer (mean 5.1 ± 1.8 days) than for percutaneous catheter ablation.98 

1.7.2.2 Early catheter ablation of AF 

Morillo et al99 performed the first pre-clinical study of percutaneous catheter ablation of AF 

as a minimally invasive alternative to surgical ablation. 22 dogs underwent 6 weeks of rapid 

atrial pacing to induce structural remodeling to facilitate induction of AF by programmed 

extra stimuli, burst pacing or spontaneously. AF was inducible using this technique in 82% of 

the dogs. The left inferoposterior left atrium, adjacent to the left inferior pulmonary vein, 

consistently had a faster mean AF cycle length than the surrounding atrial sites. Cryoablation 

at this site was attempted in 11 dogs and terminated AF in 9/11 (82%) dogs. Sustained AF 

was no longer inducible in these 9 dogs. 

Concurrently, there were publications detailing early human experiences of this technique. 

However, the initial experience of bi-atrial ablation in 29 patients with persistent AF 

demonstrated excessively long procedure times (>10 hours) and unacceptably high 

complication rates (approximately 30%).100 Due to concern over the potential complications 

associated with left atrial ablation, subsequent studies focused on linear ablation sets within 

the right atrium with varied success in the order of 6%101 to 56%102 AF-free survival over 6 

months to 1 year.  
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1.7.3 AF and pulmonary veins 

It was not until a seminal study by Haissaguerre et al in 1998103, that paroxysmal AF was 

shown to be initiated by repetitive spontaneous ectopy originating from the pulmonary veins. 

In a series of 45 patients, a total of 69 ectopic foci were identified with 65 (95%) originating 

in the pulmonary veins. The remaining 4 patients had right atrial or a posterior left atrial foci.  

More than half (29/45) of the patients had a single ectopic focus with a maximum of 4 foci 

observed in 1 patient. The ectopic foci were successfully eliminated by ablation using 

radiofrequency energy within the culprit pulmonary veins. Following this important 

discovery, interest in this area grew. The ablation technique originally described by 

Haissaguerre et al103 was refined as subsequent studies104 demonstrated frequent recurrence 

of pulmonary venous ectopic foci if the conducting sleeves around the venous ostia were not 

electrically isolated. 

This led to the development of circumferential ostial ablation.105,106 Recognition of the 

significant risk of pulmonary vein stenosis (8.3–42.4%)104,107 led to the more widely accepted 

standard of wide area circumferential ablation incorporating the left atrial antrum and 

pulmonary venous ostia in left and right pairs. This approach achieved a lower rate of 

pulmonary vein stenosis by avoiding direct ablation at the venous ostium (0–14.6%).107 

Electrical isolation of the pulmonary veins has been shown to be an effective treatment for 

patients with paroxysmal AF refractory to antiarrhythmic drug therapy. Success rates defined 

by absence of atrial tachyarrhythmia may be as high 75% after one procedure, climbing to 

approximately 90% after repeat catheter ablation.80,108  

Recurrence of AF after ablation in this group of patients has been primarily linked to 

reconnection of pulmonary vein conduction.109,110 This observation highlighted the 

importance of creating a set of contiguous, transmural ablation lesions.110-112 The 

development of modern visualisation techniques, most importantly, 3-dimensional 
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electroanatomical mapping, has improved the ability to ensure accurate catheter tip 

placement and the creation of contiguous lesions. Although relatively simple to achieve 

during surgical procedures offering direct visualisation of the atrial myocardium, the ability 

to reliably deliver transmural lesions has been limited with percutaneous catheter ablation.110 

This prompted the development of contact sensing technology to provide the operator with 

real-time information on the force applied by the ablation catheter tip against the 

myocardium. Following the introduction of contact sensing technology in recent years, there 

has been an improvement in the rates of acute pulmonary vein reconnection113,114 and 12 

month AF-free survival111,115,116. 

	  
1.7.4 AF, non-pulmonary vein triggers and ablation targets 

In contrast to paroxysmal AF, pulmonary vein isolation alone has disappointing results in 

patients with persistent or long-standing persistent AF.117,118 These patients have been 

demonstrated to have triggers or drivers originating from the pulmonary veins and non-

pulmonary venous structures.119,120 Consequently, several ablation strategies in addition to 

pulmonary vein isolation have been described in persistent AF.  

These include the creation of linear left atrial lesions121-123, ablation of  areas of continuous 

fractionated activity, also known as “complex fractionated atrial electrograms”(CFAEs)120,124,  

sites of dominant frequency125, extra-pulmonary vein (PV) focal sources119,126,127, ganglionic 

plexi128,129 and so called ‘rotors’130-132 

Of these, the two most commonly utilised strategies as adjuncts to PV isolation (PVI) include 

linear ablation and ablation of complex fractionated atrial electrograms. 

 

1.7.4.1 Linear ablation 

Since the advent of catheter ablation for AF, linear ablation was the initial methodology used 

in the attempt to recreate the clinically effective surgical ‘maze’ lesion set.  Linear lesions 
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defragment the atria and by creating lines of conduction block, compartmentalising the atria, 

thus interrupting the propagation of macro re-entrant circuits that may maintain AF. 

However, in practice, particularly prior to the advent of accurate three-dimensional mapping 

systems, this was technically difficult to achieve and non-contiguous lines resulting in 

incomplete conduction block would create a substrate for macro re-entrant left atrial 

tachycardias.122  Impetus to pursue this approach was provided by the result of a study of 

minimally invasive, surgically applied endocardial linear lesions using unipolar 

radiofrequency ablation. The lesion set consisted of purely linear ablation to form a mitral 

isthmus line, roof line, and separate lines connecting the lower to upper PVs. Importantly, 

PVI was not performed, though despite this, 95% of patients with persistent AF were in sinus 

rhythm at 1 year following ablation.133 

A randomised study of PVI and the addition of linear ablation, consisting of roof and mitral 

isthmus lines, to PVI in patients with persistent AF, demonstrated a significantly higher rate 

of sinus rhythm (69% vs 20%, p=0.0001), after almost 18 months of follow-up.123 

Concern still exists with linear ablation as the creation of contiguous lesions that result in 

durable conduction block across the line is challenging and if incomplete, may be pro-

arrhythmic.134 In addition, from a mechanistic perspective, these lesions are purely anatomical 

therefore may not be tailored to the individual patient’s substrate for AF. However, the high 

rates of sinus rhythm achieved following modern surgical maze procedures, indicates that 

linear ablation may well have an important role to play in the treatment of persistent AF.96 

 

1.7.4.2 Complex fractionated atrial electrograms 

CFAEs have been demonstrated in mapping studies of patients in AF to be related to areas of 

wavefront pivot points or slow conduction. They are most likely due to tissue anisotropy and 

spatial variations in refractory periods.124 Nadamanee described the standalone targeting of 



	   54	  

CFAE sites for the treatment of both paroxysmal and persistent AF.120 CFAEs were localised 

to both atria, though were most frequently observed at the interatrial septum, PVs, LA roof, 

left posteroseptal side of the mitral annulus and coronary sinus ostium. CFAEs in this study 

were defined as being composed of ≥2 deflections, continuous deflections of a prolonged 

activation complex over a 10s recording period and atrial electrograms with a very short 

cycle length (≤ 120 ms) averaged over a 10-s recording period.120 Freedom from atrial 

arrhythmia after a single procedure at 12 months follow-up for both groups of patients was 

76%. However, such high success rates have not been replicated in subsequent studies of 

standalone CFAE ablation.  

In the STAR-AF, randomised, multicentre, international trial, patients with high-burden 

paroxysmal or persistent AF were randomised to CFAE ablation alone, PVI alone or the 

combination of PVI and CFAE. Interestingly, significantly more repeat procedures were 

required for arrhythmia recurrences in the CFAE only group (47%) than in either the PVI 

only (31%) or PVI + CFAE (15%) groups (p=0.01).135 Saghy et al demonstrated that patients 

with AF has similar levels of fractionation whilst in sinus rhythm when compared to healthy 

controls. In addition, the correlation between CFAEs during AF and fractionation during 

sinus rhythm was poor.136 

This observation may imply that CFAEs are not necessarily drivers of AF and perhaps are 

passive and functional manifestations of wave-front collision. This remains a contentious 

area, however, it is clear that mapping of CFAEs is limited by lack of a clear definition of the 

most important morphologies to target during ablation, the potential for multiple point lesions 

to create a substrate for macro re-entrant tachycardias, and the long procedural duration and 

extensive ablation required to successfully treat all relevant CFAEs. 

	  
	  



	   55	  

1.7.4.3 Ganglionic plexi 

There is a close interplay between the autonomic nervous system and AF.137,138 The intrinsic 

cardiac autonomic nervous system consists of autonomic ganglia forming a neural netrwork 

formed of ganglionic plexi (GP). These are frequently located in epicardial fat pads.139  

Canine studies of GP stimulation in close approximation to the PVs has been shown to create 

a substrate for AF by inducing PV ectopics. Ablation of these GPs, resulted in non-

inducibility.140,141 Subsequently, a small number of clinical studies of GP ablation in patients 

with persistent AF have reported their results.129,142 GP ablation alone appears to be inferior 

to PVI (OR 0.31, p=0.002), however, in conjunction with PVI improvements over standalone 

PVI were observed, though did not reach statistical significance in a meta-analysis (OR 2.11, 

p=0.14).142  

GP activation has been demonstrated to increase pulmonary vein ectopy and therefore act as 

a trigger for initiating AF. However, the role of GPs in the maintenance of AF is not well 

defined. Similar to linear ablation, incomplete GP ablation can also be pro-arrhythmic143 

Certainly more studies are needed before GP ablation can become standard practice in the 

treatment of persistent AF. 

	  

1.7.4.4 Rotor mapping 

Jalife proposed in 2003130 that localised spiral waves or rotors were important in the 

maintenance of paroxysmal and persistent AF. Narayan et al,131 developed and tested a 

technique of using a novel algorithm to map these localised sources. Ablation of the rotors, 

termed, focal impulse and rotor modulation (FIRM), was then performed and acute success in 

AF slowing or termination documented. FIRM ablation was followed by conventional PVI 

and a roof line in patients with persistent AF (FIRM-guided cases). Outcomes were compared 



	   56	  

to a consecutive group of patients undergoing conventional ablation alone (FIRM-blinded 

cases). Follow-up was for a median of 273 days. FIRM-guided ablation resulted in AF 

termination or slowing in 86% of cases. This was significantly higher than that observed in 

the FIRM-blinded group (20%, p<0.001).  In addition, single procedure freedom from AF in 

the FIRM-guided group was significantly higher than in the FIRM-blinded group (82% vs 

45%, p<0.001). In the FIRM-blinded group, AF rotors were coincidentally ablated in 45% of 

cases. The superior efficacy of wide area circumferential PVI over ostial ablation may be 

partly due to this phenomenon. 

Although these results are promising and have been supported by results of a multicentre 

registry144, it must be noted that the central part to this procedure is mapping data to confirm 

the location of rotors that requires proprietary software. In addition, data using this system 

are from a small group of patients and outside of this proprietary system, these results have 

not yet been reproduced by other groups. Indeed, in a study of high-density epicardial 

mapping of persistent AF in patients undergoing cardiac surgery, Lee et al145 demonstrated 

that unstable activation patterns were common. Focal activations only accounted for 11% of 

the recorded activations and were very short lived (≤2 beats) with no observations of 

sustained rotors. 

 

1.7.4.5 LAA ablation 

In a study by Haissaguerre,119 all parts of the left atrium showing rapid or heterogeneous 

activity were ablated in a randomised sequence. The effect on fibrillatory cycle length and 

impact on AF termination were studied. Ablation of the LAA, coronary sinus and the 

pulmonary vein-left atrial junction had the greatest impact on AF cycle length and the 

incidence of significant cycle length prolongation (≥5msec) or AF termination (59%, 57% 
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and 56% respectively). The left atrial roof and mitral valve isthmus were also identified as 

important sites driving AF. 

This was corroborated by a large study of catheter ablation in 205 patients with long-standing 

persistent AF.117 The investigators found that circumferential PV isolation was sufficient to 

restore sinus rhythm in 43.2% of the study patients. However, multiple procedures (≥2 in 

50% of the study population) were required in order to achieve this. Indeed, additional linear 

ablation and/or ablation of complex fractionated atrial electrograms was often required to 

restore sinus rhythm. However, due to the extent of additional ablation required, inadvertent 

isolation of the LAA was seen in a significant portion of patients (4.4%). Interestingly, those 

patients who had inadvertent LAA isolation (n=9), had a substantially higher freedom from 

AF compared to those with intact LAA conduction, after multiple procedures (88.9% vs 

67.8%). Although, no statistical testing was performed, this observation would corroborate 

the aforementioned data from Haissaguerre et al. on the impact of LAA ablation. 

Lastly, a pivotal study by Di Biase et al, described the outcome of a registry study of 987 

consecutive patients (29% paroxysmal, 71% non-paroxysmal) undergoing redo catheter 

ablation for AF. Almost 30% of patients showed firing from the LAA. Interestingly, the LAA 

was the sole source of atrial arrhythmia in 86 of 987 (8.7%) patients with no reconnection of 

pulmonary vein or extra-pulmonary vein sites. If the LAA was not ablated and electrically 

isolated, the post-procedure recurrence rate was 74% (93% for persistent AF). However, 

when the LAA was successfully isolated, this fell dramatically to 15% (16.5% for persistent 

AF).126 
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1.8 LAA embryology, anatomy, morphology and function 

1.8.1 Embryological development 

The primordial left atrium has a rough, trabeculated appearance. During the 4th week of 

embryological development, the primordial PVs begin to incorporate into the primordial left 

atrium and are eventually absorbed completely over the next 4 weeks, forming a smooth-

walled mature left atrium and four pulmonary veins with distinct and separate ostia. The 

LAA is derived from the primordial left atrium resulting in its distinctive trabeculations, in 

contrast to the smooth wall of the mature left atrium. Absorption of the PVs into the left 

atrium effectively reduces the sinus venosus myocardium component within this chamber to 

a small zone encircling the entrance of the LAA.146,147  

 

1.8.2 Anatomical and morphological variations 

The LAA usually arises as a finger-like projection from the left atrium and forms part of the 

left border of the heart, superior to the left ventricle and inferior to the main pulmonary trunk 

(Figure 1-6). 
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Figure 1-6. Volume-rendered (top) and axial images (bottom) illustrating the location 

and anatomy of the left atrial appendage (LAA) and its apex.  

In this example, the LAA (black arrow) apex lies behind the main pulmonary trunk (asterisk), the so-

called “retro-PA” configuration, and is related to the left anterior descending coronary artery (white 

arrow). 

 

of the LAA as an alternative to oral anticoagulation.
Such procedures may be undertaken independently or at
the same time as ablation procedures to treat the underly-
ing AF.

The high spatial resolution and noninvasive multiplanar
capability of contemporary contrast-enhanced electrocar-
diography-gated cardiovascular multidetector CT render
it an important modality for evaluating patients being
considered for such procedures and for assessing patients
for procedural success and complications after intervention.
This review describes the relevant protocols, clinical anat-
omy, and procedural factors pertinent to the cardiothoracic
imager and provides a pragmatic approach to the use of
CT to guide and assess the success of percutaneous LAA
occlusion.

2. Clinical and radiologic anatomy

The LAA usually arises as a finger-like projection from the left
atrium and forms part of the left border of the heart, superior
to the left ventricle and inferior to the main pulmonary trunk
(Fig. 1).

The tip or apex of the LAA can vary in position but usu-
ally points anteriorly and superiorly coming into close
apposition with the proximal left anterior descending cor-
onary artery, the proximal circumflex artery, and the pul-
monary trunk.4 It may point inferiorly and posteriorly or
behind the aorta into the transverse pericardial sinus. A
number of different shapes have been described, but for
device deployment purposes, the LAA can be considered as
multilobed with an obvious bend (chicken wing morphology;
Fig. 2A), single lobed without a bend (windsock morphology;
Fig. 2B), multilobed without an obvious bend or dominant
lobe (cauliflower; Fig. 2C), or multilobed without an obvious
bend but with a dominant lobe (cactus; Fig. 2D).5 Different
morphologies may be associated with different risks of
thromboembolism, with the chicken wing morphology
thought to confer the lowest risk.6

Although the endocardial surface of the LAA os is generally
smooth, the interior of the appendage is covered with pecti-
nate muscles which may cause apparent filling defects or
pseudothrombus on CT and can also mimic the appearances
of thrombus on transesophageal echocardiography (TEE). The
wall of the LAA in between these pectinate muscles is often
paper thin, rendering it at risk of perforation during catheter
manipulation and device deployment.7

The LAA os may be either circular or elliptical and is
separated from the origins of the pulmonary veins by the left
lateral ridge (Fig. 3). The relation of the ellipsoid type to the
left lateral rim of the atrium can make measurements of os
dimensions challenging, particularly with echocardiographic
techniques that lack the endocardial definition offered by CT.
The spatial configuration of the LAA os in relation to the
left superior pulmonary vein (LSPV) is also of paramount
importance given the potential for devices to impair pulmo-
nary venous return or interfere with future ablation pro-
cedures. This can particularly be an issue in the two-thirds of
patients in whom the LAA and LSPV orifices are found in
close proximity at the same level.5 Deployed devices may

interfere with access to the LSPV for subsequent ablation
procedures. In a fifth of cases, it is superior to the LSPV, and
in the remainder, inferior.5 Other surrounding structures that

Fig. 1 e Volume-rendered (top) and axial images (bottom)
illustrating the location and anatomy of the left atrial
appendage (LAA) and its apex. In this example, the LAA
(black arrow) apex lies behind the main pulmonary trunk
(asterisk), the so-called “retro-PA” configuration, and is
related to the left anterior descending coronary artery
(white arrow).

J o u r n a l o f C a r d i o v a s c u l a r C om p u t e d T omog r a p h y 9 ( 2 0 1 5 ) 8 9e1 0 290
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The tip or apex of the LAA can vary in position but usually points anteriorly and superiorly 

coming into close apposition with the proximal left anterior descending coronary artery, the 

proximal circumflex artery, and the pulmonary trunk.148 It may point inferiorly and 

posteriorly or behind the aorta into the transverse pericardial sinus. A number of different 

shapes have been described, but for the purposes of categorisation, the LAA can be 

considered as multilobed with an obvious bend (chicken wing morphology; Figure 1-7A), 

single lobed without a bend (windsock morphology; Figure 1-7B), multilobed without an 

obvious bend or dominant lobe (cauliflower; Figure 1-7C), or multilobed without an obvious 

bend but with a dominant lobe (cactus; Figure 1-7D).149 Different morphologies may be 

associated with different risks of thromboembolism, with the chicken wing morphology 

thought to confer the lowest risk.150 
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Figure 1-7. Axial (Top) and oblique (Bottom) images illustrating the CT appearances of 

the different left atrial appendage (asterisk) morphologies 
Chicken wing (A); Windsock (B); Cauliflower (C); and Cactus (D) types. 

Fig. 2 e Axial (top) and oblique (bottom) images illustrating the CT appearances of the different left atrial appendage (asterisk)
morphologies: (A) chicken wing, (B) windsock, (C) cauliflower, and (D) cactus types.

J o u r n a l o f C a r d i o v a s c u l a r Com p u t e d T omog r a p h y 9 ( 2 0 1 5 ) 8 9e1 0 2 91
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Although the endocardial surface of the LAA os is generally smooth, the interior of the 

appendage is covered with pectinate muscles which may cause apparent filling defects or 

pseudothrombus on CT and can also mimic the appearances of thrombus on TOE. The wall 

of the LAA in between these pectinate muscles is often paper thin, rendering it at risk of 

perforation during catheter manipulation and device deployment.151 

The LAA os may be either circular or elliptical and is separated from the origins of the 

pulmonary veins by the left lateral ridge. With respect to imaging for the purposes of LAA 

occlusion device implantation, the relation of the ellipsoid type to the left lateral rim of the 

atrium can make measurements of os dimensions challenging, particularly with 

echocardiographic techniques that lack the endocardial definition offered by CT. The spatial 

configuration of the LAA os in relation to the left superior pulmonary vein (LSPV) is also of 

paramount importance given the potential for devices to impair pulmonary venous return or 

interfere with future ablation procedures. This can particularly be an issue in the two-thirds of 

patients in whom the LAA and LSPV orifices are found in close proximity at the same 

level.149 Deployed devices may interfere with access to the LSPV for subsequent ablation 

procedures. In a fifth of cases, it is superior to the LSPV, and in the remainder, inferior.149 

Other surrounding structures that may be at risk from device deployment include the left 

circumflex artery, the sinoatrial nodal artery where this arises from the left circumflex artery, 

and the great cardiac vein and its tributaries.152 The more anteriorly located left phrenic nerve 

also courses along the surface of the pericardium in close proximity to the base of the LAA 

and may be liable to injury, particularly with epicardial techniques for LAA closure, such as 

the LARIAT device.151,152 

In addition to the main LAA, up to 15% of the population may have accessory LAAs or 

diverticula, which may also potentially serve as a nidus for thrombus formation or interfere 

with catheter deployment and manipulation, particularly during AF ablation procedures 



	   63	  

where they may be mistaken for pulmonary vein ostia.153,154 These are predominantly found 

in the anterior roof of the left atrium but have also been described posteriorly.153 An 

accessory LAA is defined as a structure with a clear ostium and irregular internal contours 

suggestive of pectinate muscles, whereas a left atrial (LA) diverticulum is a saclike out-

pouching with a broad-based ostium and smooth internal contours.154 Although some reports 

have suggested these structures may serve as a source of thromboembolism,155 others have 

not confirmed this.156 Their presence need not therefore negate the value of LAA closure. 

	  
	  
1.8.3 Physiological function 

The LAA plays an important role in modulating left atrial pressure particularly in states of 

volume or pressure overload, as it has a large surface area and is more distensible than the 

LA.157 Thirst may also be mediated by stretch receptors within the LAA.158 In a guinea pig 

study, Massoudy et al demonstrated that when compared to hearts where the LAA was 

ligated, cardiac output was almost twice as high in hearts with an intact LAA. In this model, 

the LAA therefore contributed a significant amount to cardiac output.159 However, the results 

may be in part due to the acute nature of the ligation performed. 

	  
1.8.3.1 Neurohormonal function 

Atrial natriuretic peptide (ANP) is a peptide hormone that has diuretic, vasodilatory, and 

natriuretic functions. 

The LAA contains the highest concentration of ANP, up to 40-times greater than the left 

atrium and ventricle and accounts for approximately 30% of total cardiac ANP.160 The LAA 

may have a significant role in cardiac failure, whereby ANP levels have been found to rise by 

up to 10 times baseline concentrations.161 
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1.9 Conclusion and hypothesis 

AF is the most common cardiac arrhythmia with an increasing prevalence due to an ageing 

population. It causes a high burden of morbidity and mortality resulting in a large health and 

economic burden to the general population and health services. 

Mitigation of stroke risk is the cornerstone of therapy. The mainstay of treatment is with oral 

anticoagulant agents, however, a significant proportion of patients are unable to take these 

agents in the long-term due to compliance issues, side effects or bleeding episodes. 

Percutaneous left atrial appendage closure offers a permanent, non-pharmacological 

alternative to oral anticoagulation, however, outcome data is limited to clinical trials with 

limited data from ‘real world’ experience. More importantly, the health economic impact of 

this procedure, which carries a high upfront cost in comparison to oral anticoagulants, has not 

utilised data from real world practice, to ensure relevance to the general population, or been 

assessed against the wide range of antithrombotic options available. 

 

In addition to the risk of thromboembolic events, many patients are debilitated with 

symptoms due to AF that can only be managed effectively with AF prevention in the long 

term. Catheter ablation is established as an effective therapy for patients with paroxysmal AF, 

however, the outcomes with persistent and in particular, long-standing persistent AF are 

suboptimal and have been the subject of intense study.  

Pulmonary vein isolation is widely accepted to be a cornerstone of AF ablation and is 

effective as a sole therapy for paroxysmal AF. In persistent and long-standing persistent AF, 

additional ablation is often required. Many ablation strategies have been purported to deliver 

superior outcomes to pulmonary vein isolation alone, though there is great variability in 

outcomes from different studies of the same technique. Although there are current guideline 

recommendations for additional substrate ablation in these groups,162 there is no lesion set 
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that has been clearly shown to be consistently effective in large-scale studies. As such, there 

is a need for new approaches to this complex arrhythmia. Novel data pertaining to the 

electrical isolation of the LAA to eliminate its contribution to initiation and maintenance of 

AF is of interest, though requires more detailed study. There are risks unique to LAA ablation 

and isolation that need to be addressed. In particular, the electrically isolated LAA is non-

contractile and therefore is highly thrombogenic.163 Pockets of thin tissue surrounding and 

within the LAA, may increase the risk of perforation during ablation.164 

Ablation and electrical isolation of the LAA will face similar challenges to that experienced 

with pulmonary vein isolation due to the variability in wall thicknesses in the area of interest. 

Wall thicknesses at the pulmonary vein-left atrial junction has been evaluated histologically, 

however, such information does not exist for the LA-LAA junction. Using current imaging 

techniques, in vivo evaluation of this area is also very challenging. 

 

There is very limited information about the cost effectiveness of LAA closure with respect to 

oral anticoagulation. The cost impact of LAA closure has not been evaluated, in particular, 

from the perspective of the National Health Service, in comparison to contemporary novel 

anticoagulants. In a climate of economic austerity, such information is vital to ensure 

appropriate use and allocation of scarce resources. 
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Due to gaps in knowledge as highlighted above, the following hypotheses were evaluated: 

 

1.9.1 Main hypothesis 

	  
• The addition of LAA electrical isolation to a conventional AF ablation would be 

feasible, safe and result in improved freedom from atrial tachyarrhythmias. 

 

This was investigated by a pre-clinical canine safety and feasibility study in Chapter 3, which 

created the foundation for a translational, pilot first in human safety, feasibility and efficacy 

study, the results of which are presented in Chapter 4. 

	  

1.9.2 Secondary hypotheses 

	  
• Areas of acute LAA reconnection are related to areas of thicker myocardium at the 

LA-LAA junction 

This was investigated by an novel imaging technique and correlated with clinical and 

histological results. The results are presented in Chapter 5 

 

• LAA closure from both clinical trials and real world experience is more 

efficacious, safer and thus cost saving with respect to available alternative 

treatment strategies 

 

This investigation is presented in Chapter 6 

 

 



	   67	  

2  Materials and methods 

 

The precise methodology for individual studies accompanies the relevant chapter for ease of 

reference. 

 

2.1 Study institution and personnel 

The pre-clinical study detailed in Chapter 3 and clinical studies detailed in Chapters 4 and 5 

were performed under investigator sponsored research grants from Boston Scientific and 

sponsored by the Royal Brompton & Harefield NHS Foundation Trust Research and 

Development department. 

 

The pre-clinical study was conducted at the University of Alabama, Birmingham, USA and 

CV Path, Gaithersburg, Maryland, USA, under an investigator sponsored research grant from 

Boston Scientific and sponsored by the Royal Brompton & Harefield NHS Foundation Trust 

Research and Development department. The University of Alabama team included Dr Tom 

McElderry and Dr Gregory Walcott and the CV Path team included Dr Renu Virmani, Dr 

Kenichi Sakakura and Dr Robert Kutys. 

This study involved a prospective safety and feasibility evaluation in an animal model, most 

closely related to human anatomy. When choosing an animal model for this study 

consideration was given to the pulmonary venous and left atrial appendage (LAA) anatomical 

variances between the different large animal species. Whilst a porcine model has been 

commonly used for studies of left atrial ablation, due to the similarity of pulmonary venous 

anatomy between pigs and humans, as Chapter 3 specifically involved LAA ablation and 

occlusion, the animal model would require a similar LAA anatomy to humans. A canine 
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model was therefore chosen, as detailed in Chapter 3.  

In view of the novel procedure with a number of challenging techniques to be performed, a 

planned test subject additional to the study animals was utilised and acute histology 

performed to assess the effects of the concomitant ablation and occlusion procedure. 

The Institutional Animal Care and Use Committee (IACUC) of the University of Alabama 

reviewed and approved the study protocol. Housing and care for the animals was in 

compliance with the National Institutes of Health guidelines on the care and use of laboratory 

animals. In addition, there were regular inspections from IACUC animal welfare 

representatives to ensure the wellbeing of the study animals. 

 

Screening, recruitment, procedures, data collection and analysis for the clinical studies were 

conducted at the Royal Brompton and Harefield Hospital, London. Ethical approval was 

gained from the South East Coast (Kent) National Research Ethics Service Committee 

(please see appendix for details). 

The novel wall thickness measurement algorithm described in Chapter 5 was produced in 

collaboration with a team from the Imaging and Biomedical Engineering Clinical Academic 

Group, King’s College London. This team included Dr Steven Niederer and Dr John 

Whitaker. 

 

Chapter 6 involved data collection from a prospective registry of patients undergoing left 

atrial appendage closure with the Watchman device at the Royal Brompton and Harefield 

Hospitals. Follow-up data were acquired from clinic visits or telephonic consultations with 

patients. An ethics application was not required as these data were collected as part of audit 

and service development. Health economic modelling and analysis was performed in 

collaboration with Professor Joanne Lord at the Southampton Health Technology 
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Assessments Centre, University of Southampton and GfK Bridgehead, Wayland, 

Massachusetts, USA. 

 

2.2 Equipment used 

2.2.1 Echocardiography 

In Chapter 3, all acute and follow-up transoesophageal and transthoracic echocardiography 

studies were performed using a Sonos 5500 system (Philips, Amsterdam, Netherlands) 

(Figure 2-1A). A standardised protocol was used to acquire images and measurements were 

performed on-line using embedded software. In Chapter 4, baseline, acute and follow-up 

transoesophageal and transthoracic studies were performed on a Philips iE33 system (Figure 

2-1B). In both studies, standardised protocols were used to acquire images and measurements 

were performed on-line using embedded software. 

 

In Chapter 4, baseline and follow-up investigations were kept at the same hospital site to 

avoid the introduction of errors due to subtle differences between the equipment used. 
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Figure 2-1. Echocardiography systems 

A: A Philips Sonos 5500 system was utilised for the echocardiography studies detailed in Chapter 3. 

B: A Philips iE33 system was utilised for studies detailed in Chapter 4. A 7.5 MHz nominal frequency 

multiplane transducer was used for transoesophageal studies and 5 MHz nominal frequency 

transducer for transthoracic studies. 
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2.2.2 Rhythm monitoring 

In order to detect arrhythmia recurrence, whether symptomatic or asymptomatic, an R.Test 

Evolution 4 (Novacor, London, UK) event monitor was worn by each study subject for 7 

days, every 3 months (Figure 2-3). 

Monitors were installed with an AF/atrial tachycardia detection algorithm and customised for 

this study to allow full capture of 60 seconds of ECG recording prior to and following an 

arrhythmia event. This facilitated determination of atrial tachyarrhythmia recurrences lasting 

> 30s and therefore complied with the ECG monitoring following AF ablation recommended 

by the 2012 HRS/EHRA/ECAS international consensus statement.  

 

 

 

Figure 2-2. R.Test 4 Evolution ECG monitor 

 

Two Cardiac Physiologists, independent to the study analysed event recordings for 

determination of rhythm events. If there was a discrepancy between results from the 

Physiologists, a Consultant Cardiologist, also independent to the study, acted as adjudicator. 
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2.2.3 LAA occlusion 

Following completion of the ablation protocol, LAA occlusion was performed using a 

percutaneously implanted Watchman device (Boston Scientific, Marlborough, MA, USA), 

Figure 2-3. 

 

Figure 2-3. Watchman left atrial appendage occlusion device 

The device is constructed from a self-expandable nitinol frame with a polyethylene terephthalate 

(PET) stitched fabric surface that faces the left atrial body. There is a distal row of anchors on the 

exposed nitinol legs that secure the device to the walls of the LAA. The device is delivered 

percutaneously within a 14 French catheter (pictured) and is attached via a cable which can be 

released from the delivery system once the device position within the LAA is satisfactory. LAA = left 

atrial appendage. 
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2.3 Validation of measurements 

2.3.1 Histological assessment 

Microscopic histological measurements of the left atrial appendage wall were performed 

manually by the author and an independent histologist. Measurements were also made using 

morphometric analysis software (Zen 2012 Blue Edition, Carl Zeiss Microimaging, Inc.). 

Computational measurements were then validated by comparison against the manual 

measurements. 

 

2.3.2 LAA ostial diameter and depth 

All measurements made on transoesophageal echocardiography (TOE) were performed by 

the author as well as a TOE specialist. 

In order to make intra- and inter-patient observations about dynamic changes in LAA size, it 

was important to use the same site on TOE by utilising a fixed landmark – in this case the 

circumflex artery. 

Measurements of the LAA ostium and depth were made, at multiple planes, specifically at 

0,45, 90 and 135 degrees. The accuracy of these measurements was validated by repeated 

comparisons of these measurements in all cases. Results showed an inter-observer variation 

of ≤1 mm or less, which had no significant bearing on the recorded measurements, mainly as 

the absolute LAA measurements were of a magnitude of 20x larger, ie. ≥20mm. 

 

TOE measurements were validated against computed tomography (CT) derived 

measurements of the LAA ostium and were found to be smaller than CT on all assessments. 

This, in part, reflected a particular challenge with CT in assessing the exact site to measure 

the LAA os and length, thus measurements were often made from a more proximal and wider 

site rather than at the level of the circumflex artery. The circumflex artery is used as a 
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landmark during TOE for LAA measurements, therefore reporting of CTs was formalised 

with our institutional Radiologists in order to reproducibly measure the LAA os at the same 

level (circumflex artery). This protocol has now been published and is now part of the 

standard protocol for LAA assessment at our institution. 

 

2.3.3 LAA emptying and filling velocities 

Velocities were measured over an average of three cycles in AF or SR due to the effect of 

respiratory variation in LAA inflow and outflow. There was ≤0.1m/s difference in inter-

observer measurements, which did not have any clinical bearing. 

 

2.3.4 Watchman device implant and follow-up assessment 

During the acute implantation, assessment was made of the device position and stability, the 

presence of peri-device gaps, and the left superior pulmonary vein ostial size and flow, in 

order to rule out any impingement from the device. 

Repeat TOE was performed at 6 weeks and 9 months following implantation. If there was a 

discrepancy between inter-observer assessments, particularly in determination of gap size 

being ≤ 3mm or >3mm and thus suitability to stop warfarin, an independent adjudicator, 

specialising in LAA closure, made the final decision.  

 

2.3.5 Haemodynamic measurements 

2.3.5.1 Left atrial pressure 

The left atrial pressure was measured via the left atrial sheath using a haemodynamic 

recording system (AXIOM Sensis, Siemens Healthcare, Germany). The system was 

appropriately calibrated at the start of the procedure. LA pressure was measured at fixed 

points during the procedure, namely post-transseptal puncture, post-AF ablation and post-
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LAA isolation and post-LAA closure to identify the influence on LA pressure of each part of 

the concomitant procedure.  

Measurements were averaged over a 10 second period to account for variations during the 

respiratory cycle and atrial fibrillation (if present). 

 

2.3.5.2 Fluid input 

Independent assessments of fluid input were made by the author and the veterinary or clinical 

anaesthetist. The study subjects in Chapters 3 and 4 underwent urinary catheterisation just 

after general anaesthesia due to the long procedure duration and the potential for large 

quantities of fluid infused during the procedure. This facilitated accurate measurements of 

fluid output. Observations could then be made on how net fluid input affected the LAA size 

and LA pressure. 
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3  Left atrial appendage electrical isolation and concomitant 

 device occlusion: A safety and feasibility study with histologic 

 characterisation 

 

3.1 Introduction 

Curative catheter ablation for AF has been proven to be an effective therapeutic option for 

cases resistant to pharmacologic rhythm or rate control, with successful long-term 

maintenance of sinus rhythm in the absence of treatment with antiarrhythmic drugs reported in 

the majority of patients.103,165 Electrical isolation of the veins is established as fundamental to 

long term success and it appears that the majority of recurrence of paroxysmal AF is 

associated with reconnection of apparently isolated pulmonary veins (PVs).166,167 The situation 

with persistent AF is different, with PV reconnection contributing to some cases of recurrence, 

though a significant proportion are attributable to extra-pulmonary vein foci, including the 

LAA. Although the absolute results of long-term maintenance of sinus rhythm are good, in 

order to achieve these success rates many patients require multiple procedures.168 This of 

course carries with it a large cost burden to the NHS 

  

There is growing evidence that the LAA plays an important role in the initiation, propagation 

and maintenance of AF, in particular, persistent AF.117,119,126 Credence to this observation is 

given by the fact that the LAA shares embryological origins with the PVs,146,147 arguably the 

most important site of AF initiation. Electrical isolation of the LAA may improve freedom 

from AF.117,126 There are, however, safety concerns regarding LAA ablation without 

subsequent LAA occlusion,163 and indeed, regarding the risk of perforation from ablation at 
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thin parts of the LAA wall.151 Combining a standard AF ablation lesion set with LAA 

electrical isolation and LAA occlusion may address these concerns, however, the feasibility 

and safety of concomitant endocardial electrical isolation and mechanical occlusion of the 

LAA are not known.  

It was hypothesised that concomitant electrical isolation of the LAA and its occlusion with a 

Watchman device following conventional AF ablation is feasible, safe and effective. In order 

to test this hypothesis in humans in Chapter 4, it was first necessary to test the feasibility and 

safety of this procedure in a pre-clinical canine model. Although this study was an essential 

step in this thesis, it was also an important endeavour in its own right and provided 

methodological validation for a clinical study. 
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3.2 Methods 

The study protocol is summarised in Figure 3-1. 

 

Figure 3-1. Study design flow chart.  

EP = electrophysiology; LAA = left atrial appendage; NavX = 3D electroanatomical mapping system; 

PVI = pulmonary vein isolation; TOE = transoesophageal echocardiogram; TTE = transthoracic 

echocardiogram. 

 

3.2.1 Animals       

Nine healthy, purpose bred, male mongrel dogs (mean age 1.3±0.3 years, mean weight 

23.2±0.5 kg) were studied. To reflect the human model of AF ablation and LAA occlusion, 

all dogs received warfarin to maintain an INR of 2.5 to 3.0. 

All nine dogs were acquired from a Class A commercial vendor (Covance Research Products 

Inc., Denver, Pennsylvania). All dogs were in sinus rhythm. The study protocol was reviewed 
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and approved by the Institutional Animal Care and Use Committee (IACUC) of the 

University of Alabama at Birmingham. The dogs were housed in approved University 

Laboratory Animal Facilities. All animals were treated in compliance with the National 

Institutes of Health guidelines on the care and use of laboratory animals. Throughout the 

course of the study, each dog was subjected to a thorough clinical evaluation including 

physical examination, full blood count and serum biochemistry and non-invasive systolic 

blood pressure measurement. 

A canine model was chosen in this study, similar to previous LAA related preclinical 

studies,169,170 due to the close anatomical similarity between the canine and human LAA. 

Compared to human LAA, the sheep and goat LAAs are too small, and pigs’ are too broad 

based and shallow.171,172 

	  

Oral anticoagulation	  

Each dog was loaded with warfarin for 5 days prior to the procedure, according to a locally 

designed protocol in order to maintain an INR of 2.5 to 3.0.  Until a steady INR was achieved, 

the INR was checked daily. Thereafter, it was checked twice weekly until the termination of 

the study.	  

 

Anaesthesia and sedation	  

General anaesthesia was administered using atropine (0.04mg/kg, IM), tiletamine/zolazepam 

mixture (Telazol, Fort Dodge Laboratories, Fort Dodge, 8mg/kg, IV) and isoflurane (2% to 

5% in oxygen). Each animal received 1g intramuscular cefzolin to minimise the risk of 

infection and 0.3mg buprenorphine for longer duration analgesia. 

Sedation with intramuscular acepromazine (0.1mg/kg) and butorphanol (0.25mg/kg) was 

used for the 10-days post-procedure transthoracic echocardiogram. 
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3.2.2 Transoesophageal echocardiogram (TOE) 

TOE studies were performed using a Philips Sonos 5500 echocardiographic system with a 7.5 

MHz nominal frequency multiplane transducer. 2D images were recorded at >80 frames/s. A 

simultaneous one-lead ECG was recorded and used for heart rate measurement. Appropriate 

settings were made to 2D color Doppler imaging to observe low velocity signals. 

Measurements were performed on-line using the digitised images and embedded software. 

The mean of three cardiac cycles was used for each measured variable. TOE was performed 

to assess the appearance of the cardiac chambers, interatrial septum, LAA and PVs. In 

addition: 

i. Pulsed wave Doppler was recorded at 200 mm/sec sweep speed.  

ii. Pulsed Doppler flow recordings were guided by 2D color Doppler imaging 

with appropriate settings to observe low velocity (≤0.2m/s) signals. 

iii. Both peak LAA inflow (LAA-in) and outflow (LAA-out) velocities were 

obtained from multiple planes using a sample volume placed at the mid-

junction of the atrium and appendage.  

 

3.2.3 Catheter ablation 

Right and left femoral vessels, and right internal jugular vein were cannulated under general 

anaesthesia.  Arterial pressure was monitored continuously via the left femoral artery. A 

decapolar catheter was advanced to the coronary sinus via the jugular vein. The left atrium 

(LA) was entered through double transseptal punctures, via the right femoral vein, under 

intracardiac echocardiographic guidance. On crossing the atrial septum, intravenous 

unfractionated heparin (300 U/kg) was administered, with further boluses (100 U/kg) if 

necessary, to target an activated clotting time (ACT) of 350 seconds. 
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The aim of the catheter ablation procedure was to electrically isolate the PVs and 

LAA.103,126,164 Circumferential ostial PV ablation was performed with an open-irrigated, 4mm-

tip ablation catheter (Blazer, Boston Scientific, Natick, MA, USA), limiting power to 30W. 

Catheter ablation was guided by a 20 pole circular PV catheter (Lasso, Biosense Webster, 

Diamond Bar, CA, USA), 3D-mapping (EnSite NavX, St. Jude Medical, St. Paul, MN, USA) 

and conventional electrophysiology recording (LabSystem Pro, Bard, Lowell, MA, USA) 

systems.	  

Electrical isolation of the LAA incorporated a proportion of the lesions created during left 

superior pulmonary vein (LSPV) isolation. Higher power (35W) was used to ablate at the 

LAA ostium owing to potentially greater tissue thickness in this area (Figure 3-2A).	  

The endpoint of ablation was electrical isolation of all the PVs and the LAA. Electrical 

isolation was defined as bidirectional conduction block (Figure 3-2C). 

Following isolation of the LAA, a 30-minute observation period ensued to identify dogs with 

early LAA reconnection. Entrance and exit block were then re-assessed before and following a 

9mg intravenous adenosine bolus.173 Where reconnection was identified, ablation was 

performed to re-isolate the LAA. Sites of reconnection and successful re-isolation were 

recorded.	  

 

Ablation end-points 

1. Entrance block – the absence or dissociation of PV and LAA potentials when compared to 

local LA potentials, recorded by the Lasso catheter positioned sequentially in the PVs and 

LAA	  

2. Exit block – the dissociation of PV and LAA potentials when compared to local LA 

potentials, confirmed during pacing from the Lasso catheter positioned sequentially in the 

PVs and LAA showing local capture and disassociation with the atrial activity.	  
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3.2.4 Haemodynamic measurements 

The LA pressures were measured at 3 different times points via the Agilis steerable sheath (St. 

Jude Medical, St. Paul, MN, USA):  

1. After trans-septal puncture 

2. Immediately pre- and,  

3. Immediately post-LAA ablation / isolation to identify if there were any acute changes 

that were a direct consequence of this procedure. 

 

3.2.5 LAA device occlusion 

The ostial diameter of the LAA was assessed by TOE at baseline, after PV electrical isolation 

and after LAA electrical isolation, to identify any change that might relate to oedema 

formation after ablation. LAA inflow and outflow velocities were measured at the same time 

points. Following confirmation of LAA electrical isolation with adenosine, an appropriately 

sized occlusion device was implanted via a catheter delivery system174 using the existing 

transseptal puncture.(Figure 3-2E-F and Figure 3-3) 
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Figure 3-2. LAA electrical isolation. 

A: Ablation of the LAA. Right anterior oblique fluoroscopic view of the ablation catheter (at the LAA 

ostium) and 20-pole circular catheter (distal to the LAA ostium) arrangement during LAA ablation. 

Example of LAA isolation from the same dog. Baseline (B) and disappearance (C) of LAA potentials 

during ablation, indicating LAA isolation. Right anterior oblique fluoroscopic views of occlusion 

device implantation. D: Contrast injection into LAA following isolation. The site of the LAA ostium 

is illustrated with a dashed line. Peri-deployment of occlusion device (E) and after the release of the 

occlusion device (F). LAA = left atrial appendage.	  
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Figure 3-3. Multiplanar TOE views (00, 450, 900, 1350) of occlusion device implantation. 

Site of LAA ostium illustrated with dashed line. 

 

3.2.6 Follow-up 

Day 10 study	  

All animals underwent a transthoracic echocardiogram (TTE) at 10-days post-procedure to 

identify the presence of pericardial effusion due to early device erosion, assess the device 

position within the LAA ostium and detect any instances of device dislodgement.  

To facilitate echocardiography the dogs were sedated with acepromazine (Acepromazine 

maleate injection, Boehringer Ingelheim Vetmedica inc, St. Joseph, MO; 0.1 mg/kg) and 

butorphanol (Torbugesic, Fort Dodge Laboratories, Fort Dodge, IA; 0.25 mg/kg) given by 

intramuscular injection. Acepromazine and butorphanol were given 20 minutes before 

initiation of the echocardiographic examinations. Echocardiographic studies were performed 

using a Philips Sonos 5500 echocardiographic system with a 5 MHz nominal frequency 

transducer. Right parasternal long and short-axis and left apical imaging views were acquired 
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for optimal recording of the LA, LV, transmitral flow, LAA and occluder device appearance. 

Parameters were otherwise similar to that utilised during TOE. 

	  

Day 45 study	  

Under general anaesthesia, TOE was performed to assess the pericardial space, position of 

the occlusion device and any residual flow into the LAA around the device. The LA was 

accessed via transseptal puncture and an endocardial electrophysiology study was performed 

to assess PV entrance and exit block using a Lasso catheter and conventional 

electrophysiology recording system, as previously described. The occlusion device caused 

mechanical obstruction to local endocardial testing at the LAA ostium. Therefore LAA 

electrical activity was subsequently assessed epicardially (Figure 3-4). 

Entrance and exit conduction block were assessed relative to the endocardial Lasso catheter 

within the LA. Pacing was performed at two LAA sites at maximum output (25V at 2ms) to 

assess exit block. 
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Figure 3-4. Epicardial pacing electrode positions. 

Through a median sternotomy, two epicardial electrodes (bipole) were sewed onto the mid to distal 

LAA epicardium to avoid trauma to the LAA ostia where ablation was performed and where the 

device was positioned. This was performed at two different positions on the LAA epicardium. 

 

3.2.7 Histological analysis 

Following assessment of LAA conduction, all animals were sacrificed using a 12ml 

intracardiac injection of potassium chloride. The brain, kidneys, liver, spleen, lungs and local 

lymph nodes were inspected for evidence of infarction or other pathology. The explanted 

hearts were grossly examined for evidence of pericardial inflammation. Before preparation 

for histological analysis, hearts were photographed and x-rayed to locate and assess device 

placement in the LAA. The LA was opened and the PV and LAA ostial regions from each 

	  

	  

Mid	  LAA	  electrode	  

Distal	  LAA	  electrode	  

LAA	  os	  
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heart were exposed and photographed to document the ablation injury. Devices were 

evaluated for completeness of seal, penetration of struts, atrial appendage wall compression 

and appearance of the device surface. 

 

Light microscopy 

For histological analysis, the occlusion device was dissected from the heart with 

approximately a 1cm encircling cuff of left atrium surrounding the device and LAA. These 

specimens were dehydrated in a graded series of ethanol, then infiltrated and embedded in 

methyl methacrylate resin. After polymerisation, blocks and slides were prepared using the 

Exakt Cutting-Grinding System. Multiple sections (medial, middle and lateral) were sawed 

along the long axis of the appendage. Sections were then mounted on plastic slides and 

surface-ground to a thickness of 60-109 µm and stained with toluidine blue and basic fuchsin 

stains. Endothelialisation of the occlusion device was assessed, with special attention to the 

atrial surface, and also to evaluate the tissue response surrounding and within the device.170  

Portions of the left circumflex artery measuring approximately 2cm were dissected from the 

myocardial surface directly underneath the external portion of the left atrial appendage. The 

artery segments and sections of the pericardium encapsulating the appendage were 

dehydrated in a graded series of ethanol and infiltrated and embedded in paraffin. The 

paraffin blocks were sectioned at four to five microns using a rotary microtome and stained 

with haematoxylin-eosin and Movat’s pentachrome stains for the vessel sections and 

haematoxylin-eosin only for the pericardium. All sections were examined by light 

microscopy to determine signs of acute ablation or device-related injury. 
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Histological scoring criteria for occlusion devices	  

Ordinal data were collected on each section of the device and graded using a range of 0-4 

with regards to specific pathological features as detailed in Tables 3-1a and 3-1b. 

	  

Table 3-1a. Histological scoring criteria for LAA occlusion device 

Attribute Score Description of Assigned Scores 

Endocardial 

tissue growth 

0 No endocardial tissue growth on device 

1 <25% incorporation of device 

2 25% to <50% incorporation of device 

3 50% to 75% incorporation of device 

4 >75% incorporation of device 

Granulation 

tissue with or  

without fibrosis 

0 No granulation tissue 

1 <25% incorporation of device 

2 25% to <50% incorporation of device 

3 50% to 75% incorporation of device 

4 > 75% incorporation of device 

Fibrin/ 

Thrombus Score 

0 No surface fibrin/thrombus deposition 

1 Minimal fibrin/thrombus deposition involving <10% of the device surface 

2 Mild fibrin/thrombus deposition involving 10% to 25% of the device surface 

3 Moderate fibrin/thrombus deposition involving >25% to 50% of the device surface 

4 
 

Heavy fibrin/thrombus deposition involving >50% of the device surface 
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Table 3-1b. Inflammation severity scoring criteria for LAA occlusion device 

*Severity scale was defined as: 0=no inflammation present, 1=minimal inflammatory cells present, 

2=mild infiltrate, 3=moderate infiltrate 4=severe infiltrate 

 

Histological assessment of LAA ostium 

Four canine hearts matched for breed and size, which had not undergone ablation or LAA 

occlusion, were studied for comparison. Histological assessment of the regional variation in 

LAA ostial thickness was performed in order to correlate with potential areas of acute 

reconnection (Figure 3-5B). After opening the left atrium, the ostium of the LAA was 

identified. The superior, anterior, inferior and posterior left atrial walls surrounding the LAA 

were then determined. Each wall surrounding the LAA was cut longitudinally along the red 

lines shown in Figure 3-5B, and the thickness of the thinnest part of the LAA wall was 

measured. 

 

In addition, histological samples from animals in which we were able to achieve LAA 

electrical isolation were graded for the extent of fibrosis.  

Histological samples of the regions of the LAA os tissue where acute reconnection was 

observed (regions of the LAA os were identified and marked as superior, anterior, inferior 

and posterior) were graded for the extent of fibrosis (absent, mild (focal areas of atrial wall 

show fibrosis), moderate (continuous area of fibrosis is observed at the site of the device with 

Severity 

Inflammatory Extension throughout Device  

<25% >25-50% >50-75% >75% 

     

0 0 0 0  0  

1 1 1 1 1 

2 1 1 2 2 

3 2 2 3 4 

4 2 3 4 4 
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extension into the adjacent atrial wall), severe (contiguous scarring of the entire atrial wall 

i.e., involving 1cm beyond the attachment site of the device)). Necrosis was noted when there 

was persistence of myocyte necrosis with or without inflammation of the adjacent atrial wall. 

 

3.2.8 Statistical analysis 

Continuous data are presented as mean±SD and comparisons made using Student’s t-test. A 

two sided p < 0.05 was considered statistically significant. All data were analysed using Stata 

12 (Statacorp, College Station, Texas, USA).	  
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3.3 Results 

3.3.1 Index procedure 

The procedural parameters are summarised in Table 3-2. All 36 PVs in 9 dogs were 

electrically isolated. The LAAs were electrically isolated in 8/9 dogs (89%) with entrance and 

exit block demonstrated. In the single case where we were unable to achieve LAA isolation, 

this appeared at least in part attributable to recurrent, gross shift in the NavX 3D geometry. 

Acute reconnection of the LAA occurred in 4/8 cases during the 30-minute waiting time (3/4) 

or following adenosine bolus (1/4). All four reconnections were re-isolated with further ostial 

LAA ablation (5.7±4.5 min). The areas of acute reconnection were at one site in two cases 

(both at the inferior aspect of the LAA ostium) and at two sites in each of the remaining two 

cases (both inferior and superior aspects of the LAA ostium) Figure 3-5A.  

 

Deployment of an occlusion device after LAA isolation was successfully completed with 

correct sizing achieved on the first attempt in all 9 cases, using TOE and fluoroscopic 

guidance. Post-deployment, there was no colour flow detected around any device. During 

tug-test all devices remained in a stable position. Device compression was satisfactory (mean 

26.0±9.4%). There was no evidence of impingement on the mitral valve post-implantation.	  

All dogs were successfully recovered from general anaesthesia and no pericardial effusion 

was detected on a post-procedural TTE. There were no peri-procedural complications.	  
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Table 3-2. Summary of initial procedure results 

Total procedure time 251.3±49.2 min* 

Total ablation time 51.3±18.9 min 

LAA ablation time 24.2±17.5 min 

Fluoroscopy time 46.3±12.7 min 

Fluoroscopy dose  316.9±73.0 mGy 

Heparin dose 9567±2194 U 

 

Pulmonary veins successfully isolated 

 

36/36 (100%) 

LAA successfully isolated 8/9 (89%) 

Acute LAA reconnections (all re-isolated by RF) 

• During 30min wait 

• Post-adenosine bolus  

4/8 (50%) 

 

3/4 (75%) 

1/4 (25%) 

 

LAA successfully isolated at end of procedure  

 

8/9 (89%) 

Device successfully implanted 9/9 (100%) 

Device size 23.3±1.3 mm 

Device implant time 17.4±7.3 min 

Device compression (% change in diameter) 26.0±9.4 % 

Device protrusion 5.6±1.0 mm 

* From induction of general anaesthesia to removal of dog from catheter laboratory table. LAA, left 

atrial appendage; RF, radiofrequency 
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Figure 3-5. Sites of acute LAA reconnection and regional variation in LAA ostial 

thickness. 

A: Location of acute LAA reconnection sites superimposed on right anterior oblique (350) 

fluoroscopic view of the LA with contrast-opacified LAA. All reconnection sites are located at the 

base of the LAA: 4 at the inferior margin, 2 at the superior margin. The location of each reconnection 

is marked with an asterisk for the 2 cases with reconnection at 2 sites (inferior and superior) or circle 

for the remaining 2 cases with reconnection at a single site (inferior), on the segment of LAA 

involved. B: Gross view of non-ablated canine LAA, LSPV and mitral valve. The LAA walls were 

cut longitudinally along the red lines and the regional LAA wall thickness was measured. The results 

are shown in panel C. Asterisk indicates sites of thickest ostial tissue at superior and inferior LAA 

margins. Sizes in mm. LAA = left atrial appendage; LIPV = left inferior pulmonary vein; LSPV = left 

superior pulmonary vein.	  
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The LAA ostial diameter significantly increased between the baseline (prior to transseptal 

puncture) and post-PVI studies (14.7 ± 2.9mm vs 16.7 ± 3.5mm, p = 0.04), and between 

baseline and post-LAA ablation studies (14.7 ± 2.9 vs 17.3 ± 3.4, p= 0.02). There was no 

significant further change in ostial diameter between the post-PVI and post-LAA ablation 

studies (16.7 ± 3.5 vs 17.3 ± 3.4, p = 0.56), Figure 3-6A. Similar changes in LAA depth were 

also seen between these time points: baseline 19.5 ± 2.6 vs post-PVI 22.9 ± 3.2, p = 0.004; 

baseline 19.5 ± 2.6 vs post-LAA ablation 23.3 ± 3.2, p = 0.008 and post-PVI 22.9 ± 3.2 vs 

post-LAA ablation 23.3 ± 3.2, p=0.80), Figure 3-6B. 

 

 

Figure 3-6. Peri-procedural LAA ostial diameter and depth 

A: Change in LAA ostial diameter (mm) at baseline vs post-PVI vs post-LAA ablation. B: Change in 

LAA depth (mm at baseline vs post-PVI vs post-LAA ablation. 
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There was a significant decrease in LAA inflow velocity (0.77 ± 0.09 m/s vs 0.57 ± 0.13 m/s, 

p = 0.008, Figure 3-7A) and LAA outflow velocity (0.42 ± 0.11 m/s vs 0.22 ± 0.18 m/s, p = 

0.008, Figure 3-7B). Interestingly, the first 5 cases showed only marginal changes in LAA 

outflow velocity following LAA isolation, whereas the last 4 cases demonstrated marked 

reduction in or indeed absence of outflow velocities post-LAA isolation (Figure 3-7B). 

 

 

 

 

Figure 3-7. Peri-procedural LAA inflow and outflow velocities 

A: Change in LAA inflow velocity (m/s) at baseline vs post-LAA ablation/isolation. B: Change in 

LAA outflow velocity (m/s) at baseline vs post-LAA ablation/isolation. 
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There was a significant increase in LA pressure post-LAA ablation compared to that 

measured at baseline and immediately pre-LAA ablation (post-PVI) (8.7 ± 1.4mmHg vs 11.2 

± 1.8mmHg, p=0.008 and 10.0 ± 2.3mmHg vs 11.2 ± 1.8 mmHg, p = 0.03, respectively, 

Figure 3-8). However, there was no significant difference in LA pressure post-PVI vs 

baseline (8.7 ± 1.4 mmHg vs 10.0 ± 2.3mmHg, p=0.06, Figure 3-8). 

 

 

 

Figure 3-8. Peri-procedural LA pressure changes 

Change in LA pressure (mmHg) at baseline vs pre-LAA ablation vs post-LAA ablation 

 

3.3.2 Early progress 

All animals recovered well from the procedure. One animal died 36 hours after the procedure. 

Gross and microscopic examination of the heart showed no indication of a cardiac cause of 

death and specifically, no evidence of intracardiac thrombus. The device was well positioned 

within the LAA with complete occlusion of the LAA ostium. Healing of the occlusion device 

was minimal and consistent with 36 hours post implantation. Assessment of the brain 

demonstrated no evidence of thrombus within the intracranial vessels and haemorrhagic 

changes with liquefaction in the right frontal lobe and bleeding into the surrounding 
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meninges, indicating a primary haemorrhagic stroke.	  

Pre-procedural INR and peri-procedural ACT were both supra-therapeutic at 3.2 and 650 

seconds respectively, despite receiving standard warfarin doses (4.8±1.0mg vs. group mean 

4.3±0.7mg) and a total of only 6800 U of heparin (group mean 9567±2194 U) during the 

procedure. 

	  

Anticoagulation	  

The pre-procedure INR was 2.7±0.5. Anticoagulation had to be stopped prematurely after the 

procedure in three animals (3, 20 and 24 days after the procedure) due to recurrent vomiting 

in the first dog, genitourinary bleeding in the second (INR 5.2) and gastrointestinal bleeding 

(INR 5.2) in the third. 

	  

3.3.3 10-Day TTE to assess device appearance 

In the 8 surviving dogs, there was no evidence of pericardial effusion, device migration or 

dislodgement on TTE at 10 days post-procedure. 	  

	  

3.3.4 45-Day follow-up study 

TOE	  

There were no macroscopic changes in position or in compression measurements in any of 

the occlusion devices. Results are shown in Table 3-3. There were no gaps or residual colour 

flow seen around the devices, no evidence of pericardial effusion and no thrombus detected.	  
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Table 3-3. TOE device measurements at 45-day study 

Time Point Maximum device diameter at 

shoulder (mm) 

Maximum device protrusion 

from LAA os (mm) 

Initial Study 17.0±2.6  5.6±1.0 

45-Day Study 17.9±0.7 5.6±1.7 

No significant difference in maximum device diameter at shoulder (p=0.31), or maximum protrusion 

from LAA (p=0.98) 
 

Electrophysiological study	  

Endocardial mapping demonstrated that electrical disconnection persisted in 8/8 left superior 

PV, 3/8 left inferior PV, 4/8 right superior PV and 5/8 right inferior PV. 	  

Epicardial mapping demonstrated that the LAA remained isolated in 7/8 cases. This single 

reconnected LAA had previously been isolated during the initial procedure, whereas the LAA 

that we were unable to isolate during the initial procedure had become electrically isolated.	  

	  

3.3.5 Histological analysis 

Endocardial ablation injury at PV ostia and the LAA (near the device occlusion site) was 

assessed in all survival hearts. There was only minimal to mild endocardial thickening of 

tissue without erosion. Endocardial surface lesions characterised by microscopic surface 

tissue coagulation and scarring were noted in the LAA of 2/8 animals, consistent with high-

energy radiofrequency ablation within the LAA body. In the remaining 6/8 animals, LAA 

ablation injury was localised to the LAA ostium only. 

All PV ostia were patent except for mild stenosis (20%) seen in the LSPV of one animal.	  

Gross and radiographic examinations showed all occlusion devices were well positioned 

within the LAA lumens and widely and symmetrically expanded with no visible strut 

fractures (Figure 3-9B). The inferior edge of the occlusion device was a mean distance of 
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5.2±2.5mm from the mitral valve annulus. One occlusion device bordered the mitral annulus, 

but without mechanical interaction with the mitral leaflets.	  

 	  

Light microscopic examination revealed all occlusion devices from surviving animals were in 

tight apposition to the rounded shoulders of the LAA walls, effectively excluding the 

appendage lumen. Appendage walls showed mild to moderate compression from the nitinol 

frame. At the ostial level, areas of contact of the occlusion device with the LAA wall showed 

no evidence of any wall thinning in 5/8 cases and mild wall thinning in 3/8 cases, although 

there were no instances of perforation, laceration or erosion. 

In all cases, the polyester fabric of the device at the mouth of the LAA was covered with 

well-organised mature connective tissue (Figure 3-9E to 3-9I) with an endocardial tissue 

score of 3.96±0.12 (Table 3-4), apart from the central hub, which was only well covered in 

two cases. There was minimal granulation tissue or surface fibrin / thrombus deposition 

present. The reaction within the central region of the device was characterised as loosely 

organised connective tissue with dense areas of haemorrhage, neoangiogenesis, and a few 

scattered inflammatory cells, in all cases.  Overall scores for inflammatory extension 

throughout the device were very low and consisted mainly of chronic macrophages with rare 

giant cells near the device and polyester fabric (Table 3-4).	  

 

The circumflex arteries underlying the LAA were intact in all animals with widely patent 

lumens and intact medial walls, indicating no evidence of trauma to the underlying vessel. 

Sections of pericardium from the appendage typically showed fibrous thickening with foci of 

chronic inflammation, mainly macrophages. 
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Figure 3-9. Gross and microscopic images of occlusion device in-situ.  

A: Anterior radiographic view of a canine heart showing an expanded Watchman occlusion device 

positioned in the LAA. B: Close-up view of the implant showing symmetrical expansion and intact 

frame struts. C: Sawing scheme for histological sections.  Three histological sections were prepared 

from each device to include the medial, middle, and lateral margins. D: Gross image of the occlusion 

device (black arrow) positioned in the LAA, showing complete exclusion of the LAA ostium by the 

polyester crown of the device. The device surface is largely covered by a thin tan-white smooth tissue. 

The blue arrows in the image show circumferential subendocardial thickening, which likely represents 

ablative injury. E and F: Sagittal sections of an occlusion device at the middle level (E) and lateral 

level (F) of the LAA. These represent whole-mount sections with the implanted occlusion device 

completely excluding the ostium. Scale in images E and F is in millimetres.  Red, blue and green 

squares represent close-up views of inferior margin of the LAA-device interface, middle part of the 

device surface and superior margin of the LAA-device interface, respectively. G and I: Tight 

apposition of the device shoulders (W) to the LAA wall (L) with an area of ablation related scarring 

within the LAA wall adjacent to the device implant site (arrows). H: Central area of the polyester 

covering lined with a thick layer of mature fibrous connective tissue. The staining is toluidine-blue 

basic fuchsin. LAA = left atrial appendage; LIPV = left inferior pulmonary vein; RSPV = right 

superior pulmonary vein.	  
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Table 3-4. Summary of histological scores (as described in Tables 3-1a and 3-1b) for all 8 

occlusion devices from 45-day survival animals. 

Histological Score Score (mean±SD)* 

Endocardial Tissue Score 3.96±0.12 

Granulation Tissue Score 0.042±0.12 

Fibrin/Thrombus Score 0.083±0.15 

Inflammation Extension Score 0.17±0.25 

* mean of 24 histological sections, † early death animal was not included in analysis 

 

We studied the LAAs of four additional canines without previous ablation for comparison. 

The thickest areas were at the superior (1.38±0.72mm) and inferior (1.31±0.38mm) aspects 

of the LAA, as shown in Figure 3-5C. This correlated with the sites of acute electrical 

reconnection (superior and inferior LAA margins).  

Furthermore, microscopically, we reviewed 20 superior and 20 inferior sections (1 specimen 

was excluded in each set due to incomplete sectioning) from the 7 animals in which we were 

able to achieve LAA electrical isolation, in order to assess the extent of fibrosis. The areas 

where acute LAA reconnection was observed demonstrated lower levels of fibrosis and 

necrosis compared to matched samples from animals in which reconnection was not seen. 

The results are summarised in Table 3-5. 	  
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Table 3-5. The extent of LAA fibrosis and necrosis from 45-day survival animals 

	  
	   No acute 

reconnection	  

Acute 

reconnection	  

No acute 

reconnection	  

Acute 

reconnection	  

LAA Fibrosis / 

Necrosis	  

Superior LAA	  

(15 sections / 5 

animals)	  

Superior LAA 

(5 sections / 2 

animals)	  

Inferior LAA 

(9 sections / 3 

animals)	  

Inferior LAA 

(11 sections / 4 

animals)	  

None to 

minimal	  

0	   2	   0	   1	  

Mild	   4	   2	   2	   4	  

Moderate	   8	   1	   6	   6	  

Severe	   3	   0	   1	   0	  

Necrosis 5 0 1 0 

 

Assessment of non-target organs	  

There was no gross or microscopic evidence of emboli or infarction in any of the organs 

studied in all survival animals. 	  
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3.4 Discussion 

This is the first study to evaluate a strategy of concomitant LAA electrical isolation and 

occlusion with a Watchman device following PV electrical isolation. We found that the 

approach is feasible. In addition, the clinical and histological evaluation showed that this 

procedure is safe in a canine model.	  

	  

As the main focus of this chapter was to provide a detailed analysis of the safety and 

feasibility of this concomitant technique, the role of the LAA in AF is described in Chapter 4. 

	  

3.4.1 Procedural feasibility 

We were able to achieve LAA electrical isolation in all but one dog, and successfully 

implanted occlusion devices in all dogs. 

 

We utilised a sinus rhythm model instead of an AF model believing it is unlikely, although it 

has not been previously proven, that the atrial rhythm would affect the efficacy and safety of 

PV and LAA electrical isolation. In addition, irrespective of the initial rhythm, sinus rhythm 

is necessary to allow the assessment of exit conduction block prior to the occlusion of the 

LAA. 

 

The LAA ostial diameter would be expected to potentially decrease in size with 

circumferential ostial ablation, due to ablation related oedema. However, we have 

demonstrated that the ostial diameter significantly increases in size (Figure 3-6A) in this 

canine model. This is discussed in more detail in section 3.5.3. 

The acute LAA reconnection rate was 50% (4/8) and all were re-isolated. To understand the 

possible reasons underlying the observed LAA electrical reconnection, we studied four 
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additional canine LAAs that were not ablated or occluded. Evaluation demonstrated that the 

LAA ostial thickness was not uniform, with the thickest aspects at the superior and inferior 

margins of the LAA (Figure 3-5C). This correlated with the sites of electrical reconnection 

observed. 

 

To our knowledge, there are no published data on LAA ostial myocardial thickness in 

humans. Therefore, in order to translate our study findings to human LAA ostial ablation, 

human feasibility and safety data, as described in Chapter 4, will be of importance prior to 

conducting a pivotal randomised controlled trial. 

 

In the four animals in which acute LAA reconnection was seen, histological assessment of 

the anatomical areas of reconnection (superior and inferior LAA margins) demonstrated 

lower scarring grades (mild to moderate) when compared to the moderate to severe scarring 

with necrosis seen in the same anatomical areas in the remaining three in which acute LAA 

reconnection did not occur. 

We performed further ablation in these areas after acute LAA reconnection was observed. 

Therefore, this would potentially confound interpretation of the histological results. However, 

despite this confounding factor, there was still a lower severity of fibrosis found in these 

particular regions in dogs with acute reconnection compared to dogs where no reconnection 

was observed. 	  

In our experience in the canine model, when LAA reconnection occurred, the electrical 

signals re-appeared in all Lasso poles within the LAA. This could be due to LAA ostia being 

a more continuously muscular structure (segmental thickness 0.6 to 2.0mm) compared to the 

pulmonary veins where muscular extensions can be variable and not interconnected 

(segmental thickness 0.25 to 1.6mm175). 
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Therefore to test exit conduction block 45-days after the procedure, we elected to pace at two 

LAA sites at maximum pacing output, as described in the Methods section. The 45-day LAA 

reconnection rate of 12.5% (1/8) was considerably lower than the observed rate of PV 

reconnection, which predominantly occurred in the LIPV and RSPV. This may be explained 

by the waiting time and LAA re-isolation (if indicated), or by relatively extensive ablation 

utilising a higher power (35W), that was applied to the LAA but not the PVs in this study. 

Interestingly, the single LAA that we were unable to isolate during the initial procedure had 

become electrically isolated at follow up. The extensive ablation around the LAA ostium 

combined with fibrosis induced by the presence of the implanted occlusion device may 

provide a plausible explanation for this observation. However, although post-procedural 

fibrosis in this area is significant, the single case of LAA reconnection detected at 45 days 

indicates that the possibility of late reconnection still remains. 

Late LAA reconnection has only been documented in a single clinical registry study. 15% 

(25/167 cases) of patients in the study cohort demonstrated LAA reconnection at 12 

months.126 Though it must be noted that this was a cumulative figure and importantly, LAA 

reconnection was identified opportunistically at the time of symptomatically driven repeat 

ablation. Therefore, it was not possible to ascertain the exact time of LAA reconnection. It is 

theoretically possible that LAA reconnection may occur beyond 45 days, however, pre-

clinical experience with PV isolation suggests that adequate assessment of PV reconnection 

can be performed as early as 7 days post-ablation.176 

 

All devices showed complete exclusion of the LAA body at 45-day follow up as well as good 

endothelialisation of the device surface, apart from the central hub as previously described. 

Histological analysis also confirmed minimal inflammatory reaction to the polyester fabric 

and nitinol frame of the device. These results are consistent with those from a previous 



	   106	  

canine study of histological changes at 45 days post-implant,170 despite the addition of 

extensive LAA ablation in our study. This confirms that even following extensive LAA ostial 

ablation and LAA-LSPV junction ablation, the local tissue reaction to the implantation of a 

Watchman device appears benign. 

	  

3.4.2 Procedural safety 

The key safety concern regarding this novel combination of LAA isolation and occlusion in a 

single procedure was that of ablation-related tissue oedema and necrosis at the LAA ostia 

increasing the risk of device erosion or migration post-implantation. However, there was no 

evidence of any device related complications. Additionally, there was no evidence of LAA 

ostial size reduction following extensive ablation around the ostia, indicating that there was 

only minor ablation-related oedema in this area which does not impact on implantation of a 

Watchman device.	  

	  

We intentionally oversized the devices to enable a better assessment of the risk of device 

erosion through the LAA wall. This was evidenced by mild to moderate compression of the 

appendage walls, consistent with the results of previous studies.170 However, there were no 

instances of perforation, laceration, or erosion.	  

 

One animal died 36 hours after the procedure from a primary intracerebral haemorrhage. This 

diagnosis, as opposed to haemorrhagic transformation of an embolic infarction, was made 

following a postmortem examination by a neurohistopathologist. The postmortem identified a 

hypodense region of oedema surrounding the hematoma, which did not follow the 

topography of an arterial territory. This is a key distinguishing factor between a primary 

bleed and a haemorrhagic transformation of an embolic infarction.177 In addition, detailed 
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histological assessment showed no evidence of thrombus within the intracranial vessels or 

heart. In this dog, a very high procedural ACT of 650 was observed compared to the response 

with a similar heparin dose in other dogs. All other cases required 2 or more boluses to 

maintain an ACT > 350, where in this case a single dose resulted in an ACT > 600 for the 

entire duration of the case, indicating sensitivity to heparin. This combined with a 

supratherapeutic pre-procedure INR of 3.2 was the likely cause of the intracerebral 

haemorrhage and subsequent death. 

 

There is no established regimen for chronic warfarin use in canines, however, our protocol 

resulted in relatively stable INRs for the majority of the study period. Nonetheless, the high 

incidence of non-procedure related bleeding events that were observed may have been a 

result of the INR range that we adopted from our normal practice in humans (2.5-3.0) being 

relatively high for a canine model. Therefore, this increases the risk of any fluctuations in 

INR causing high absolute INR levels (>4). Indeed, the 2 surviving canines that experienced 

bleeding complications had very high INRs (5.2) on the day that bleeding was observed. 

	  

3.4.3 Physiological assessments 

Detailed TOE analysis demonstrated that the LAA ostial diameter and depth increased 

significantly post-LAA isolation (Figures 3-6A and 3-6B). This is partly as a result of the 

compliant LAA expanding in response to the fluid infused during the ablation procedure 

(mean 1383 ± 534 ml). In addition, as the electrically isolated LAA is non-contractile, it fills 

passively during left atrial systole. It is unable to actively eject the blood back into the atrium 

and empties through passive flow and a compression effect of surrounding cardiac chambers 

by transmitted pressure via the shared pericardium. Left atrial pressure was also significantly 
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higher post-LAA isolation when compared to baseline, most likely due to the quantities of 

fluid infused during the procedure (Figure 3-8). 

Overall LAA inflow and outflow velocities significantly decreased post-LAA isolation 

(Figures 3-8A and 3-8B). However, there were some notable exceptions. We would have 

expected that the LAA contraction and emptying waveform (Figure 3-10), that is usually 

seen above the baseline during atrial systole, would have been absent or significantly 

diminished post-LAA isolation as the appendage is non-contractile. In the last 4 of 9 cases, as 

expected, the LAA emptying waveform was absent or significantly diminished, (0.44±0.13 

m/s vs 0.06±0.11 m/s, p=0.002). However, in the first 5 of 9 cases we documented no 

significant change in LAA flow waveform morphology or peak LAA outflow velocities 

(0.40±0.11 vs 0.35±0.08, p=0.13) on TOE. The LAA continued to contract in these 5 cases 

after electrical isolation as demonstrated by direct LAA angiography. 

This was unexpected and is the first observation of preserved LAA function and contraction 

coincident with endocardial silence of the LAA following ablation. It may represent 

endocardial to epicardial electrical dissociation within the LAA, following ablation. This 

would result in endocardial silence though continued mechanical contraction due to persistent 

epicardial electrical activity.178 However, the precise mechanism for the observed mechano-

electrical dissociation in the LAA requires further elucidation. 
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Figure 3-10. LAA flow waveform morphology  

Pulsed wave Doppler velocity profile prior to LAA ablation: 1. During atrial systole, LAA contraction 

and emptying is seen above the baseline. 2. During early systole, LAA filling is seen below the 

baseline. 3. Passive flow during the remainder of systole is seen as alternating small waves on both 

sides of the baseline. 4. Early diastolic LAA emptying during LV early filling seen above the 

baseline. 5. An additional mid-diastolic wave from pulmonary venous filling seen below the baseline. 

 

3.4.4 Limitations 

In this study, the relatively small number of animals was a limitation. However, it 

demonstrates feasibility179 and confirms that ostial LAA ablation does not prohibit occlusion 

device implantation at the same site, in the same procedure. This experience will ultimately 

require further evaluation in humans.	  

 

Ostial PV ablation was necessitated in this study due to the small LA size and close 

proximity of the PV ostia to each other, in canines. In humans with persistent AF, the LA size 

will be significantly larger than in this canine model, therefore we would favour wide-area 

circumferential antral ablation around both sets of PVs. However, we were unable to assess 

this antral ablation technique in our study. 
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Continued Contraction And Function Of The Left Atrial Appendage After 
Electrical Isolation  

Sandeep Panikker, MBBS, H. Tom McElderry, MD, FHRS, Gregory P Walcott, MD and Tom Wong, MD, FRCP 
Royal Brompton & Harefield Hospital NHS Foundation Trust, London, United Kingdom, University of Alabama at Birmingham, Birmingham, AL!

Introduction  
Left atrial appendage (LAA) electrical isolation 
in addition to a standard ablative lesion set 
has been reported to improve freedom from 
atrial fibrillation (AF). The effect of electrical 
isolation on LAA function and contraction is 
not fully understood. We studied the 
mechanical function of the LAA following 
electrical isolation in a canine model. !

Methods  
Five canines underwent electrical isolation of 
the LAA using a 4mm open irrigated tip 
ablation catheter with the aid of a NavX 3D 
mapping system, following pulmonary vein 
(PV) isolation. A 20-pole Lasso catheter in the 
LAA and a 10-pole catheter in the CS were 
used to assess entrance and exit block. The 
LAA function was assessed by 
transesophageal echocardiography (TEE) 
using pulsed wave Doppler at the LAA ostium 
and contraction, via direct contrast injection 
into the LAA, before and after electrical 
isolation. !

Results  
After a mean RF time of 1154±727 sec at 35W, 
the LAA in all 5 canines were electrically isolated 
with entrance and exit block achieved. There was 
no significant change in LAA flow waveform 
morphology or peak LAA outflow (0.40±0.11 m/s 
vs 0.46±0.13 m/s, p=0.25) or inflow (0.78±0.08 
vs 0.62±0.14, p=0.08) velocities on TEE. The 
LAA continued to contract in all cases after 
electrical isolation as demonstrated by direct 
LAA angiography. !
!
 
Conclusion  
This is the first observation of preserved LAA 
function and contraction coincident with 
endocardial silence of the LAA following ablation. 
Importantly, there was no loss or change in the 
timing of the LAA contraction and emptying wave 
(waveform 1, see figure) that would be expected 
with LAA electrical isolation. The precise 
mechanism for the observed mechano-electrical 
dissociation in the LAA requires further 
elucidation.!
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The use of a sinus rhythm rather than an AF model is a limitation of this study as this 

procedure is more likely to be offered to patients with persistent AF if it is proven to be safe 

and effective in humans. Although, perhaps it is relatively unlikely that the atrial rhythm will 

influence the safety and efficacy of this procedure. 

 

TOE images were reviewed by two researchers and measurements made after the studies had 

been completed. However, analysis was performed in the sequence that the images were 

acquired. Thus, the TOE data may have been subjected to unconscious bias. 

 

Late erosion resulting in complications has been reported in the literature in a canine model at 

day 3170 and in human cases up to day 16180 post-implantation. The reports so far suggest that 

late erosion should be detectable within the designed 45-day period of this study.  However, 

it is conceivable that even later erosion may occur beyond 45 days following the procedure. 

 

In humans, late peri-device gaps have been shown to occur in previously well sealed 

LAAs.181 Due to the relatively short follow-up duration in this animal model we were unable 

to assess this phenomenon. 
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3.5 Conclusions  

Persistent AF ablation has a variable level of success and, frequently, multiple procedures are 

required to achieve freedom from AF. The addition of LAA electrical isolation may improve 

the success rate though the resultant mechanically non-contractile appendage carries a 

significant thromboembolic risk. Concomitant LAA occlusion following electrical isolation 

addresses this risk and may be an effective treatment for persistent AF. This is the first study 

demonstrating the safety and feasibility of this combined approach in a canine model, with a 

low reconnection rate, and no evidence of migration or erosion of the occlusion device.  

We have also, for the first time, demonstrated that the thickest areas of the LAA ostial tissue 

correlate with the observed sites of electrical reconnection. Insight into these factors may 

improve the ability to deliver effective ablation to achieve durable left atrial appendage 

isolation. 

This study provides the foundation to address the efficacy, safety and feasibility of this 

technique in humans, which, in a single procedure, has the potential to improve ablation 

success rates and preclude the need for chronic anticoagulation.	  

 

 

 

 

 

 

 

 

 



	   112	  

4  Left Atrial Appendage Electrical Isolation and Concomitant 

 Device Occlusion To Treat Persistent Atrial Fibrillation: A 

 First in Human Safety, Feasibility and Efficacy Study 

	  
Clinical Trial Registration 

https://clinicaltrials.gov/ct2/show/NCT02028130 

 

4.1 Introduction 

Catheter ablation has transformed the treatment of atrial fibrillation (AF),103,165 however, the 

rhythm outcomes in treating persistent AF are variable, often requiring multiple procedures to 

maintain long-term freedom from atrial arrhythmias.168 Focal sources and other arrhythmic 

substrates outside the PVs have been found to play a key role in maintaining persistent 

AF.117,119,126 The left atrial appendage (LAA) has been shown to be a particularly important 

source of foci perpetuating AF.119,126,182,183 Consequently, LAA electrical isolation may 

improve freedom from AF.117,126,184,185 However, ablation within the LAA carries a risk of 

perforation,164 while ostial electrical isolation of the LAA without occlusion, carries a risk of 

thromboembolism.163 The combination of conventional AF ablation with LAA electrical 

isolation and occlusion within a single procedure may be synergistic in improving the success 

rate of ablation whilst also mitigating stroke risk and reducing the bleeding risk of long-term 

anticoagulation. 

In Chapter 3, this procedure has been demonstrated in canines to be both feasible and safe. 

However, the feasibility, safety and efficacy of this procedure in humans are not known. 

It was hypothesised that the left atrial appendage is related to the arrhythmogenesis of atrial 

fibrillation and electrical isolation of the left atrial appendage followed by mechanical 
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occlusion during an index persistent atrial fibrillation ablation procedure is feasible, safe and 

improves the procedural efficacy. 

The pre-clinical study provided extremely valuable insights and aided in the planning of this 

translational clinical pilot study. It also provided validation of the methodology and 

measurements employed during the clinical study, specifically delineation of the optimum 

method of electrically isolating the LAA. 

 

 

4.2 Methods 

4.2.1 Sample size estimation 

As no data exists on this combined technique, sample size estimations are difficult, however, 

we believe that 20 patients would be adequate for this proof of concept pilot study design as 

it would give us sufficient information with which to establish the safety and feasibility of the 

technique. 

 

The study protocol is summarised in Figure 4-1. 
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Figure 4-1. Study design flow chart.  

CT-LA = CT of the left atrium, TTE = transthoracic echocardiogram, QOL = quality of life, TOE = 

transoesophageal echocardiogram, PVI = pulmonary vein isolation, MVI = mitral valve isthmus, CTI 

= cavotricuspid isthmus, CARTO = 3D electroanatomical mapping system, LAA = left atrial 

appendage.	  

 

4.2.2 Patients 

Enrolment criteria were age ≥18 years, longstanding persistent AF (>12 months) and 

CHA2DS2-VASc186 score ≥1. Patients with persistent AF awaiting ablation were 

consecutively screened and prospectively enrolled in this matched case-control study across 

two UK sites between July 2013 and April 2014. 

Exclusion criteria were prior catheter or surgical AF ablation, LAA ostial diameter >33mm, 

pregnancy, prior atrioventricular nodal ablation or complete heart block with a permanent 

pacemaker, contraindication to anticoagulation, persistent thrombus in left atrium despite 

TOE 

TOE 

TOE 
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anticoagulation, active malignancy, life expectancy < 6 months, cerebrovascular accident 

within previous 6 months, reversible causes of AF including thyroid disorders, acute alcohol 

intoxication, recent major surgical procedures/trauma, cardiac events (myocardial infarction, 

percutaneous coronary intervention, valve or coronary bypass surgery) within previous 3 

months, previous heart transplant, severe neuromuscular disease, creatinine clearance <30 

ml/min, current participation in another research study, unable to understand and comply 

with protocol or to give written informed consent, contraindication to general anaesthesia.  

All procedures were performed after obtaining written informed consent. The study protocol 

was approved by the regional ethics committee (please see appendix for details). Baseline 

assessments are summarised in Figure 4-1. 

 

4.2.3 Catheter ablation of AF  

Right and left femoral vessels were cannulated under general anaesthesia.  Arterial pressure 

was monitored continuously via the right radial artery. Transoesophageal echocardiography 

(TOE) was performed to assess the appearance of the cardiac chambers, interatrial septum, 

LAA and PVs. A decapolar catheter was advanced to the coronary sinus and the left atrium 

was entered through double transseptal punctures, via the right femoral vein, under TOE and 

fluoroscopic guidance. On crossing the atrial septum, intravenous unfractionated heparin (100 

U/kg) was administered, with further boluses (20-50 U/kg) if necessary, to target an activated 

clotting time (ACT) of 300-350 seconds. 

Catheter ablation was guided by a 20 pole circular PV catheter (Lasso, Biosense Webster, 

Diamond Bar, CA, USA), 3D-mapping (Carto 3, Biosense Webster, Diamond Bar, CA, USA) 

and conventional electrophysiology recording (LabSystem Pro, Bard, Lowell, MA, USA) 

systems. Ablation was performed with an open-irrigated, 3.5mm-tip ablation catheter 

(SmartTouch Thermocool, Biosense Webster, Diamond Bar, CA, USA), limiting power to 
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30W in most areas. 

The PVs were electrically isolated with wide area circumferential ablation, and linear 

ablation was performed at the left atrial roof, lateral mitral valve isthmus (MVI) and 

cavotricuspid isthmus (CTI). 

 

4.2.4 LAA ablation and LAA closure 

Aiming for a contact force of 15-20g, higher power (35W) was used to ablate at the atrial side 

of the LAA ostium, in view of potentially greater tissue thickness in this area as was 

experienced in a canine model (Chapter 3). Additional ablation was performed at the left 

superior pulmonary vein-LAA ridge on both the pulmonary venous and LAA sides (Figure 4-

2A and B). Following isolation of the LAA (Figure 4-2C), a 60-minute observation period 

ensued to identify early LAA reconnection.  At the beginning of this period, bidirectional 

conduction block of all previous lesions was confirmed and additional ablation performed if 

required. Entrance and exit block of the LAA were re-assessed before and after a 12mg 

intravenous adenosine bolus.173 When reconnection was identified, the LAA was re-isolated. 

For standardisation between the study and control groups, acute PV reconnection was not 

assessed using adenosine. The LAA was then occluded with an appropriately sized Watchman 

device (Boston Scientific, Marlborough, MA, USA), as has previously been described in 

detail,174 using the existing transseptal puncture (Figure 4-2D and E). Key implantation 

measurements included device compression ratio (final device diameter/original device 

diameter, %) and device protrusion from LAA ostium (mm).	  
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Figure 4-2. LAA electrical isolation.  

A: Ablation of the LAA. Anteroposterior fluoroscopic view of the ablation catheter (at the LAA 

ostium), 20-pole circular catheter (distal to the LAA ostium) and 10-pole catheter (within the 

coronary sinus) arrangement during LAA ablation. B: Left lateral 3-D anatomical image 

demonstrating ablation lesions at the anterior, superior and inferior LAA ostial margins (light blue) 
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and at the posterior LAA ostium (red) adjacent to the LAA-LSPV ridge. C: Intracardiac electrograms 

from same patient demonstrating slowing of LAA potentials followed by isolation of LAA during 

ablation. Occlusion device implantation in right anterior oblique fluoroscopic view. D: Contrast 

injection into LAA post-isolation. The site of the LAA ostium is illustrated with a dashed line. E: 

Following release of the occlusion device. LAA = left atrial appendage, LSPV = left superior 

pulmonary vein. 

 

Ablation end-points 

3. Entrance block – the absence or dissociation of PV and LAA potentials when compared to 

local LA potentials, recorded by the Lasso catheter positioned sequentially in the PVs and 

LAA.	  

4. Exit block – the dissociation of PV and LAA potentials when compared to local LA 

potentials, confirmed during pacing from the Lasso catheter positioned sequentially in the 

PVs and LAA showing local capture and disassociation with the atrial activity.	  

5. Linear ablation block – bidirectional conduction block across the line confirmed by means 

of differential pacing.103,162 

 

LA pressure and LAA physiological assessments 

Intra-procedural measurements of LAA depth and ostial size, LAA outflow and inflow 

velocities by transoesophageal echocardiography (TOE) and left atrial pressure via the left 

atrial sheath were recorded at 3 separate times points: post-transseptal puncture, post-AF 

ablation and post-LAA isolation, to identify the influence of each part of the ablation 

procedure on these parameters. Left atrial pressure was additionally measured post-LAA 

closure. 
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4.2.5 Follow-up  

Patients were followed up at 45 days, 3 months, 6 months, 9 months and 12 months (Figure 4-

1). 

 

Rhythm monitoring and further procedures 

Seven day continuous ECG monitoring (R-test Evolution 4, Novacor, Paris, France) was 

performed at 3, 6, 9 and 12 months. Two experienced cardiac physiologists independent and 

blinded of the study interpreted the results. Where there was ambiguity, there was a consensus 

opinion of an independent blinded electrophysiologist. 

If persistent atrial arrhythmia recurred during a pre-specified 3-month blanking period, the 

patient was treated by electrical cardioversion. When atrial arrhythmia recurred outside of the 

blanking period a second catheter ablation procedure was offered. Class I and III 

antiarrhythmic drugs were stopped within the blanking period. If repeat ablation was 

performed, direct assessment of LAA conduction was not possible, however, we mapped for 

far-field LAA electrical activity within the LSPV. Warfarin was also continued until at least 2 

months after repeat ablation. 

 

Imaging	  

CT scan and TOE were performed at 45 days to assess the device location, identify gaps or 

thrombus, and detect any effect impingement on the LSPV or mitral valve. If appearances 

were satisfactory with no gaps ≥ 5mm, warfarin was stopped 6 weeks later and replaced with 

aspirin 75mg once daily. TTE was performed at 6 months to compare left atrial dimensions 

with baseline. TOE was repeated at 9 months to detect any peri-device gaps or thrombus 

formation. 
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4.2.6 Study endpoints 

The primary efficacy endpoint was successful LAA electrical isolation and occlusion. The 

safety endpoint was absence of any major procedure-related complication or thromboembolic 

event during follow-up. The secondary endpoints were single procedure atrial arrhythmia-

free survival, AF-free survival and atrial arrhythmia-free survival time (all defined by 

symptoms and ECG monitoring, off antiarrhythmic drugs, with duration >30 seconds, to 12 

months, outside of blanking period), LA size (by TTE at 6 months) and AFEQT quality of 

life score (at 12 months). 

	  
4.2.7 Histologic Assessment of LAA Ostium 

Ten human hearts matched for duration of continuous AF and left atrial size, that had not 

undergone ablation or LAA occlusion, were studied for comparison. Histologic assessment of 

the regional variation in LAA ostial thickness was performed in order to correlate with 

potential areas of acute reconnection (Figure 4-3B to 4-3E). Hearts were incised laterally 

through the left atrium and ventricle to expose the left atrial appendage ostium. Digital images 

were obtained using the Canon Rebel XSi system. Sections were taken in four quadrants 

(superior, inferior, anterior and posterior) relative to the left atrial appendage ostium. Digital 

images of the sections were obtained prior to processing. The tissue sections were dehydrated 

in a graded series of ethanol, infiltrated and embedded in paraffin. Each block was sectioned at 

4-6 microns, mounted onto slides and stained with haematoxylin and eosin and Movat’s 

pentachrome. Subsequently, Movat stained slides were scanned using the ZEISS Axio 

Scan.Z1 (Carl Zeiss Microimaging, Inc.). Morphometric analysis was performed using Zen 

2012 Blue Edition (Carl Zeiss Microimaging, Inc.) and measurements were taken of the area 

representing the LAA-LA junction. 
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4.2.8 Control group 

We compared the rhythm outcomes (12 month single procedure atrial arrhythmia-free survival, 

AF-free survival and atrial arrhythmia-free survival time) of the study patient group with those 

of a balanced control group. A database of 171 consecutive persistent AF patients undergoing 

AF catheter ablation over the same time interval as the study group was examined. Study 

patients were balanced with controls by age, sex, presence of structural heart disease, duration 

of continuous AF, LA dimensions and AF ablation lesion set (excluding LAA isolation). This 

was performed blinded to procedural outcome. From this subgroup of balanced patients, 40 

(1:2 ratio of study to controls) consecutive patients were selected to become the control group. 

Follow-up in the control group was similar to the study group (Holter ECGs at 3, 6 and 12 

months) and rhythm outcomes were assessed independently and blinded. 

 

4.2.9 Statistical Analysis 

Continuous data are presented as mean±SD, mean (95% confidence interval), median 

(interquartile range) and comparisons made using Student’s t-test. Categorical data are 

presented as frequency/percentage and comparisons made using Fisher’s exact test in view of 

the relatively small sample size. The Kaplan-Meier method was used for graphical 

assessment of time-related events. All patients without an event or lost to follow-up were 

censored at the time of the last known event status. Cox proportional hazards regression was 

used to assess for differences in atrial arrhythmia recurrence and quality of life scores 

between the study and control groups. A two sided p < 0.05 was considered statistically 

significant. All data were analysed using Stata 12 (Statacorp, College Station, Texas, USA). 
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Figure 4-3. Sites of acute LAA reconnection and regional variation in LAA ostial 

thickness.  

A: Location of acute LAA reconnection sites superimposed on right anterior oblique (350) 

fluoroscopic view of the LA with contrast opacified LAA. All of the reconnection sites are located at 

the base of the LAA: 21 at the anterior margin, 13 at the superior margin, 2 at the inferior margin and 

1 at the posterior margin. The location of each reconnection is marked with a circle on the segment of 

LAA involved. B: Gross view of non-ablated LAA, LSPV and MV. The LAA walls were cut 
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longitudinally along the red and blue lines and the regional LAA wall thickness was measured. 

Asterisks indicate significantly thicker ostial tissue at superior and anterior LAA margins compared to 

inferior and posterior margins (p= 0.02). Sizes in mm. C and D: Sections through anterior and 

posterior walls (C) and superior and inferior walls (D). E: Example of tissue section through the 

anterior margin of the LAA ostium including the LA-LAA junction and adjacent LA and LAA body, 

stained with haematoxylin and eosin, and Movat’s pentachrome. LAA = left atrial appendage, LSPV 

= left superior pulmonary vein, MV = mitral valve, LA = left atrium 
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4.3 Results 

4.3.1 Patients 

48 patients were prospectively screened for inclusion, 23 were enrolled and underwent 

baseline investigations. One patient was excluded as their baseline CT scan demonstrated an 

LAA ostial diameter >33mm. 22 patients were included into the study (Figure 4-4). Baseline 

characteristics of the study patients and controls are summarised in Table 4-1. 

 

Figure 4-4. Consort diagram demonstrating study profile.  

LAA = left atrial appendage. 
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Table 4-1. Characteristics of study patients (n=20) and their balanced controls (n=40) 

Characteristics 

 

 

Study 

population 

(n=20) 

Control 

population 

(n=40) 

p-value 

 

 

Age, mean±SD, yr 68±7 67±6 0.57 

Sex, n (%)       

Female 7 (35%) 14 (35%) 1 

Male 13 (65%) 26 (65%) 1 

Structural heart disease, n (%) 3 (15%) 6 (15%) 1 

Duration of continuous AF, 

mean±SD, month 

25±15 24±12 0.78 

LA size, mean±SD, mm 46±3 45±4 0.33 

Lesion set, n (%)       

PV isolation 20 (100%) 39 (98%) 1 

Roof line 20 (100%) 39 (98%) 1 

Lateral MVI line 20 (100%) 35 (88%) 0.16 

CTI line 20 (100%) 40 (100%) 1 

CHA2DS2-VASc, mean±SD 3.1±1.2 3.0±1.6 0.81 

HAS-BLED, mean±SD 2.5±1.1 2.3±1.3 0.56 

RF duration, mean±SD, min 89.6±23.4 73.4±19.2 0.006 

Total procedure time, min*  276.0±46.6 211.2±49.1 <0.001 

HAS-BLED scoring system to assess 1-year risk of major bleeding in patients with atrial fibrillation. 

AF = atrial fibrillation; CTI = cavotricuspid isthmus; LA = left atrium; MVI = mitral valve isthmus; 

and PV = pulmonary vein. 

*Including mandatory 60 minute wait time post-LAA electrical isolation. This was not included in the 

control cases 

 

4.3.2 Index procedure 

Bidirectional block of all PVs, roof, lateral MVI and CTI was achieved in all 22 patients. 

Additional coronary sinus (CS) ablation was required to achieve bidirectional block across 

the mitral isthmus in 12/22 (55%) cases during which the CS was isolated in its distal portion 

in 2/22 (10%) cases. Prior to LAA ablation, far-field LAA signals were seen within the LSPV 

in all cases. The LAA was electrically isolated in 20/22 (91%), mean ablation time 25.4±19.2 
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min. Additional distal coronary sinus (CS) ablation was required to achieve LAA isolation in 

8/20 (40%). Far-field LAA signals were no longer visible within the LSPV following 

isolation. In two cases there were anatomical anomalies that prevented successful LAA 

isolation. In first case, an acute, retrograde angulation of the mid to distal LAA resulted in the 

distal LAA being in direct contact with the anterolateral left atrial epicardial wall. There was 

therefore a residual sleeve of electrical conduction between the distal LAA and LA that we 

were unable to safely ablate to isolate the LAA. In the second case, there was a residual, 

patent vascular connection between the distal CS and anterior LAA that was discovered 

during epicardial ablation of the LAA via the CS. This resulted in a persistent sleeve of 

conduction tissue that we were unable to completely ablate. 

The procedural parameters are summarised in Table 4-2. 

The two patients in whom LAA isolation was not achieved did not receive an LAA closure 

device and were excluded from further analysis of the main cohort. The remaining 20 patients 

became the study population. Acute reconnection of the LAA occurred in 17/20 cases during 

the 60 minute waiting time. Amongst these 17 cases there were 37 acute LAA reconnections 

(2.2±1.2 per case). These were anterior in 21/37 (57%), superior in 13/37 (35%), inferior in 

2/37 (5%) and posterior in 1/37 (3%) cases, Figure 4-3A. All were re-isolated with further 

ostial LAA ablation (8.1±6.5 min). Following the 60-minute wait, no further LAA 

reconnections were revealed by adenosine bolus in the 20 patients.	  

 

4.3.3 LA pressure and LAA physiological assessments  

There was a significant increase in LAA ostial diameter between the baseline and post-LAA 

ablation measurements (19±2mm vs 21±2mm; p = 0.02). This corresponded with a 

significant increase in LA pressure between the baseline (immediately post-transseptal 

puncture) and post-LAA isolation studies (12±4 vs 17±3mmHg; p = 0.01) and the post-linear 
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ablation and post-LAA isolation studies (15±4 vs 17±3mmHg; p = 0.006), Table 4-3. There 

was no significant change in LA pressure between the post-LAA isolation and post-LAA 

closure studies. 

 

4.3.4 LAA occlusion 

LAA occlusion was successfully completed in all 20 cases, in which it was attempted after 

successful LAA isolation. There were no residual gaps. Device compression (81±7 %) and 

protrusion (7.5±2.3 mm) were satisfactory. The primary efficacy endpoint was met in 20/22 

(91%) of cases. There were no peri-procedural complications. 
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Table 4-2. Summary of Initial Procedure Results 

Total procedure time 276.0±46.6 min* 

Total ablation time 89.6±23.4 min 

Total LAA ablation time 33.5±27.7 min 

Fluoroscopy time 39.3±13.3 min 

Fluoroscopy dose 10212±5595 mGy 

 

Pulmonary veins successfully isolated 

Roof, MVI and CTI lines successfully blocked 

 

88/88 (100%) 

22/22 (100%) 

LAA successfully isolated 20/22 (91%) 

Acute LAA reconnections (all re-isolated by RF) 

• During 60 min wait 

• Post-adenosine bolus 

17/20 (85%) 

17/17 (100%) 

0/20 

Additional CS ablation to achieve LAA isolation 

LAA successfully isolated at end of procedure  

8/20 (40%) 

20/22 (91%) 

 

Device successfully implanted 

Number of devices used per case 

 

20/20 (100%) 

1.05±0.22 

Device size 27.3±3.1 mm 

Device implant time 22.6±8.6 min 

Device compression (% change in diameter) 81±7 % 

Device protrusion 
Total fluid input 

7.5±2.3 mm 
3172±928 ml 

CS = coronary sinus; CTI = cavotricuspid isthmus; LAA = left atrial appendage; MVI = lateral mitral 

valve isthmus.* From induction of general anaesthesia to transfer from catheter laboratory table, 

including mandatory 60 minute wait time post-LAA electrical isolation. LAA, left atrial appendage; 

RF, radiofrequency 
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Table 4-3. Changes in LAA Ostial Diameter and LA Pressure 

Time Point LAA Ostial Diameter (mm) LA pressure (mmHg) 

Baseline  19.1±1.9* 11.5±4.0† 

Post-linear ablation  19.7±1.9 14.9±3.5‡ 

Post-LAA ablation 

Post-LAA closure 

20.7±2.4* 

n/a 

16.7±2.7†,‡ 

17.1±3.2 

LA = left atrium; LAA = left atrial appendage. 

*There was a significant change in LAA ostial diameter between the baseline and post-LAA ablation 

measurements (p = 0.02). This corresponded with a significant increase in LA pressure between † the 

baseline (prior to transseptal puncture) and post-LAA isolation studies (p = 0.01) and ‡ the post-linear 

ablation and post-LAA isolation studies (p = 0.006). There was no further increase in LA pressure 

following LAA closure. 

 

4.3.5 Follow-Up 

45-day CT and TOE	  

There were no changes in position or in compression measurements of any device. 1/20 (5%) 

had a gap ≥5mm requiring continued anticoagulation. 19/20 (95%) met criteria to stop 

warfarin at 3 months. There was no evidence of PV stenosis or extrinsic compression from 

the device of the LSPV, in particular. The circumflex artery lumen was uncompromised.  

 

6 month TTE 

The indexed left atrial volume significantly decreased at 6 months compared with baseline 

(mean difference -5.12cm3 (-8.12 to -3.87cm3), p=0.002. 

 

9 month TOE 

19/20 (95%) patients had unchanged appearances compared to their 45-day TOE. The 

remaining patient, 1/20 (5%), developed a 1x2mm thrombus adherent to the device surface 

(without peri-device gaps), requiring anticoagulation resumption. This patient had undergone 

repeat ablation for atrial tachycardia at 3 months and had stopped warfarin at 5 months. 
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4.3.6 Arrhythmia recurrence 

Electrical cardioversion was required during the blanking period in 2 patients, one of whom 

remained arrhythmia-free for the remainder of the study. Eight patients had atrial arrhythmia 

recurrence outside the blanking period (1 AF, 7 AT). Six patients had a further ablation 

procedure during follow-up: 4 for persistent atrial tachycardia (AT), 1 for paroxysmal AT 

and 1 for persistent AF. The AT mechanisms were, i) peri-mitral flutter followed by roof-

dependent AT, ii) low posterior LA wall focal AT, iii) roof-dependent AT and iv) peri-mitral 

flutter. Termination of AT to sinus rhythm was achieved in all 4 cases of persistent AT.  

PV reconnection was seen in 4/6 of the redo procedures. In 2 of these 4, PV reconnection was 

unrelated to the persistent AT. Termination was achieved with ablation at the roof line (roof-

dependent AT), and mitral isthmus line (mitral isthmus-dependent AT), respectively. The 

remaining 2 cases had recurrence of persistent AF (PV re-isolation terminated AF to a mitral 

isthmus-dependent AT) and paroxysmal AT (clinical AT was non-inducible after PV re-

isolation), respectively, related to PV reconnection. 

There was no evidence of far-field LAA electrical activity within the LSPV, in particular, 

within the anterior (LAA) border of the LSPV in any of the six cases, thereby indicating no 

late LAA reconnection. 

Of the remaining two patients with AT, one developed persistent AT at 97 days and declined 

ablation - they cardioverted to sinus rhythm with oral flecainide and remained asymptomatic 

in sinus rhythm for the remainder of the study. The final patient developed a short (6.2 

minutes) episode of asymptomatic AT at 12 months.   

 

Single procedure success rate 

12-month arrhythmia-free survival was 60%, off antiarrhythmic drugs for the study group vs 

40% for the control group, (HR (95% CI) = 0.57 (0.26, 1.28), p=0.17, Figure 4-5A). Mean 
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arrhythmia-free survival time was 281 (90 to 365) days in the study group and 227 (90 to 

365) in the control group (p=0.17). 12-month freedom from AF was 19/20 (95%), 

significantly higher than in the control group (25/40 (63%); HR = 0.11 (0.02, 0.87), p=0.036, 

Figure 4-5B). 
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Figure 4-5. 12-month atrial arrhythmia-free (A) and AF-free (B) estimation after a 

single ablation procedure, off antiarrhythmic drugs, in study and case control groups.  

The blanking period was set at 3 months, after which occurrence of documented atrial 

tachyarrhythmia >30s constituted procedural failure. 

 

A	  

B	  
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Multi-procedure success rate 

Of the 6 patients who had a second procedure, all remained in sinus rhythm at 12 months. 

Therefore, over 12 months, the arrhythmia-free survival following one or two ablations 

(mean 1.3) was 90% (18/20).  

All successful cases had discontinued class I and III antiarrhythmic drugs by 3 months. 

  

4.3.7 Quality of life 

The global AFEQT score for the study group (n=20) was 48.2±19.5 at baseline, which 

improved to 78.7±22.6 at 12 months.  

Patients who remained arrhythmia free had a higher quality of life score at 12 months 

(69.9±24.4 vs 84.5±18.5). Cox proportional hazards regression demonstrated that, correcting 

for censoring and for baseline AFEQT score, at 12 months the risk of atrial arrhythmia 

recurrence was reduced by 3% for a unit increase in AFEQT score, though this was not 

statistically significant (HR = 0.97 (0.93, 1.01), p=0.13). 

 

4.3.8 Complications 

There were no major peri-procedural complications and no thromboembolic events peri-

procedurally or during follow-up. Therefore, the primary safety endpoint was met in all 

cases.  

There was one chest infection post-procedure which resolved after 48 h. Another patient had 

an urticarial reaction which resolved after 72h. This may have been related to anaesthesia as a 

similar reaction had previously occurred during a non-cardiac procedure. One patient with a 

pre-existing history of quiescent oesophageal varices had an upper gastro-intestinal bleed at 7 

months having stopped warfarin and started aspirin at 3 months. The varices were 

subsequently banded and aspirin was stopped with no further recurrence of bleeding.  
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4.3.9 Histologic Analysis 

Examination of ten matched human hearts (continuous AF duration, 30±16 months vs 25±15 

months (study patients), p=0.40; and left atrial size, 48±5mm vs 46±3mm (study patients), 

p=0.18) demonstrated the thickest LAA ostial areas were at the anterior (2.5±0.8mm (range 

1.4 – 4.0mm)) and superior (2.4±1.2mm (1.1 – 4.8mm)) margins. The inferior (1.6±0.8mm 

(0.6 – 3.6mm)) and posterior (1.6±0.8mm (0.8 – 2.9mm)) margins were significantly less 

thick (p= 0.02) (Figure 4-3). These findings correlated well with the recorded sites of acute 

reconnection. 
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4.4 Discussion 

This is the first clinical study to evaluate a strategy of concomitant LAA electrical isolation 

and occlusion with a Watchman device as part of a standard persistent AF ablation. We found 

that the approach was not only feasible, but also safe and at least as effective in maintaining 

sinus rhythm as conventional AF ablation. 

 

From an embryological perspective, the LAA is the remnant of the primitive LA, formed by 

the adsorption of the nascent PVs and their branches during the fourth week of embryonic 

development.146 The junction between the LA and LAA contains anisotropic tissue with 

complex fibre orientation which results in electrophysiological properties that may predispose 

this region to support anatomical reentry or anchor functional rotors.147 It is thus plausible that 

the LAA may initiate AF akin to the PVs and could explain a role of the LAA in maintaining 

persistent AF.147 

Prolongation of AF cycle length during ablation of persistent AF heralds AF termination. 

Researchers have previously demonstrated that the increase in AF cycle length (measured in 

the coronary sinus, right atrial appendage and LAA) during ablation of the LAA is 

significantly greater than the prolongation observed during ablation at other sites (8.9±9.2ms 

versus 3.8±6.4ms; p = 0.0001).119 Notably, when ablation sites were randomised in sequence, 

the LAA emerged as an important region where significant cycle length prolongation (≥5ms) 

or AF termination was demonstrated in 59% of patients.119  

 

A large registry study (n=987) demonstrated that 27% of recurrences in patients who had 

undergone AF ablation (18% paroxysmal, 82% non-paroxysmal) involved a LAA focus and 

critically, in 8.7% the LAA was the only source of AF.126 Furthermore, if the LAA was not 

ablated and electrically isolated, the post-procedure AF or atrial tachycardia recurrence rate 
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was 74%, compared with 15% when the LAA was successfully isolated (p<0.001). Similarly, 

another cohort study has demonstrated that LAA electrical isolation improves the clinical 

outcome in repeat ablation of longstanding persistent AF.117 An ongoing randomised 

controlled trial (BELIEF trial),187 which seeks to determine whether empirical LAA isolation 

along with a standard ablation protocol is superior to the standard approach alone, may 

corroborate these findings. However, the standard anticoagulation regimen with warfarin, that 

this trial utilises, may not provide sufficient protection against the thromboembolic risk of an 

electrically isolated LAA.163 

 

Two major safety concerns arise when considering the techniques of LAA ablation. Firstly, 

the thin aspects of the LAA wall may be prone to perforation.151,164 However, no conclusive 

data exist on the optimal ablation strategy to minimise this risk. Secondly, the electrically 

isolated, non-contractile LAA is a highly thrombogenic source.163  

 

4.4.1 LAA Occlusion 

A number of percutaneous LAA occlusion devices have been developed,174 though, at present, 

randomised controlled data is only available for the Watchman device.  The randomised 

PROTECT AF study, comparing the efficacy of this device to treatment with warfarin, 

showed that the device was non-inferior in terms of stroke, systemic embolism, or 

cardiovascular or unexplained death in patients with non-valvular AF.174 Subsequently, 4 

year follow up data showed statistically superior rates of cardiovascular death, all-cause 

mortality, and haemorrhagic stroke in the Watchman group.187 A more recent randomised 

study of Watchman vs warfarin (PREVAIL)56 has been reported, though the event rates in 

both arms were very similar, with an unexpectedly low event rate in the warfarin arm.  
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4.4.2 Procedural Feasibility 

Having previously demonstrated this in canines (Chapter 3), in this study we have shown, for 

the first time in humans, that in addition to a standard AF ablation protocol, concomitant 

LAA electrical isolation and occlusion is feasible. We were able to achieve LAA electrical 

isolation in all but two cases (20/22) and successfully implanted occlusion devices in all of 

these. 

 

The LAA ostial diameter might be expected to decrease in size with circumferential ostial 

ablation, due to ablation related oedema, however we found that it actually significantly 

increases in size (Table 4-3), as seen in our canine model (Chapter 3). This correlates with a 

significant increase in LA pressure, presumably due to fluid infused during ablation. It is 

therefore important to make LAA sizing measurements after completing ablation in order to 

correctly size an LAA closure device. 

Interestingly, after cessation of ablation, there was no further increase in LA pressure 

following LAA closure despite excluding a capacitance chamber such as the LAA. This 

phenomenon may be a result of the LA demonstrating minimal resistance to expansion at 

relatively low pressures, thereby leading to minimal increases in LA pressure. 

 

Ablation within the distal CS was frequently required to isolate the LAA, however, there is 

very limited literature on this technique.163 CS ablation may interrupt the distal leftward 

extension of the Bachmann bundle at the epicardial aspect of the mitral isthmus and therefore 

isolate part of the LAA. In addition, the adjuvant use of distal CS ablation when required, 

may have contributed to our ability to achieve acute MVI block in all study cases. However, 

due to the small sample size, this was not significantly greater than that achieved in the 

control group (100% vs 88%; p=0.10).  
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Acute LAA reconnections occurred in 85% (17/20) and were usually at the anterior and 

superior margins, in keeping with the increased thickness seen at those sites in the cadaveric 

hearts (Figure 4-3). Interestingly, there was no evidence of acute LAA reconnection 

following adenosine bolus in any case, although we have previously shown adenosine 

induced acute LAA reconnection in a canine model (Chapter 3). This finding was perhaps 

due to extensive ablation at higher power at the LAA ostium. 

The limited data on late LAA reconnection following circumferential electrical isolation 

show rates of 12.5% (1/8 cases) at 45 days in a canine model (Chapter 3) and 15% (25/167) 

at 12 months in a large registry study.126 In the six patients who underwent repeat ablation in 

our study, there was no evidence of LAA reconnection as determined by the absence of far-

field LAA electrical activity within the anterior (LAA) border of the LSPV. It is possible that 

such activity was abolished by local ablation or the presence of the device margins, rather 

than by LAA isolation. Although far-field LAA electrograms are an indirect measurement 

and therefore only a potential indicator of LAA reconnection, they were present within the 

anterior LSPV border at the index procedure in all cases pre-LAA isolation and were no 

longer visible within the LSPV following isolation in all cases. Therefore, even taking the 

aforementioned factors into account, LAA reconnection is very unlikely in the absence of far-

field LAA electrograms within the LSPV. 

Hypothetically, if there was evidence of late LAA reconnection, performing LAA ablation 

around the ostium may be challenging in the presence of an implanted Watchman device, as 

this may restrict catheter contact with the LAA ostial tissue and potentially interfere with RF 

energy delivery due to high impedances on contact with the device itself. Therefore, if there 

was a wide area of reconnection, the ablation line may have to be extended anteriorly and 

inferiorly to connect the left atrial roof-line to the mitral isthmus line in order to re-isolate the 

LAA. However, if there was only a small sleeve of reconnection, then it may be possible to 
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perform limited ablation just proximal to the LAA ostium to re-isolate the LAA. 

A possible alternative approach would be to perform the LAA closure procedure some weeks 

after the index ablation. This would permit LAA re-isolation in the event of reconnections but 

would need to be balanced by the short-term risk of thromboembolism and need for a second 

procedure. 

Although there was evidence, in five cases, of continued contraction of the LAA despite 

electrical isolation in a canine model (‘mechano-electrical dissociation’, Chapter 3), this 

phenomenon was not observed in humans in this study. 

 

4.4.3 Alternative Devices 

Of the other LAA occlusion devices that are currently available, epicardial LAA occlusion 

with the LARIAT device may have a theoretical advantage of achieving occlusion as well as 

isolation in the same setting. However, at present, published data on the initial experience of 

combining this technique with percutaneous AF ablation has been with a sequential 

procedure in two sittings due to bleeding complications encountered when performing this as 

a concomitant procedure.185 There are also concerns about potentially high complication rates 

with the LARIAT technique.61 The use of other LAA occlusion devices for this purpose is 

also theoretically possible but untested. 
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4.4.4 Procedural Safety 

Theoretical safety concerns centre around the possibility of LAA ostial oedema leading to 

over or under sizing of the device, resultant necrosis of the atrial wall or device migration, 

and pulmonary vein stenosis. None of these complications were observed despite detailed 

imaging over 9 months, nor were there any major peri-procedural complications. 

Additionally, there was no evidence of LAA ostial size reduction following extensive 

ablation around the ostia. 

In humans, late peri-device gaps have been shown to occur in previously well sealed 

LAAs.181 This phenomenon was not seen in this study between 45 days and 9 months, 

although one patient had developed a gap by 45-days that persisted at 9-months. An 

asymptomatic sessile thrombus was detected on the device surface of another patient at 9 

months, that was not present at 45-days or at 3 months (redo-ablation), and resolved on repeat 

TOE after 6 weeks of anticoagulation. As ablation was performed 117 days after LAA 

closure, the device may only have been covered by a thin layer of endothelial tissue, which 

could be potentially injured during catheter movement and thus promote thrombus formation. 

Based on this possibility, in similar circumstances following redo ablation, we would 

recommend follow-up TOE examination before termination of OAC. 

 

4.4.5 Procedural Efficacy 

Left atrial size was reduced by ablation, consistent with previous observations of positive left 

atrial remodelling in persistent AF patients,188 and the AFEQT score improved significantly.  

The 12-month single procedure freedom from atrial arrhythmia was higher (60% vs 41%) 

than in the control group but did not achieve statistical significance. Recurrences were 

dominated by AT rather than AF, a well recognised phenomenon in the setting of extensive 

linear ablation.189 Notably, the single procedure AF-free survival (95%) was significantly 
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greater than in the control population (63%; p=0.006). This novel finding may lend weight to 

the hypothesis that the LAA plays a key role as a driver in persistent AF.119,126,183 

The 12-month atrial arrhythmia free survival after one or two procedures was 90% (18/20) 

with a mean of 1.3 (range 1 to 2) procedures per patient. This is significantly higher than the 

expected 12-month multi-procedure atrial arrhythmia free success rate for comparable 

patients from a large registry of 63.1%,80 p=0.0007. The study procedure therefore seems at 

least as effective as a conventional AF ablation in terms of rhythm outcome. Despite this 

study having a small sample size that was not powered to detect small differences in outcome, 

there is a signal that the procedure has a trend towards a higher arrhythmia-free survival and 

specifically, significantly greater freedom from AF (Figures 4A and 4B).  

 

4.4.6 Limitations 

In this pilot study, the relatively small number of patients and non-randomised study design 

were limitations. However, it clearly demonstrates feasibility179 and, as we have previously 

demonstrated in canines, confirms that ostial LAA ablation does not prohibit occlusion 

device implantation in the same procedure. This experience will ultimately require further 

evaluation in a randomised controlled trial. 

There are inherent limitations in using a retrospective control group. However, we balanced 

both groups across multiple relevant parameters to improve comparability and performed this 

blinded to procedural outcome to minimise bias. The control group therefore provides a 

representation of our usual institutional success rates for conventional AF ablation in similar 

patients against which the study group outcomes can be compared. The additional time 

required for LAA ablation in the study protocol provided an extended period following which 

pulmonary vein and linear ablation reconnections could be identified and ablated. This may 

be an additional factor that improved outcome compared to the control group.  
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TOE images were reviewed by two researchers and measurements made after the studies had 

been completed, thus analysis was performed in the sequence that the images were acquired. 

Interpretation of LAA measurements from TOE images may therefore have been subjected to 

unconscious bias, as was the case in the canine study in Chapter 3. 

Although the data is suggestive of improved outcomes with the addition of LAA isolation, 

the rate of PV reconnection in the study group during redo-procedures was low (4/20 = 20%) 

and substantially lower than would have been expected in the redo-procedures of the control 

group. In theory, the extra ablation performed at the LAA-LSPV ridge for LAA isolation may 

have helped consolidate the left sided wide area circumferential ablation line and thereby 

improve the left pulmonary vein reconnection rate. Therefore the contribution of this to the 

improved freedom from atrial arrhythmia seen in the study group cannot be ruled out. 

This study complied with the ECG monitoring for persistent AF ablation recommended by 

the international consensus statement of 2012,162 however, silent episodes of paroxysmal AF 

might have been missed during follow-up. However, in this population with prior persistent 

AF, the presence of sinus rhythm on multiple visits confirms at least a major reduction in 

arrhythmia burden. 
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4.5 Conclusions 

Whilst LAA electrical isolation may improve the clinical success in ablating persistent AF, 

the thromboembolic risk of the residual electrically inert appendage is a concern. 

Concomitant LAA occlusion following electrical isolation may be a natural progression in 

treating persistent AF. This study demonstrates for the first time in humans the feasibility, 

safety and efficacy of this combined approach.  

Future randomised controlled trials may now further assess this technique which, in a single 

procedure, has the potential to improve ablation success rates and obviate the need for 

chronic anticoagulation. 

 

 

 

 

 

 

 

 

 



	   144	  

5  Tissue thickness affects likelihood of acute electrical 

 reconnection at the ostium of the left atrial appendage 

 following radiofrequency ablation 

 

5.1 Introduction 

Atrial fibrillation (AF) is the most common sustained arrhythmia in the adult population. The 

significant morbidity and mortality associated with AF result from the rhythm abnormality 

itself as well as the increased risk of stroke it confers.190 Catheter ablation is an effective 

treatment for symptomatic drug refractory AF and in certain circumstances may be offered as 

a first line treatment.14 While catheter ablation is an effective treatment for paroxysmal atrial 

fibrillation, a significant proportion of patients experience recurrence of atrial fibrillation 

following an ablation, in particular those with persistent or long-standing persistent AF.191 

There are thought to be many reasons why AF recurs following catheter ablation, one of 

which is failure to electrically isolate the regions treated at the time of ablation. There is an 

urgent need to increase our understanding of the reasons for the relatively high rate of 

recurrence following AF ablation in order to develop strategies to overcome these obstacles. 

The safety, feasibility and efficacy of concomitant long standing persistent atrial fibrillation 

ablation including left atrial appendage isolation and left atrial appendage occlusion has been 

demonstrated in Chapter 4. In this study, it was hypothesised that tissue thickness, assessed 

using a novel technique from the pre procedural cardiac computed tomography (CCT) scan, 

contributed to differences in the rate of acute electrical reconnection at the ostium of the left 

atrial appendage following ablation. Results from the clinical cohort were compared with 
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histological measurements of tissue thickness at equivalent sites from a sample of cadaveric 

specimens.  

	  

5.2 Methods 

5.2.1 Clinical  

We have shown that concomitant left atrial appendage electrical isolation and percutaneous 

left atrial appendage occlusion is safe, feasible and effective at reducing the recurrence rate of 

atrial arrhythmias following long-standing persistent atrial fibrillation ablation.  

Details of the procedure and outcomes are described in Chapter 4. 

 

5.2.2 CT protocol 

All patients were scanned using a Siemens Somatom Definition Flash Dual Source CT 

(Siemens, Forchheim, Germany). We undertook a high-pitch helical prospective acquisition 

starting from 1cm above the carina, extending to the apex of the heart. The scan acquires 

from approximately 60% of the R-R interval and continues acquiring until the end of the scan 

length, with breath held in expiration. The standard scan was performed using a test bolus 

technique for scan timing. The delayed scan was performed 60s following the beginning of 

the standard scan to allow contrast equilibration within the blood pool and involved a further 

acquisition from 1cm above carina and extending 40mm to cover the LAA (also with breath 

held in expiration). Exposure parameters were adjusted according to patient size. Scans were 

performed at 80 kV and 400 quality referenced mAs [for patients with a body mass index 

(BMI) < 20 kg/m2], 100 kV (300 mAs) or 120 kV (200 mAs) (for BMI 20-30 kg/m2 and > 30 

kg/m2, respectively). Images were reconstructed using filtered back-projection at 0.75mm 

slice width, 0.5 mm slice increment. Whole heart scanning was routinely performed, as the 

gross coronary anatomy is often deemed helpful to the referring clinician. A total of 95ml of 
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contrast was administered at 5 or 6millilitres per second (ml/s) for 20g/18g cannula 

respectively, and according to the following protocol: 15ml contrast (test bolus; 5-6ml/s); 

40ml saline (5-6ml/s); Pause; 50ml contrast (5-6ml/s); 50ml contrast & saline (mixed at a 

ratio of 1:1; 5-6ml/s); 25ml saline (5ml/s). The overall median (range) radiation dose for this 

protocol is 3.5 mSv (2.1 – 5.2 mSv), with a dose-length product of 251 mGycm (150 – 374 

mGycm). 

 

5.2.3 CT analysis 

All CCT analysis was performed by a single reader blinded to the clinical data. Using a 

previously validated technique,192 CCTs were processed to generate 3 dimensional maps of 

tissue thickness across the left atrium. In the first stage of this process the atrial wall is 

segmented from the CT scan, which is achieved by assigning voxels to tissue compartments 

on the basis of their Hounsfield Unit intensity (Figure 5-1).  
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Figure 5-1. Stages in voxel intensity based approach to segmentation of atrial wall.  

A: Histogram of voxel intensities within the atrial wall (red) and within the blood pool (blue). There 

are two peaks within the blood pool histogram which reflects the upper and lower portions of the scan 

which are acquired separately and therefore have different profiles of HU intensity due to contrast 

flux between acquisitions. Both histograms are skewed to the centre where the middle dashed line 

indicates the transition between blood and atrial wall. B: Volume rendered segmentation of the atrial 

blood pool superimposed on raw CT images with left superior pulmonary vein (LSPV), right superior 

pulmonary vein (RSPV) and left atrial appendage indicated. C: Inserts indicate stages of iterative 
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growing algorithm taking segmentation of blood pool (red) as starting point and subsequent steps as 

algorithm expands into region with predefined voxel intensity of atrial wall (blue). Large panel shows 

volume rendered segmentation of atrial wall (blue) with mitral valve (green) and ends of pulmonary 

veins (orange) tagged.  

 

In the second stage the atrial wall segmentation is processed to generate a tetrahedral mesh 

from which wall thickness measurements are calculated. Subsequent stages are required to 

identify the local LAWT measurements at the left atrium – left atrial appendage (LA-LAA) 

junction. In order to segment the atrial wall, estimates of the range of voxel intensities 

defining each tissue compartment are made from the range of voxel intensities within user 

selected regions of interest (ROIs). The voxel intensities found within the contrast enhanced 

atrial blood pool and myocardial tissue was estimated by selecting 3 distinct ROIs of 

approximately equal size from within the left atrial blood pool and the left ventricular wall 

respectively. The values of voxel intensities from the three ROIs in each category were 

pooled and used to estimate the mean (ABPmean and Myomean) and standard deviation (ABPSD 

and MyoSD) of voxel intensities for each tissue compartment.  

 

The lower threshold of the left atrial wall was considered as voxels with HU intensities <3 x 

MyoSD below Myomean and the upper threshold of the blood pool as voxels with HU 

intensities <3 x ABPSD above ABPmean. The adjacent position of endocardial atrial wall and 

blood pool required the selection of a common threshold value defining this transition, which 

was chosen as the numerical mean of ABPmean and Myomean. 

 

Following isolation of the voxels with HU intensity consistent with atrial wall, manual 

adjustment of the segmentation is required to remove spurious connections with neighbouring 

contrast enhanced structures. The most common structures requiring manual removal are the 

ascending aorta, right atrium, coronary arteries and pulmonary arteries. These require manual 
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adjustment only in instances where the CT image contains no region of tissue with a 

sufficiently low intensity to be identified as a boundary between contrast enhanced structures. 

These regions are predominantly the result of the partial volume effect, resulting in an 

elevated voxel intensity of small islands of tissue between contrast enhanced structures. Once 

the atrial blood pool has been isolated, an iterative region growing algorithm is applied which 

takes the outer boundary of the atrial blood pool as a starting point, and segments the atrial 

myocardium by identifying neighbouring voxels whose intensity is within the previously 

defined range of atrial wall tissue. The algorithm makes the assumption that the atrial wall 

has a minimum thickness of 1 voxel and grows a finite number of times.  

 

The segmented atrial myocardium is used to produce a high resolution tetrahedral mesh using 

the Computational Geometry Algorithms Library.193 This mesh is processed using in-house 

software, which identifies the endocardial and epicardial surfaces and then calculates 

endocardial wall thickness measurements. Briefly, Dirichlet boundary conditions are assigned 

at the endocardial (∇ = 0) and epidcardial (∇ = 1) surfaces. The Laplace equation is solved 

between these boundary conditions in order to generate a series of smooth and non-

intersecting iso-potential surfaces nested between the two boundaries. At each endocardial 

node, a path is defined by first considering the normal projection from the endocardial 

surface to the first iso-potential field surface. From the projected point on the first iso-

potential field surface, a second normal is projected to the subsequent iso-potential surface, a 

process which is repeated until the epicardial surface is reached. Wall thickness is calculated 

at each endocardial node as the sum of the magnitudes of the normal projections comprising a 

continuous path from the endocardial to the epicardial surface. This generates single, unique 

measurements of thickness that are independent of starting position across the atrium 

including the left atrial appendage (Figure 5-2A). 
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The thickness of the tissue at the LA-LAA junction was calculated by manually cropping the 

LAA from the rest of the LA wall thickness map (Figure 5-2B and C). On the assumption 

that the LA-LAA junction would lie within 4mm of the manually selected plane, further 

interrogation was restricted to this portion of the LAA. An automated MATLAB 

(Mathworks, Natick, MA, USA) algorithm separates this basal portion into a grid. The mean 

thickness of nodes within each cell of the grid is calculated. In order to identify the thinnest 

region of tissue that forms an uninterrupted path around the base of the LAA (and therefore 

reflect the junction that was identified histologically), all uninterrupted routes around the grid 

are considered and the route that has the overall lowest mean thickness is selected (Figure 5-

3A). A plane is then fitted to the points on this path and all nodes within 0.2mm either side of 

the plane are defined as the LA-LAA junction (Figure 5-3C). The centre line of the posterior 

segment of the LAA was identified manually as a line from the centre, and in the plane of, 

the base of the LAA through the left superior pulmonary vein (LSPV) (Figure 5-3B and E). 

The centre line of the inferior, anterior and superior segments were identified within the plane 

of the base of the LAA at angles of π/2, π and 3 π/2 radians respectively from the line 

defining the centre of the posterior segment. Mean thickness for each segment was calculated 

as the mean of those nodes identified as forming part of the LA-LAA junction, with an angle 

of π/4 radians either side of the line defining the centre of that segment (Figure 5-3D).  
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Figure 5-2. Isolation of left atrial appendage for analysis.  

A: Rendering of endocardial surface of left atrium with colour coded thickness measurements 

displayed (scale top left). B: Manual selection of plane of left atrium-left atrial appendage junction. 

Thickness measurements now displayed exclusively on the appendage. C: Rotated and expanded 

point cloud representation of left atrial appendage with thickness now displayed using an alternative 

colour scale (bottom right). Dots around the base indicate the algorithm identified LA-LAA junction 

(ie the thinnest route around the base of the interrogated segmentation) which are colour coded 

according to the quadrant they belong to. 
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Figure 5-3. Interrogation of the base of the cropped LAA to identify the LA-LAA 

junction and comparison with histological measurements taken.  

A: Visualisation of the tubular portion of the base of the LAA separated into discrete portions. The 

dotted line connecting red dots represents the plane fitted to the algorithm selected LA-LAA junction. 

B: Separation of the base of the LAA-LA into quadrants according to position relative to left superior 

pulmonary vein (LSPV). C: Point cloud representation of the LAA. Vertical stacks indicate regions 

interrogated as potentially forming junction. Larger red dots indicate those selected as the LA-LAA 

junction. D: View through the base of the left atrial appendage oriented to reflect the segments in B 

above which are superior (red), anterior (blue), inferior (white) and posterior (green).  

E: Representative example of tissue orientated according to B and D with mean measurements from 

tissue at these sites. Sizes in mm.  

 

5.2.4 Histology 

Ten ex vivo human hearts were assessed from patients matched for the duration of 

continuous AF and left atrial size. No ablation had been performed in these patients prior to 

their death. As detailed in Chapter 4, the thickness of tissue at the ostium of the left atrial 

appendage was assessed. Briefly, the hearts were incised laterally through the left atrium and 

ventricle to expose the LAA ostium. The tissue was divided into blocks corresponding to four 

quadrants, defined as superior, inferior, anterior and posterior quadrants (Figure 5-3E). The 

posterior quadrant was defined as the portion adjacent to the LSPV and the anterior quadrant 
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as that adjacent to the mitral valve (MV). Morphometric analysis was performed using Zen 

2012 Blue Edition (Carl Zeiss Microimaging, Inc), and measurements taken of the area 

representing the junction of the left atrium and the LAA (Figure 5-4).   

 

 

Figure 5-4. Representative images demonstrating measurements taken from 

pathological samples.  

Magnified inserts identify the position defined as histological LA-LAA junction and 

position/orientation chosen for measurement of tissue dimensions. Panels A-D show tissue from each 

quadrant identified at top of panel.  
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5.2.5 Statistics 

Continuous data are presented as mean±SD. and comparisons made using Student’s t-test. 

Means were compared using one-way analysis of variance (ANOVA) or two tailed, 

independent samples Student’s t-test. A two sided p < 0.05 was considered statistically 

significant. All data were analysed using Stata 12 (Statacorp, College Station, Texas, USA). 

	  

5.3 Results 

5.3.1 Clinical 

Detailed outcome data and follow up for the study cohort has been described in Chapter 4. 

The focus of this Chapter is the regional distribution of acute LAA electrical reconnection 

following electrical isolation and its relation to ostial LAA tissue thickness. These data are 

revisited here. Of the 22 patients enrolled, acute electrical isolation was achieved in 20 

patients (91%). Acute electrical reconnection of the LAA occurred in 17 of these 20 patients. 

37 episodes of acute electrical reconnection occurred in a total of 21 individual quadrants 

(2.2±1.2 per case). These occurred in the anterior quadrant in 21 cases (57%), superior 

quadrant in 13 cases (35%), inferior quadrant in 2 cases (5%) and posterior quadrant in 1 case 

(3%).  

 

5.3.2 CT 

Mean wall thickness of each section (posterior, inferior, anterior and superior) of the base of 

the LAA was calculated from each CCT. In a proportion of segmentations, the epicardial 

surface of the left atrial appendage fused with tissue from wall of the left superior pulmonary 

vein (LSPV) which has a similar HU intensity to the tissue of the LAA wall. In these areas, a 

clear boundary between the tissue comprising the LAA and the LSPV cannot be 

distinguished on the segmentation, as demonstrated in Figure 5-5A and B. Measurements of 
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ostial LAA tissue thickness in the posterior section of these scans may be considered 

unreliable due to over estimation of the tissue thickness, therefore were excluded from the 

calculations. This was observed in 7 of the 22 CT scans. This phenomenon was only 

observed in the section of LAA tissue adjacent to the LSPV and therefore only affected the 

measurements of the posterior segment. It was readily identifiable by inspection of a volume 

rendered image of the atrial myocardial mask (as shown in Figure 5-5 panel A5 and B5).  

Mean calculated wall thickness of each segment from each pre LAA closure CT scan is 

shown in Table 5-1. The mean of wall thickness measurements in each section was as 

follows: Anterior section 2.1+/-0.6mm; Superior section 1.9+/-0.4mm; Posterior section 

1.5+/-0.5mm; Inferior section 1.8+/-0.7mm (Figure 5-3E). The mean wall thickness 

measured in the posterior section including the CT scans which demonstrated fusion of the 

LAA and LSPV and therefore with spuriously high measurements excluding was 2.3+/-

1.4mm. One way ANVOA test demonstrated that there was a statistically significant 

difference between the group means once spuriously high measurements from the posterior 

segments were excluded (p=0.027). Student’s t-test demonstrated a statistically significant 

difference between the anterior and posterior segments (p=0.004) and the superior and 

posterior segments (p=0.014). 
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Figure 5-5. Planar imaging and volume rendering demonstrating failure of accurate 

measurements at the posterior segment.  

A: A1/A3: Sagittal image (A1) and axial image (A3) demonstrating LSPV lying proximal to base of 

left atrial appendage. A2/A4: Mask of automatically segmented atrial myocardium projected onto 

sagittal and axial CT images (at the same level, window and magnification), demonstrating where 

fusion of posterior wall of appendage with tissue of LSPV has occurred in mask layer. A5: volume 

rendered image of mask of atrial myocardium demonstrating fusion of posterior segment of LAA base 

with LSPV from the same CT scan. B: Same arrangement as panel A: B1/B3: Sagittal/axial CT 

images, B2/B4: Mask of atrial myocardium projected onto CT images at the same 

level/window/magnification. B5: Volume rendered image of mask of atrial myocardium 

demonstrating fusion at the base of the LAA with LSPV from the same CT scan. C: Same 

arrangement as panels A and B demonstrating case without fusion of posterior segment of LAA with 

LSPV. C1/C3: Sagittal/axial CT images, C2/C4: Mask of atrial myocardium projected onto CT 

images at the same level/window/magnification. C5: Volume rendered image of mask of atrial 

myocardium demonstrating clear gap between LAA and LSPV from the same CT scan. LA: Left 

atrium; LAA: Left atrial appendage; LAA Os: Left atrial appendage ostium; LSPV: Left superior 

pulmonary vein; LIPV: Left inferior pulmonary vein. 
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Table 5-1. Mean of wall thickness measurements calculated from CT scans at the tissue 

identified as forming the junction between the left atrium and left atrial appendage.  

 

 

Scan Identifier 

LAA Segment 

Anterior Superior Posterior Inferior 

1 1.4 2.2 1.6 1.4 

2 2.0 2.3 1.3 1.6 

3 2.9 2.1 0.7 1.3 

4 2.9 2.4 excl 1.8 

5 1.7 1.9 1.9 1.8 

6 1.3 1.6 0.9 2.1 

7 2.3 2.6 excl 1.3 

8 1.1 1.3 1.8 1.9 

9 2.4 1.8 excl 3.8 

10 1.9 1.8 1.8 1.5 

11 2.7 1.6 1.3 1.8 

12 3.0 1.4 1.4 1.3 

13 1.9 1.5 1.9 1.2 

14 2.7 2.5 excl 1.5 

15 2.2 1.5 excl 1.0 

16 2.2 1.6 1.4 1.1 

17 2.4 2.5 1.3 2.3 

18 2.4 2.2 2.2 2.6 

19 1.2 1.2 1.0 1.8 

20 1.4 1.6 excl 0.9 

21 1.7 2.2 1.7 2.2 

22 1.7 1.8 excl 2.6 

Mean wall 

thickness 

2.1±0.6mm  1.9±0.4mm 1.5±0.4mm 1.8±0.7mm 
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81 quadrants had CCT permitting calculation of mean tissue thickness and underwent RF 

ablation. Mean CCT derived thickness of tissue in regions that demonstrated acute electrical 

reconnection (n=21/81) was higher (1.9+/-0.6mm (range 1.0-2.9mm)) than mean thickness in 

those that did not (1.6+/-0.5mm (range 0.5-2.5mm), (p=0.008)).  

 

Some regions demonstrated multiple episodes of electrical reconnection and required 

repeated RF delivery to achieve durable electrical isolation. We considered whether tissue 

thickness was a factor in the likelihood of recurrent reconnection. One-way ANOVA 

demonstrated a significant difference (p=0.029) between the mean wall thicknesses for areas 

with 0 (mean thickness = 1.6+/-0.5mm, n=60), 1 (mean thickness = 1.9+/-0.6, n=13) and >1 

(mean thickness = 2.0+/-0.5, n=8) acute reconnections. Tissue thickness was significantly 

lower in segments with 0 vs 1 acute reconnection (p=0.036) and segments with 0 vs >1 

(p=0.047) while the difference between segments with 1 vs >1 acute reconnections did not 

reach statistical significance (p=0.82). 

Although segments with more acute reconnections show a trend for greater wall thicknesses 

compared to those segments with only 1 acute reconnection, the lack of statistical difference 

seen may reflect the fact that there were insufficient numbers in each of the 1 and >1 acute 

reconnection groups to identify significant difference between thickness in these two groups. 

 

5.3.3 Histology 

As detailed in Chapter 4, in the 10 human hearts that were examined from patients matched 

to the study population according to duration of AF and LA diameter, tissue thickness in the 

anterior (2.5±0.8mm, range 1.4-4.0mm) and superior (2.4±1.2mm, range 1.1-4.8mm) 

quadrants was significantly thicker than the inferior (1.6±0.8mm, range 0.6-3.6mm) and 

posterior 1.6±0.8mm, range 0.8-2.9mm) quadrants.  
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5.4 Discussion 

The main findings from this study are: 1) the demonstration of the application of a recently 

reported strategy to measure tissue thickness in the human atrium in a clinical cohort of 

patients, 2) the identification of systematic differences in tissue thickness at different LA-

LAA junction locations in the study population that are reproduced in a related measurement 

taken from a histological sample and 3) the demonstration of an apparent influence of local 

tissue thickness on acute electrical reconnection..  

 

At present CCT is the optimal modality for assessing atrial wall thickness due to its high 

spatial resolution, short acquisition time and clear identification of the endocardial surface. It 

is the most widely used modality for this indication194 but validation of CCT results against 

direct tissue measurements has been limited. Our study is the first to compare in-vivo CT 

derived wall thickness measurements at specific atrial locations with human tissue 

measurements from a patient cohort matched for left atrial size and duration of AF. We have 

demonstrated in Chapter 4 that systematic differences in tissue thickness exist in different 

regions when the LA-LAA junction is examined on pathological samples. This is consistent 

with, and builds upon, previous observations from pathological studies and imaging studies 

demonstrating significant variation in tissue thickness at different atrial locations.195-197 The 

identification of greater tissue thickness in the anterior and superior segments of the LA-LAA 

junction on CCT imaging is consistent with the results from direct pathological examination 

of tissue. The absolute values derived from CCT in this study are similar to those taken from 

the matched pathological cohort however caution should be used when directly comparing 

these measurements for several reasons. Primarily, the measurements are taken from different 

groups, albeit matched as closely as possible. In addition, the CT results represent an 

averaged thickness across approximately a quarter of the LA-LAA junction, while the 



	   161	  

pathological measurements were taken from a single point. This averaging on the CT 

measurements may be one reason for the smaller differences in thickness between each of the 

regions in the CCT results. The strategy of solving the Laplace equation to generate wall 

thickness measurements from CCT represents a robust approach to assessing thickness in 

three dimensional space.198This strategy, while optimal for in-vivo imaging, could not be 

taken for the tissue samples, in which a simple Euclidean distance in a single tissue plane was 

taken. The result of these differences in tissue architecture at the time of measurement, 

measurement methodology and patient groups mean these results are best interpreted as 

further evidence in support of significant systematic differences in tissue thickness 

throughout the atrium that may be satisfactorily detected using CT imaging. 

 

Under the hypothesis that transmural lesions would be more difficult to create in regions of 

increased tissue thickness, we considered whether tissue thickness had a significant impact on 

durable electrical isolation and success of atrial ablation. Tissue thickness has previously 

been reported as a predictor of atrial ablation success199 in which a multivariate analysis 

identified local tissue thickness beneath the left lateral ridge (LLR) as a predictor of AF 

recurrence. The results presented here build on those reported previously and for the first 

time establish the relationship between local tissue thickness and a defined electrical end 

point. Abolition of acute electrical reconnection is recognised as an important end point in 

most clinical ablation strategies and is considered as an important determinant of long term 

durability of atrial ablation.162 Having confirmed that CCT could identify similar patterns of 

tissue thickness measurements to pathological measurements we further considered the tissue 

thickness at locations where this definitive assessment of atrial ablation success had been 

made. Our results demonstrated that tissue was thinner at locations where there was no 

recovery of electrical conduction following initial RF delivery (1.6mm) than those where 
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there was recovery of conduction (1.9mm). While the geometry of point lesions following 

atrial ablation is likely to be complex, it is intuitive that greater tissue thickness, most likely 

in the region between point lesions, would be more likely to remain viable following ablation 

than thinner tissue. This may account for the results presented here indicating that thicker 

tissue regions are more likely to recover electrical conduction following ablation. We did not 

identify a significant difference between those regions in which there was one versus multiple 

episodes of recovery of conduction. This may be due to the small numbers within these 

groups or it may be that after the initial RF application other factors, such as formation of 

oedema, become more significant than pre ablation thickness in determining likelihood of 

subsequent reconnection. 

 

The real time assessment of ablation parameters during RF delivery is now routinely used to 

improve the durability of atrial ablation.162,200,201 The accurate titration of RF delivery may be 

further facilitated by the development of commercial tools that aggregate information from 

known determinants of ablation geometry into simple scales or visualisations of predicted 

lesion shape and size.202,203 These tools offer the prospect of further refinement in the 

delivery of RF based on multiple parameters computed in real time to allow the operator to 

judge more accurately when adequate RF energy has been delivered. The use of such tools 

has previously depended largely on the assumption of a uniform tissue thickness. The 

evidence presented here, and emerging from other centres,204 is that this assumption is not 

valid. In the future, real time tools to quantify atrial lesion adequacy have the potential to 

facilitate titrated RF delivery based not just on catheter parameters, but on local tissue 

thickness as well. Importantly, from a safety perspective, knowledge of tissue thicknesses 

may help to reduce the risk of perforation from excessive radiofrequency energy delivery in 

areas of relatively thin tissue. 
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While the incorporation of tissue thickness alongside standard ablation parameters when 

titrating RF energy is a possibility for the future, the results presented here do not support its 

use in this way at present. While significant differences were identified between the thickness 

of tissue that demonstrated acute electrical reconnection and those that did not, there 

remained a large overlap in tissue thickness between each group. This was not a surprise as it 

is clear that multiple factors will ultimately determine the success of atrial ablation. Tissue 

geometry, catheter features and tissue oedema are all likely to be important factors 

determining ablation success, as well as standard ablation parameters such as contact force, 

power and temperature. There was no attempt to control for these parameters in this study, 

rather we observed what the impact of tissue thickness was in the context of a standardised 

clinical ablation strategy with clear electrophysiological end points. These results 

demonstrate that tissue thickness is an important factor but a controlled assessment of 

ablation titrated according to tissue thickness is required prior to its use in this way.  

 

The measurements of atrial wall thickness presented here depend on the adequate 

segmentation of the atrial wall, which in turn depends on the resolution and quality of the 

CCT imaging. Soft tissue contrast is a well recognised limitation of CCT that is not fully 

overcome by the use of iodinated contrast agents. In particular identification of the epicardial 

surface is challenging and is best undertaken using an automated approach. We selected a 

simple semi-automated approach to segment the left atrial wall on the basis of an 

individualised prediction of the Hounsfield Unit (HU) intensity of tissue compartments. This 

approach requires some manual adjustment of the segmentations produced at various stages. 

We deliberately selected a simple strategy for this stage in our analysis to make it transparent 

and to assess whether pursuing a more complex approach would be justified on the basis of 
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these results. There remain limitations to this strategy for segmenting the atrial wall, most 

clearly demonstrated by the issues affecting measurements taken in the posterior segment of 

the LA-LAA junction. With the acquired CCT resolution and using the segmentation strategy 

described we were not able to adequately distinguish two thin layers of pulmonary vein tissue 

in this region, resulting in spuriously high measurements in seven cases. The CCTs in which 

this issue precluded an accurate assessment of tissue thickness in the posterior segment of the 

LA-LAA junction were readily identifiable from the volume rendered binary segmentation of 

the atrial wall (Figure 5-5). This segmentation was reviewed in all cases, so this issue is not 

likely to cause spurious measurements to be taken, rather preclude the assessment of tissue 

thickness in this region in affected cases. The accuracy of segmentations may be improved 

with the better soft tissue contrast that higher slice dual source CCT offers205 in the future 

without affecting the strategy for measuring wall thickness. It is clear that the segmentation 

process itself could be adjusted or refined in numerous ways and these results suggest that the 

importance of tissue thickness would justify efforts to do so.  

 

5.4.1 Limitations 

As described above the strategy for measuring wall thickness was different on CCT and 

pathological samples and the cohorts were different. While this is an inevitable consequence 

of tissue processing it means caution is necessary when comparing the CCT and pathological 

results. With this caveat in mind, the agreement between the CCT and pathological results 

indicates that despite the differences these results can be interpreted as an important stage in 

the validation of the reported strategy to measure in-vivo human atrial wall thickness. 

Alternative possibilities for validating the in-vivo imaging measurements would include high 

resolution ex-vivo imaging of the human heart. Conformational changes in the cardiac 
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chambers would remain a significant challenge and the ethical issues arising from such an 

approach would be complex. 

 

This was not a controlled study of the effect of tissue thickness on success of atrial ablation 

and there were differences in RF energy delivery at different sites. This, and other factors 

such as differences in levels of tissue contact that necessitated differing amounts of RF 

energy delivery in each region, means that no conclusions can be drawn about the titration of 

RF energy on the basis of tissue thickness. In addition, while there was a clear histological 

definition of the LA-LAA junction, and care was taken to identify the corresponding region 

on CCT imaging, this narrow portion of tissue was not definitively identified on the 

electroanatomical mapping system. While the RF was likely to have been delivered in the 

vicinity of this portion of tissue it may not have been localised accurately here in all cases. 

 

Using the current imaging and segmentation strategy, this technique for assessing local wall 

thickness can only be comprehensively applied in cases where adequate definition between 

the wall of the LAA and the LSPV exists that does not introduce spurious measurements in 

this region.  
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5.5 Conclusions 

We have demonstrated that clinically relevant measurements of local atrial wall thickness can 

be obtained from CCT imaging using our novel and mathematically robust strategy.  This is 

the first demonstration of a comparison of CCT derived wall thickness with measurements 

from a matched cohort of pathological samples. This technique for measuring wall thickness 

in-vivo has demonstrated excellent agreement with measurements taken from direct tissue 

examination. 

Our study builds on previous literature in demonstrating variation of tissue thickness at 

different atrial locations, and further that these variations can be detected using routine 

clinical imaging techniques.  

 

We have demonstrated the dependence of an established electrophysiological outcome on 

local tissue thickness. We have demonstrated that tissue thickness may be a determinant of 

ablation success and highlighted the need for further, controlled studies assessing the impact 

of tissue thickness on lesion adequacy. As tools designed to guide the real time delivery of 

RF become more widespread, it is likely that interest in the tissue characteristics, alongside 

traditional ablation parameters, determining successful ablation will increase. Atrial wall 

thickness deserves further consideration as a determinant of durable electrical isolation and 

thus successful ablation. In addition, it may help to reduce the risk of perforation from 

excessive radiofrequency energy delivery in areas of relatively thin tissue. Simple strategies 

for its calculation and display have the potential to be incorporated into currently available 

ablation systems and may be a useful adjunct to current ablation strategies in the future. 
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6  Outcomes and Costs of Left Atrial Appendage Closure from 

 Randomised Controlled Trial and Real World Experience 

 Relative to Oral Anticoagulation 

 

6.1 Introduction 

Atrial fibrillation (AF) is the commonest sustained cardiac arrhythmia, affecting 6% of the 

population over age 65.206 It is a leading cause of stroke27 and is associated with heart failure 

and premature death.207 Rising prevalence208 has increased hospitalisations and healthcare 

costs.21	  	  

	  

Strokes in patients with AF are associated with greater mortality, morbidity, and longer 

hospital stays than in those without AF.27-30 Randomised trials have shown that 

anticoagulation reduces the risk of stroke in patients with AF.209	  	  

	  

Warfarin is more effective than aspirin or placebo in reducing the risk of ischaemic stroke, 

but it carries a greater risk of major haemorrhage and requires regular monitoring.209 The 

novel oral anticoagulants (NOACs) dabigatran, rivaroxaban and apixaban are more expensive 

but offer significant benefits over warfarin based on large randomised clinical trials in a total 

of 50,578 patients.35-37 However, compared with placebo, all antithrombotic agents carry an 

increased haemorrhagic risk.210  

	  

In patients with non-valvular AF (NVAF), the left atrial appendage (LAA) may be the most 

common site of thrombus formation.34,211 LAA closure (LAAC) has been shown to be an 

effective means of stroke prevention in patients with NVAF55 and is associated with 
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significantly lower rates of mortality and haemorrhagic stroke than warfarin.187  

	  

Recent data have suggested that in clinical trial populations, LAAC is a more expensive but 

cost-effective alternative to warfarin.212 However, reconciling the cost-effectiveness of 

LAAC over a patient’s lifetime with limited healthcare resources, and the requirement for 

shorter-term cost-saving, is challenging. It is important that we attempt to quantify the 

clinical benefits and costs at an early stage to help guide utilisation and dissemination of the 

technology. The cost impact of LAAC based on real-world experience has not been studied 

before and these data may aid appropriate allocation of resources. 

 

It was hypothesised that LAAC is cost saving within a 10 year timeframe when compared 

with currently available antithrombotic therapies. In order to provide an insight into the 

outcomes and costs of appendage closure in both a clinical trial setting and real-world 

practice, we present the results of a cost impact analysis together with a LAAC registry study, 

outcomes of which inform parts of the cost analysis. Using a network meta-analysis, we 

modelled the long-term clinical outcomes and costs of randomised clinical trial data of 

LAAC compared with our real-world experience of LAAC and available pharmaceutical 

stroke prevention strategies to provide accurate and robust inputs for the cost analysis.	  
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6.2 Methods 

6.2.1 Registry study 

The study included a cohort of consecutive patients with NVAF who underwent LAAC with 

the Watchman device (Boston Scientific, Marlborough, MA, USA) at the Royal Brompton 

and Harefield Hospitals (RBHH) between December 2009 and December 2013.  Patients 

were offered the procedure according to UK National Institute for Health and Care 

Excellence (NICE)213 guidelines. Prior to commencing the study the Institutional Clinical 

Practice Committee at the Royal Brompton and Harefield Hospitals approved the procedure. 

Subsequently all patients were discussed and approved for LAAC by a multidisciplinary team. 

All patients gave written informed consent. 

 

6.2.1.1 Device, procedure and antithrombotic therapy 

The technique of LAAC with the Watchman device has previously been described in detail.55 

Heparin (100 U/kg) was administered during the procedure in all cases to achieve an 

activated clotting time >300s.	  Procedural success was defined as successful implantation of 

the Watchman device in the LAA with no gap >3mm at the time of implantation. All major 

adverse events, including all cause mortality, cardiovascular death, device embolisation, 

stroke, systemic embolism, cardiac tamponade, major bleeding, and the need for 

cardiovascular surgery, at the index hospitalisation and during follow-up were recorded and 

analysed. Adverse events were assessed independently by two adjudicators. 

Patients deemed suitable for medium to long-term anticoagulation were maintained on 

warfarin with an INR of 2-3 for the 4 weeks preceding their procedure. Those deemed 

unsuitable for medium to long-term anticoagulation were initiated on dual platelet therapy 

(aspirin and clopidogrel) prior to their procedure. Following the procedure, for patients on 

warfarin, aspirin was added for 45 days. If the transoesophageal echocardiogram (TOE) 
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results were satisfactory at 45 days, warfarin was discontinued and aspirin continued long-

term. Anticoagulation unsuitable patients discontinued clopidogrel at 6 months if TOE 

showed satisfactory closure, and continued lifelong aspirin.	  

 	  

6.2.1.2 Follow-up 

Follow-up was performed by outpatient visits at 1, 6, and 12 months and yearly thereafter. A 

transoesophageal echocardiogram (TOE) was performed in all patients at 6 weeks 

(anticoagulation suitable) or 3 months (anticoagulation unsuitable). For patients in whom 

antithrombotic therapy could not be stopped, a further TOE was performed to assess 

endothelialisation and seal of the device.  

 

6.2.1.3 Statistical analysis 

Continuous data are presented as mean±SD, mean (95% confidence interval) or median 

(interquartile range) depending on the distribution of data. Comparisons were made using 

Student’s t-test or the Wilcoxon matched-pairs signed rank test. A two sided p<0.05 was 

considered statistically significant. All statistical data were analysed using Stata 12 (Statacorp, 

Texas, USA). 

 

6.2.2 Cost impact model  

We applied a validated model214 to estimate long-term costs and clinical outcomes for the 

LAAC trial results,55 RBHH cohort and pharmacological alternatives. The model takes the 

perspective of the UK National Health Service (NHS) and has a 10-year time horizon. Costs 

are reported in 2015 British Pounds and were discounted at an annual rate of 3.5%, in 

accordance with UK Treasury215 and NICE guidance.216 All analyses were performed using 

Microsoft Excel (Microsoft, USA).	  
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All aspects of the model and analysis were conducted in line with the principles of the NICE 

Reference Case, the International Society for Pharmacoeconomics and Outcomes Research 

(ISPOR), and the CHEERS statement.216-218	  

	  

6.2.2.1 Modelled Pharmacological Comparators 

Pharmacological comparators evaluated in the model were warfarin, dabigatran (110mg and 

150mg twice daily), rivaroxaban and apixaban for patients able to take oral anticoagulants 

(anticoagulation suitable group). Aspirin monotherapy and no antithrombotic therapy were 

evaluated for patients with relative contraindications to oral anticoagulants (anticoagulation 

unsuitable group). Effectiveness estimates were based on intention-to-treat analyses from 

twenty randomised studies210 which reflect outcomes of those on therapy as well as those 

who discontinued. 

Patients receiving warfarin were assumed to maintain INR levels observed in recent clinical 

trials35,37 (mean of 64% time in therapeutic range), which compares favourably with that 

observed in routine, community practice.219	  

In the model, the analysis was performed such that therapy discontinuation impacted both 

costs and clinical events, to provide a more realistic representation of real-world observations. 

	  

6.2.2.2 Base case 

Baseline characteristics for the modelled population and subgroups were matched for age, 

CHADS2
39, CHA2DS2-VASc40 and HAS-BLED220 scores, and anticoagulation suitability of 

patients from the RBHH cohort (Table 6-1). Age-specific general population mortality rates 

were obtained from National Life Tables221 and adjusted to account for the higher mortality 

rates associated with AF222 (Table 6-1). 
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Table 6-1. Base Case Characteristics derived from Clinical Characteristics of Study 

Population 

 

Mean 
CHADS2 

Mean HAS-
BLED 

Mean               
age 

Baseline 
stroke risk 

Baseline 
bleeding risk 

Adjusted 
baseline 

mortality risk 

Whole group* (n=110) 2.8±1.2 3.8±1.1 71.3±9.2 6.05% 7.56% 3.19% 

CHADS2 0-1 (n=17) 1 2.9±1.1 65.0±7.5 2.80% 6.21% 1.64% 

CHADS2 2 (n=29) 2 3.5±0.9 68.3±12.0 4.00% 7.09% 2.29% 

CHADS2 3+ (n=64) 3.7±0.8 4.2±1.3 72.9±8.5 7.85% 8.14% 3.68% 

Anticoagulation unsuitable 

(40) 2.9±1.2 4.1±0.9 73.9±7.1 6.28% 8.25% 4.11% 

 

 

Mean 
CHA2DS
2-VASc 

Mean HAS-
BLED 

Mean               
age 

Baseline 
stroke risk 

Baseline 
bleeding risk 

Adjusted 
baseline 

mortality risk 

Whole group* (n=110) 4.5±1.6 3.8±1.1 71.3±9.2 6.31% 7.56% 3.19% 

CHA2DS2-VASc 0-1 (n=0) - - - - - - 

CHA2DS2-VASc 2 (n=13) 2 2.6±1.0 62.5±8.4 2.20% 5.62% 1.48% 

CHA2DS2-VASc 3 (n=18) 3 3.4±0.8 66.4±11.1 3.20% 7.17% 1.89% 

CHA2DS2-VASc 4 (n=28) 4 3.6±1.0 71.4±7.8 4.80% 7.19% 2.54% 

CHA2DS2-VASc 5 (n=15) 5 4.2±1.1 73.1±8.5 7.20% 8.23% 3.50% 

CHA2DS2-VASc 6-9 (n=36) 6.4±0.7 4.4±1.0 76.5±5.8 10.16% 8.47% 4.71% 

Anticoagulation unsuitable 

(40) 4.8±1.7 4.1±0.9 73.9±7.1 6.78% 8.25% 4.11% 

*Includes anticoagulation suitable and unsuitable patients
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6.2.2.3 Model Structure 

Simplified model schematics are presented in Figures 1 (LAAC arm) and 2 (drug arm). 

Patients enter the model at the time of LAAC procedure or initiation of drug therapy (Figures 

6-1 and 6-2). Patients in the LAAC arm follow the protocol outlined in the registry study 

methods, as described above. For patients in whom LAAC is unsuccessful, continued oral 

anticoagulation with adjusted-dose warfarin is assumed for patients suitable for 

anticoagulation, and with aspirin therapy for patients unsuitable for anticoagulation.  

Patients undergoing LAAC are exposed to procedural major adverse cardiac events risk 

(serious pericardial bleeding, major bleeding, stroke, device embolisation, vascular 

complication). The drug therapy arms of the model function similarly to the LAAC arm, 

except that drug patients do not face procedural risks.  

Patients in the drug therapy arms are at risk of discontinuing drug therapy each year for the 

first two years. After the first two years, no further drug discontinuation was assumed as the 

majority of drug discontinuations would have occurred within this time period.223 Patients 

who discontinue primary therapy are assumed to receive either aspirin therapy or no 

treatment in a 50:50 allocation (anticoagulation suitable patients) or no treatment 

(anticoagulation unsuitable patients), for the remainder of the model. Patients who 

discontinue primary therapy face event risks reflective of secondary therapy (aspirin or no 

treatment). 

In each year of the model all patients are at risk of events associated with AF and the 

treatment strategy received. Patients may only experience one clinical event each year. 

Following either an ischaemic or haemorrhagic stroke, patients are at risk of chronic 

disability. The costs associated with managing their long-term disability are incurred every 

year until death. These patients are at a 2.3 fold increased risk of death relative to non-

disabled patients.224 At the beginning of each year, living patients again face a risk of adverse 
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events. 

	  

Figure 6-1. Model structure for left atrial appendage closure (LAAC) arm. 

 

 

Figure 6-2. Model structure for drug arm. 
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6.2.2.4 Modelled clinical inputs 

Inputs for the clinical trial of LAAC relative to warfarin (PROTECT AF LAAC) were 

calculated from data from the PROTECT AF randomised controlled trial of the Watchman 

device and warfarin.55 This permitted incorporation of LAAC into the network meta-analysis 

(Table 6-2). Data to inform ‘whole group’ outcomes of the RBHH LAAC arm of the analysis 

were taken from the RBHH cohort, as presented above. 	  

Inputs for the pharmacological comparators were estimated using the results of a published 

large network meta-analysis.210 This provided data for stroke, major bleeding and all-cause 

mortality.  

Results from the PROTECT AF study55 were selected as it reports data from a completed pre-

defined follow-up period and provides a more conservative estimate of LAAC event rates 

including complication rates associated with the initial learning stages of device implantation, 

compared with the recent PREVAIL study.56 

Inputs for patients unsuitable for anticoagulation were extrapolated using baseline 

characteristics of these patients from the RBHH cohort and applying the relative risks for 

PROTECT AF LAAC, aspirin and no therapy. 

No randomised data of LAAC currently exist for patients unsuitable for anticoagulation, 

however, published event rates are similar225 to those in the randomised trial of patients 

suitable for anticoagulation (all stroke: 2.3% per 100 patient years).55 The anticoagulation 

unsuitable group has a higher baseline risk of stroke and bleeding, which has been accounted 

for in our analysis. However, other characteristics of these two patient groups are similar, 

55,221 with no other factors that would result in a substantively different relative risk of 

adverse events (including LAAC procedure related adverse events) in these patient 

populations. 
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Due to the overall low event rate in the RBHH cohort, there was an absence of certain events 

(stroke, major bleeding or all cause mortality) in each subgroup. We therefore used the 

combined event rate for the whole group when performing CHADS2, CHA2DS2-VASc and 

anticoagulation unsuitable subgroup analyses with differential baseline risk profiles, in order 

to provide more accurate and meaningful analyses of 10-year outcomes and costs. 
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Table 6-2. Model Variables and Ranges Used in Sensitivity Analyses 

Base Case Value Low* High* Distribution Reference 

Stroke Relative Risk   

 

  

 

  

Warfarin 1.000 1.000 1.000 Log-normal 210 

Dabigatran 150mg 0.635 0.406 1.010 Log-normal 210 

Dabigatran 110mg 0.912 0.596 1.425 Log-normal 210 

Rivaroxaban 0.774 0.506 1.214 Log-normal 210 

Apixaban 0.823 0.586 1.165 Log-normal 210 

Aspirin 1.917 1.531 2.361 Log-normal 210 

No therapy 2.378 1.842 3.212 Log-normal 210  

PROTECT AF LAAC 0.703 0.372 1.328 Log-normal 55 

RBHH LAAC stroke rate 0.90% 0.11% 3.20%  Beta  – 

 

Major bleeding Relative Risk   

 

  

 

  

Warfarin 1.000 1.000 1.000 Log-normal 210 

Dabigatran 150mg 0.935 0.276 2.834 Log-normal 210 

Dabigatran 110mg 0.813 0.224 2.478 Log-normal 210 

Rivaroxaban 1.018 0.297 3.104 Log-normal 210 

Apixaban 0.697 0.265 1.629 Log-normal 210 

Aspirin 0.600 0.328 0.954 Log-normal 210 

No therapy 0.289 0.118 0.560 Log-normal 210 

PROTECT AF LAAC 0.843 0.432 1.647 Log-normal 55 

RBHH LAAC major bleeding rate 0.90% 0.11% 3.20%  Beta – 

 

Mortality Relative Risk    

 

  

 

  

Warfarin 1.000 1.000 1.000 Log-normal 210 

Dabigatran 150mg 0.882 0.535 1.418 Log-normal 210 

Dabigatran 110mg 0.912 0.565 1.447 Log-normal 210 

Rivaroxaban 0.912 0.555 1.447 Log-normal 210 

Apixaban 0.921 0.674 1.399 Log-normal 210 

Aspirin 1.302 1.088 1.705 Log-normal 210 

No therapy 1.591 1.292 2.279 Log-normal 210 

PROTECT AF LAAC 0.615 0.366 1.033 Log-normal 55  

RBHH LAAC mortality rate 1.79%  0.49%  4.53% Beta – 
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Procedural events† 

Stroke 0% 0% 0.9% Beta 55 

Major bleeding 0% 0% 1.1% Beta 55 

Pericardial bleeding with tamponade 0.89% 0% 4.8% Beta 55 

Vascular complications 0% 0% 0.7% Beta 225 

Device embolisation 0% 0% 0.6% Beta 55 

      

*Low and high values used to determine maximum and minimum values for deterministic sensitivity 

analysis and range to fit probabilistic sensitivity analysis distributions. †Event rates from the RBHH 

registry were used for base case value and where RBHH events were zero, upper bound of the 

PROTECT AF55 or ASAP study225 event rates were used (vascular complications were reported in 

ASAP though not in PROTECT AF) 

 

6.2.2.5 Modelled cost inputs 

Patients incurred costs for treatment, including concomitant drug therapy in the LAAC arms, 

and for adverse events. Cost inputs were taken from the NHS Health Resource Group 

(HRG)226 and NHS Drug Tariffs86 (Table 6-3). Costs for post-acute stroke care and long-term 

disability were taken from published literature.88 

 

6.2.2.6 Sensitivity analysis 

Probabilistic sensitivity analysis was used to assess the impact of uncertainty over input 

parameters on the model results. 5000 iterations were drawn for each comparison. 

Distributions used 95% confidence intervals (CI) where available and ±20% of the mean 

where they were not.  

We also conducted a deterministic sensitivity analysis to investigate the influence of 

individual parameters and varied each parameter between the 95% confidence limits. 
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Table 6-3. Modelled Costs with Ranges used in Sensitivity Analyses 

Costs Value Low High Distribution Source 

Incident cost of major bleeding £2,634 £2,107 £3,161 Gamma 226 

Incident cost of minor stroke £3,875 £3,100 £4,650 Gamma 226 

Incident cost of major stroke  £11,787 £9,430 £14,144 Gamma 226 

Annual cost of warfarin £14 £11 £17 Gamma 86 

Annual cost of INR monitoring £265 £212 £318 Gamma 

 
87 

Annual cost of clopidogrel (Plavix) £28 £22 £34 Gamma 86 

Annual cost of dabigatran £949 £759 £1139 Gamma 86 

Annual cost of apixaban £949 £759 £1139 Gamma 86 

Annual cost of rivaroxaban £912 £730 £1095 Gamma 86 

Cost of Watchman device and procedure* £6,334 £5,067 £7,601 Gamma 226 

Cost of transoesophageal echocardiogram £340 £272 £408 Gamma 226 

Incident cost of pericardial tamponade £3,658 £2,926 £4,390 Gamma 226 

Incident cost of device embolisation £2,818 £2,254 £3,382 Gamma 226 

Cost of femoral pseudoaneurysm £2,348 £1,878 £2,818 Gamma 226 

Cost of post acute care for non-disabling 

stroke £2,842 £2,273 £3,410 Gamma 88 

Cost of disability in first year after stroke £18,516 £14,813 £22,219 Gamma 88 

Annual cost of disability after first year £10,250 £8,200 £12,300 Gamma 88 

 
*As a national tariff for LAAC did not exist at the time of writing this article, we used the tariff with 

nearest approximation to LAAC (EA09Z: Percutaneous Interventions: Percutaneous Transluminal 

ASD/VSD/PFO Closure and Valve Insertion) with an additional 30% uplift due to the higher costs for 

LAAC consumables. 
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6.3 Results 

6.3.1 Royal Brompton & Harefield Hospital patients undergoing LAAC 

The study included a total of 110 consecutive patients with NVAF, who underwent 112 

LAAC procedures (2 patients underwent repeat LAAC as the first implantation attempt was 

unsuccessful due to complex anatomy). Baseline characteristics are shown in Table 6-4. 

Patients were followed for an aggregate of 223 patient-years. Mean follow-up per patient was 

24.3±5.6 months. One patient was lost to follow-up. 

 

Table 6-4. Baseline Characteristics of RBHH Cohort (n=110) 

Age 71.3±9.2 

Female 45 (40.9%) 

AF type 

     Non-paroxysmal 68 (61.8%) 

    Paroxysmal 42 (38.2%) 

Left ventricular dysfunction 34 (30.9%) 

Hypertension 98 (89.1%) 

Age  

    ≥ 75 yrs 52 (47.3%) 

    65-74 yrs 37 (33.6%) 

Diabetes Mellitus 24 (21.8%) 

Stroke or TIA 51 (46.4%) 

Coronary artery or peripheral vascular disease 58 (52.7%) 

Previous bleeding 67 (60.9%) 

Abnormal renal or liver function 3 (2.7%) 

INR lability 50 (45.5%) 

Excess alcohol intake (≥ 8 drinks/week) 14 (12.7%) 

Use of antiplatelet agents or NSAIDs 62 (56.4%) 

Anticoagulation suitable 70 (63.6%) 

Anticoagulation unsuitable 40 (36.4%) 
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CHADS2 median 3 (2-4) 

0 0 (0%) 

    1 17 (15.5%) 

    2 29 (26.4%) 

    3 33 (30.0%) 

    4 20 (18.2%) 

    5 11 (10.0%) 

    6 0 (0%) 

CHA2DS2-VASc median 4 (3-6) 

    0 0 (0%) 

    1 0 (0.0%) 

    2 13 (11.8%) 

    3 18 (16.4%) 

    4 28 (25.5%) 

    5 15 (13.6%) 

    6 24 (21.8%) 

    7 8 (7.3%) 

    8 4 (3.6%) 

    9 0 (0.0%) 

HAS-BLED median 4 (3-4) 

0 0 (0%) 

    1 2 (1.8%) 

    2 10 (9.1%) 

    3 29 (26.4%) 

    4 46 (41.8%) 

    5 15 (13.6%) 

    6 6 (5.5%) 

    7 2 (1.8%) 

  Values are mean±SD, median (interquartile range), or n (%); CHADS2 = congestive heart failure, 

hypertension, age≥75 years, diabetes mellitus, and prior stroke or transient ischemic attack (2 points); 

CHA2DS2-VASc = CHADS2 score plus 2 points for age≥75 years and 1 point for vascular disease, 

age 65 to 74 years, or female sex; If the score would otherwise be 0, we did not assign 1 point for 

female sex alone. TIA = transient ischaemic attack. 
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6.3.2 Registry Results and Outcomes 

The acute implantation success rate was 92% (103 of 112 procedures). One patient (0.9%) 

developed pericardial bleeding with tamponade later on the day of the procedure, requiring 

percutaneous drainage. There were no other complications prior to hospital discharge. 	  

At 6 months, 87% (96 of 110 patients) of all patients were able to reduce to aspirin 

monotherapy. By 12 months, 91% (100/110) of patients had discontinued primary 

antithrombotic therapy.  Over the follow-up period, the annual rates of all-cause mortality, 

stroke, systemic embolism, and major bleeding were 1.79% (95% CI 0.49% to 4.53%, 4 

events/223 patient-years), 0.90% (0.11% to 3.20%, 2/223 patient-years), 0%, and 0.90% 

(0.11% to 3.20%, 2/223 patient-years), respectively (Table 6-5). The four deaths were non-

cardiac related and were due to respiratory failure, (aged 68, 28 months post-procedure) 

pneumonia, (aged 91, 22 months post-procedure and aged 85, 36 months post-procedure) and 

caecal carcinoma (aged 75, 32 months post-procedure respectively. One stroke (ischaemic) 

occurred 31 months post-implantation in a patient who had stopped warfarin and remained on 

aspirin. TOE 10 days after the stroke showed no left atrial or device surface thrombus and a 

stable peri-device gap of <3mm. The second stroke (haemorrhagic) occurred 17 months 

following an unsuccessful attempt at device implantation in a patient who remained on 

warfarin. CT imaging demonstrated a limited bleed within the pons; warfarin was 

subsequently stopped. One episode of upper gastrointestinal bleeding occurred 18 months 

post-implantation in a patient with a history of gastrointestinal angiodysplasia who had 

stopped clopidogrel and remained on aspirin; aspirin was subsequently stopped. The second 

patient developed lower gastrointestinal bleeding from newly diagnosed diverticular disease 

21 months post-implantation. They had stopped warfarin and remained on aspirin; aspirin 

was therefore stopped. 
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Table 6-5. Procedural and Clinical Outcomes (n=110) 

Procedure time, min 49.9±16.2 

Fluoroscopy time, min 7.6±3.7 

Implant success* 103 (92%) 

Reasons for implant failure: 

 • Anatomical considerations 8 (7%) 

• Equipment failure 1 (1%) 

Follow-up, months 24.3±5.6 

Cumulative, patient-years 223 

 

Acute procedure related events (n/%) 

Device embolisation 0 (0.0%) 

Pericardial bleeding with cardiac tamponade 1 (0.9%) 

 

Adverse event rates, (annual rate/events per pt yrs) 

Major bleeding 0.9% (2/223 pt-yrs) 

Ischaemic stroke 0.9% (2/223 pt-yrs) 

Haemorrhagic stroke 0  

Systemic embolism  0 

All cause death 1.8% (4/223 pt-yrs) 

Cardiovascular or neurologic death 0 

*Based on 112 procedures in 110 patients 

 

The expected ischaemic stroke rate for this patient cohort based on their individual CHADS2 

scores, assuming no antithrombotic therapy, was 6.1% (5.5% to 6.6%) per year.39 Based on 

individual CHA2DS2-VASc scores, assuming no antithrombotic therapy, the expected 

ischaemic stroke rate was 6.3% (5.7 to 6.9%). The expected major bleeding rate based on 

individual HAS-BLED scores assuming warfarin therapy was 7.6% (7.2% to 8.0%) per 

year.220 Using modelled 1-year clinical event rates, the expected major bleeding rate using no 

antithrombotic therapy was 2.2% (0.9% to 4.2%). The observed ischaemic stroke and major 

bleeding rates in the RBHH LAAC cohort, however, were both 0.90% (0.11% to 3.20%) per 

year. There was therefore, an 85% reduction in the expected rate of stroke (p<0.001, Figure 
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6-3A) and a 60% reduction in the expected rate of major bleeding events (p<0.01, Figure 6-

3B), for the RBHH LAAC patients compared with patients on no antithrombotic therapy. 

 

 

 

 

Figure 6-3. Expected annual rates of stroke (A) and major bleeding events (B) in the 

study population based on CHADS2 score and HAS-BLED score, respectively, 

compared with the cumulative observed rates during the entire study period (mean, 

95% CI).  

A: There was a significant reduction in the expected rates of stroke (88%, p<0.001). B: There was a 

significant reduction in the expected rates of major bleeding events (60%, p<0.01). 
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6.3.3 Modelled 10-year clinical event projection 

Model estimated clinical events are reported as the mean probabilistic sensitivity analysis 

results. 

RBHH LAAC was predicted to have lower rates of ischaemic stroke and major bleeding, and 

PROTECT AF LAAC was predicted to have lower rates of all cause mortality over 10 years 

when compared with the other agents (Figures 6-4A to 6-4C, Table 6-6). 

These benefits were most evident in the higher stroke risk (CHADS2 >0-1 or CHA2DS2-

VASc >3, Tables 6-7 and 6-8) and anticoagulation unsuitable subgroups. Clinical events 

(stroke, major bleeding, death) in the 8% of patients (both LAAC groups) who had 

unsuccessful implants and those who had peri-device gaps necessitating long-term 

antithrombotic therapy, also contributed to the LAAC group event rates. 
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Figure 6-4. A: 10-year cumulative stroke rates. B: 10-year cumulative major bleeding 

rates. C: 10-year cumulative all cause mortality rates.  

LAAC, aspirin and no therapy were the therapeutic options for anticoagulation unsuitable patients. 

*Inputs for ‘PROTECT AF LAAC – Anticoagulation Unsuitable’ were modelled. 
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Table 6-6. 10-year probability of stroke, major bleeding and all cause mortality 

  
Whole 

Group (%) 
CHADS2 
0-1 (%) 

CHADS2 2        
(%) 

CHADS2 
≥3 (%) 

Anticoagulation 
unsuitable (%) 

Stroke      

RBHH LAAC 10.2 9.0 9.3 10.7 9.9 

PROTECT AF LAAC 17.1 8.3 11.6 22.0 17.2* 

Dabigatran 150 mg 23.5 11.3 15.8 30.1  

Apixaban 24.6 11.8 16.6 31.4  

Warfarin 25.0 12.4 17.2 31.6  

Rivaroxaban 26.1 12.5 17.5 33.2  

Dabigatran 110 mg 28.5 13.7 19.3 36.5  

Aspirin 41.2 20.8 28.7 51.9 40.8 

No therapy 49.0 25.2 34.5 61.1 48.0 

      

Major Bleeding      

RBHH LAAC 13.3 12.7 13.0 13.5 13.5 

No therapy 23.8 21.8 24.0 25.0 25.0 

Aspirin 38.0 34.1 38.1 39.9 39.7 

Apixaban 48.1 40.9 46.3 50.5  

Dabigatran 110 mg 52.6 45.8 50.9 56.2  

PROTECT AF LAAC 57.0 50.0 55.6 60.2 60.8* 

Dabigatran 150 mg 58.5 49.9 56.0 62.9  

Rivaroxaban 62.6 53.6 60.4 66.0  

Warfarin 62.9 55.1 61.2 66.2  

      

All Cause Mortality      

PROTECT AF LAAC 20.3 10.3 14.2 22.5 25.8 

Dabigatran 150 mg 21.0 11.2 15.4 24.0  

Rivaroxaban 21.7 11.6 15.9 24.9  

Dabigatran 110 mg 22.0 11.8 16.1 25.1  

Apixaban 22.2 11.8 16.2 25.3  

RBHH LAAC 25.7 13.8 17.3 31.7 32.6 

Warfarin 32.7 17.4 23.9 37.5  

Aspirin 40.6 21.8 29.9 46.7 49.2 

No therapy 48.2 26.2 35.8 55.1 57.5 

*Inputs for PROTECT AF LAAC Anticoagulation Unsuitable were modelled. 
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6.3.4 Cost impact analysis 

Model estimated costs are reported as the mean probabilistic sensitivity analysis results. Due 

to the low event rates in the RBHH cohort, there was only a small increase in cumulative cost 

over the 10 year analysis period when compared with the other treatment options. 

 

6.3.4.1 Whole group 

There is a high initial cost of LAAC, as with most implantable devices, however this is offset 

by lower rates of ischaemic stroke, major bleeding and death over 10 years when compared 

with the other agents (Figures 6-4A to 6-4 C, Table 6-6). Over a 10-year period, RBHH 

LAAC and PROTECT AF LAAC were cost-saving compared with all other treatment 

options (Figure 6-5). Estimated cost-savings for RBHH LAAC ranged from £7194 (95% CI -

£1260 to £16264) against dabigatran 110mg, to £1162 (-£5388 to £7061) against warfarin 

(Table 6-7). For PROTECT AF LAAC this cost saving ranged between £4586 (-£4334 to 

£14447) against dabigatran 110mg, to £1247 (-£5542 to £8000) against aspirin. However, 

based on PROTECT AF, LAAC appeared more costly than warfarin at 10 years (-£1447 (-

£7790 to £3940)). Cost-parity was achieved between 4.9 years and 8.4 years for RBHH 

LAAC (Table 6-7) against all comparator treatments and 5.9 years and 8.4 years for 

PROTECT AF LAAC against all comparator treatments except warfarin. The estimated 

probability that RBHH LAAC would be cost-saving at 10 years ranged between 92% relative 

to dabigatran 110mg and 64% relative to warfarin (Table 6-7). Similarly, the estimated 

probability that PROTECT AF LAAC would be cost-saving at 10 years ranged between 78% 

relative to dabigatran 110mg and 63% relative to aspirin. Using CHA2DS2-VASc stroke 

risks, compared to each treatment option, LAAC achieved cost parity at an earlier stage than 

using CHADS2 risks (Figure 6-6, Table 6-8). 

Although this model was not designed to analyse beyond 10 years, extrapolation suggested 
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that PROTECT AF LAAC would become cost saving against warfarin between 12 and 13 

years. 

 

Table 6-7. Time to achieve cost-parity, 10 year cost-savings and probabilities of cost-

saving per patient – RBHH LAAC vs Other Treatments. Cost-savings in £ with 95% 

confidence intervals, CHADS2 risk stratification 

  

Whole 
Group 
(yrs) 

CHADS2 
0-1    
(yrs) 

CHADS
2 2       
(yrs) 

CHADS
2 ≥3     
(yrs) 

Anticoagulation 
unsuitable   
(yrs) 

 

10 year cost-savings 
(£) 

Probability 
of cost-
saving (%) 

Dabigatran 110mg 4.85 6.76 5.79 4.18 - 7194  (-1260 to 16264) 92 

Rivaroxaban 5.07 6.75 5.92 4.39 - 6301 (-2101 to 15144) 89 

No therapy 5.56 >10 8.15 4.36 5.56 5387 (-2400 to 13355) 87 

Dabigatran 150mg 5.55 7.49 6.57 4.86 - 5292 (-2913 to 13960) 85 

Apixaban 5.93 8.07 7.12 5.22 - 4502 (-2985 to 12222) 84 

Aspirin 6.46 >10 9.50 5.07 6.47 3855 (-3744 to 11579) 81 

Warfarin 8.43 >10 >10 6.86 - 1162 (-5388 to 7061) 64 

PROTECT AF LAAC - - - - - 2608 (-5019 to 10253) 73 

 

 

Table 6-8. Time to achieve cost-parity, 10 year cost-savings and probabilities of cost-

saving per patient – RBHH LAAC vs Other Treatments. Cost-savings in £ with 95% 

confidence intervals, CHA2DS2-VASc risk stratification 

  

Whole 
Group 
(yrs) 

CHA2DS2-VASc  Anticoagulation 
unsuitable   
(yrs) 

10 year cost-savings     
(£) 

Probability 
of cost-
saving (%) 

2 
(yrs) 

3 
(yrs) 

4 
(yrs) 

5 
(yrs) 

6-9 
(yrs) 

Dabigatran 110mg 4.67 7.45 6.35 5.27 5.43 3.67 - 7676  (-777 to 17020) 93 
Rivaroxaban 4.88 7.26 6.26 5.45 5.63 3.91 - 6759 (-1864 to 16088) 90 
No therapy 5.21 >10 >10 6.65 5.68 3.47 5.01 6238 (-2078 to 14534) 90 
Dabigatran 150mg 5.47 8.08 6.88 5.98 4.64 4.33 - 5404 (-2912 to 13928) 86 
Apixaban 5.72 9.02 7.62 6.52 5.47 4.64 - 4885 (-2675 to 12747) 86 
Aspirin 6.16 >10 >10 7.94 5.52 4.06 5.90 4362 (-3177 to 12192) 83 
Warfarin 8.40 >10 >10 9.98 7.38 5.76 - 1194 (-5354 to 7147) 64 
PROTECT AF LAAC - - - - - - - 2655 (-4965 to 10439) 73 
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Figure 6-5. Whole group (CHADS2) – cumulative cost per patient over 10 years. 

Cost-parity occurs between two treatment options at points of cost-line intersection. 

 

	  

Figure 6-6. Whole group (CHA2DS2VASc) – cumulative cost per patient over 10 years. 

Cost-parity occurs between two treatment options at points of cost-line intersection. 
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6.3.4.2 CHADS2 and CHA2DS2-VASc subgroups 

In the CHADS2 0-1 subgroup, warfarin, aspirin and no therapy were less costly than LAAC 

over a 10-year period (Figure 6-7). In the CHADS2 2 and ≥3 subgroups, RBHH LAAC was 

cost-saving against all comparator treatment options, with the exception of warfarin in the 

CHADS2 2 subgroup. PROTECT AF LAAC was cost-saving against all comparator 

treatments but aspirin and warfarin in the CHADS2 2 subgroup, and warfarin in the CHADS2 

≥3 subgroup (Figures 6-8 and 6-9). Accordingly, times to achieve cost-parity were also 

shorter for LAAC in these high risk subgroups (Tables 6-7 and 6-8). Overall, LAAC in the 

CHADS2 ≥3 subgroup was most cost saving. In the CHA2DS2-VASc subgroups:  

10-year cost savings in the CHA2DS2-VASc ≤3 subgroups (Figures 6-10 and 6-11) were 

similar to that of the CHADS2 0-1 subgroup (Figure 6-7). RBHH LAAC and PROTECT AF 

LAAC were cost-saving against all comparators in the CHA2DS2-VASc >3 and CHA2DS2-

VASc >5 subgroups, respectively (Figures 6-12 to 6-14).  

In addition, LAAC in the anticoagulation unsuitable subgroup was cost-saving within 6.5 

years (CHADS2) and 5.9 years (CHA2DS2-VASc) against aspirin and no therapy (Figures 6-

15 and 6-16). 
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Figure 6-7. CHADS2 0-1 – cumulative cost per patient over 10 years. 

	  

Figure 6-8. CHADS2 2 – cumulative cost per patient over 10 years. 
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Figure 6-9. CHADS2 ≥3 – cumulative cost per patient over 10 years. 

 

	  

Figure 6-10. CHA2DS2-VASc 2 – cumulative cost per patient over 10 years. 
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Figure 6-11. CHA2DS2-VASc 3 – cumulative cost per patient over 10 years. 

	  

Figure 6-12. CHA2DS2-VASc 4 – cumulative cost per patient over 10 years 
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Figure 6-13. CHA2DS2-VASc 5 – cumulative cost per patient over 10 years. 

 

Figure 6-14. CHA2DS2-VASc 6-9 – cumulative cost per patient over 10 years. 
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Figure 6-15. Anticoagulation unsuitable  (CHADS2) – cumulative cost per patient over 

10 years. 

 

Figure 6-16. Anticoagulation unsuitable (CHA2DS2-VASc) – cumulative cost per patient 

over 10 years. 
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6.3.4.3 One-way sensitivity analysis 

One-way sensitivity analysis demonstrated that total cost impact of LAAC was generally 

robust to changes in the parameters.	  

The tornado diagrams depict the variables with the largest impact on the difference in cost 

between PROTECT AF LAAC and dabigatran 150mg (Figure 6-17), warfarin (Figure 6-18) 

and aspirin (Figure 6-19). All variables not depicted had a <1% impact on the results. The 

solid vertical line represents the base case costs for PROTECT AF LAAC compared with the 

respective oral therapy. 

Using the cost difference between PROTECT AF LAAC and dabigatran (Figure 6-17), 

warfarin (Figure 6-18) or aspirin (Figure 6-19) as the vertical axis, analysis revealed the 

model was most sensitive to the relative risk of stroke with PROTECT AF LAAC, the 

relative risk of stroke of the comparator therapy (either aspirin, dabigatran or warfarin), and 

the costs of either PROTECT AF LAAC or dabigatran. Costs of aspirin and warfarin were 

not large enough at baseline to be significant drivers of model results, given reasonable 

expectations of variability with these parameters. 
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Figure 6-17. One-way sensitivity analysis of PROTECT AF LAAC versus dabigatran 

150mg  

Difference in 10 year costs as x-axis. The solid vertical line represents the base case costs for 

PROTECT AF LAAC compared with the respective oral therapy. Numbers left of the line indicate 

that PROTECT AF LAAC is cost saving over dabigatran 150mg through plausible variation of inputs. 

 

	  
	  
Figure 6-18. One-way sensitivity analysis of PROTECT AF LAAC versus warfarin 

Difference in 10 year costs as x-axis. The solid vertical line represents the base case costs for 

PROTECT AF LAAC compared with the respective oral therapy. Numbers left of the line indicate 

that PROTECT AF LAAC has a lower cost difference over warfarin through plausible variation of 

inputs.	  
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Figure 6-19. One-way sensitivity analysis of PROTECT AF LAAC versus aspirin 

Difference in 10 year costs as x-axis. The solid vertical line represents the base case costs for 

PROTECT AF LAAC compared with the respective oral therapy. Numbers left of the line indicate 

that PROTECT AF LAAC is cost saving over aspirin through plausible variation of inputs. 
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6.4 Discussion 

To our knowledge, this study is the first cost impact analysis using randomised controlled 

trial and real-world patient data to compare LAAC against currently available treatment 

options for the prevention of AF-related stroke and other clinical sequelae. 

Cost-savings are seen with LAAC against all comparator treatments within 13 years utilising 

data from the PROTECT AF randomised controlled trial and within 9 years from real-world 

experience of LAAC. This relates to a cost-saving of 11 to 43% (RBHH LAAC against all 

comparators) or 9 to 27% (PROTECT AF LAAC, against all comparators except warfarin) 

over 10 years. This is driven predominantly by cost-saving in patients with higher 

thromboembolic risk (CHADS2 > 0-1, CHA2DS2-VASc >3) and those unsuitable for 

anticoagulation. In patients with a low thromboembolic risk (CHADS2 0-1, CHA2DS2-VASc 

≤3), warfarin, aspirin and no therapy are more economical than LAAC over a 10-year period.  

	  

6.4.1 Baseline characteristics and procedural outcomes 

The baseline characteristics of the RBHH cohort were similar to the two published clinical 

trials of LAAC (PROTECT AF55 and PREVAIL56). However, baseline stroke risk for the 

whole group (CHADS2 2.8±1.2 vs 2.2±1.2 (PROTECT AF)55, [p<0.0001] and 2.6±1.0 

(PREVAIL)56, [p=0.048]) and previous stroke/TIA prevalence (46% vs 18% (PROTECT 

AF)55, [p<0.0001] and 28% (PREVAIL)56, [p=0.0002]) was higher in the RBHH cohort. 

In the PROTECT AF study, 1945 of 4998 (39%) patients screened were ineligible by clinical 

or echocardiographic criteria. However, we did not pre-select patients for inclusion in the 

RBHH cohort on the basis of their cardiac imaging. 

Despite having a population with higher baseline risk and less patient pre-selection, our 

procedural and device related adverse events were significantly lower than in published 

studies (0.9% vs 8.7% (PROTECT AF)55 [p=0.002]; 6.7% (ASAP)225, [p=0.011], and 4.5% 
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(PREVAIL)56 [p=0.043],). This may be a result of improved procedural technique that has 

developed with experience, as has been previously reported.55 

 

The observed stroke and major bleeding rates for this patient cohort, were both lower than 

would be expected based on their CHADS2 and HAS-BLED scores and assuming no 

antithrombotic therapy (Figures 6-3A and 6-3B). Modelled 10-year event rates also 

demonstrated the largest risk reduction in stroke (range 6.9% vs PROTECT AF LAAC to 

38.8% vs no therapy) and major bleeding (range 10.5% vs no therapy to 49.6% vs warfarin) 

with the RBHH cohort data. The four non-cardiac related deaths resulted in an annual 

mortality risk of 1.8%, resulting in a modelled 10-year all cause mortality probability of 

25.7%. Although higher than PROTECT AF LAAC data and that of the NOACs, the 10-year 

all-cause mortality risk reduction for the RBHH LAAC cohort ranged from 7.0% vs warfarin 

to 22.5% vs no therapy. 

These comparisons suggest that RBHH registry outcomes are broadly comparable to 

published randomised controlled trial data55,56 and in line with a recent multi-centre registry 

study.58 Therefore, even in a real-world setting, the use of LAAC can result in reductions in 

stroke and major bleeding for patients with NVAF, when compared with existing 

pharmacological alternatives. 

 

In the UK, NICE guidance213 at the time of our study allowed for LAAC to be considered in 

patients able to tolerate warfarin with a high bleeding risk (HAS-BLED≥3) and those 

unsuitable for anticoagulation. Interestingly, these guidelines have recently changed,41 and 

now recommend LAAC only in patients unsuitable for anticoagulation, in line with existing 

ESC guidelines.14 However, a recent European expert consensus statement on LAAC 

recommended patient selection to be more inclusive,227 as per the original NICE guidelines. 
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Although national and international guidelines may give differing recommendations on 

patient selection for LAAC, it should be borne in mind that the only published randomised 

controlled trial data for LAAC are in patients who are suitable for long-term 

anticoagulation.55,56 

 

6.4.2 Cost impact analysis 

There is a paucity of health economic data for LAAC. A Canadian economic evaluation 

estimated that the lifetime healthcare costs with LAAC would be greater than with warfarin 

($27,003 compared with $21,429), but that the estimated health benefits would justify this 

additional expenditure: incremental cost effectiveness ratio of $41,565 per Quality Adjusted 

Life Year gained, which is within the range usually considered to be cost-effective in 

Canada.212 A European budget impact analysis214 across a 10-year time horizon estimated 

that LAAC was less expensive than dabigatran 150mg at 8 years, (€15061 vs. €16184). At 10 

years, it was only 10% more expensive than warfarin (€16736 vs. €15168). 

 

As a device-based treatment, the costs of LAAC are almost entirely procedure based, whereas 

the treatment and complication costs of pharmaceutical agents accrue year on year.  

The model estimated that LAAC had a high probability of being cost-saving over a period of 

4 to 13 years, depending on the comparator. This is primarily a reflection of the significant 

reduction in major events and the substantial savings that were achieved through the 

reduction in long-term disability as a consequence. The exceptions were in the sub-analysis 

of the CHADS2 0-1 and CHA2DS2-VASc ≤3 groups, in which warfarin, aspirin and no 

therapy were cost-saving compared with LAAC over 10 years and the CHADS2 2 group in 

which warfarin was cost-saving compared with LAAC. Subgroup analyses demonstrated that 

LAAC had the most clinical and economic benefit in the groups with higher baseline stroke 
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(Figure 6-20) and bleeding risk. 

 

 

Figure 6-20. 10 year cumulative costs per patient by CHA2DS2-VASc subgroup. 

 

The network meta-analysis provides a robust method for the indirect comparison of different 

treatment options by standardising the relative risks of clinical events through accounting for 

differences in the patient populations of each respective study. 	  

As far as we are aware, this is the only cost-analysis of these particular therapies that has 

utilised network meta-analysis data.210 This allowed accurate comparative assessments of the 

costs associated with each therapeutic option.	  
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In comparison with the aforementioned studies,212,214 there are several areas upon which our 

study builds. Foremost, the model has been populated with real-world patient data from two 

UK centres performing LAAC. Second, it provided the flexibility to investigate the cost 

impact of LAAC compared with an extensive range of other established and newly available 

treatment strategies provided to UK patients. Third, we incorporated standardised relative 

risks from a network meta-analysis to more accurately account for differences in the patient 

populations of the included clinical trials. Fourth, stroke risk and anticoagulation unsuitable 

subgroup analyses were performed. 

The event rates for patients unsuitable for anticoagulation are indirectly extrapolated from the 

network meta-analysis210 using data for LAAC in patients suitable for anticoagulation.55 

Apart from differences in baseline stroke and bleeding risk, which have been accounted for in 

our analysis, this subgroup of patients are similar enough to patients suitable for 

anticoagulation (age 72.5±7.4221 vs 71.7±8.855, p=NS; male 64.0%221 vs 70.4%55, p=NS) to 

perform an indirect comparison. Indeed, the authors of the network meta-analysis210 found no 

significant heterogeneity in their model by sensitivity analyses. Therefore, they concluded 

that indirect comparisons did not lead to major inconsistencies or qualitative differences 

when comparing the effect-estimates based on direct versus indirect evidence from the 

comparisons. 

However, there is some inherent uncertainty in the anticoagulation unsuitable group due to 

lack of direct randomised evidence in this population. This is an area which requires further 

research. 

 

Our study demonstrates that with the improvements in procedural safety and implantation 

technique that comes with increasing experience, LAAC results can be more favourable than 

comparator treatments. This analysis demonstrates that the high upfront costs of LAAC may 
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be outweighed by lower long-term event rates, resulting in reduced costs to the healthcare 

system over 10 years compared with oral anticoagulants. This is the case for both data from 

the PROTECT AF randomised controlled trial and from real-world experience of LAAC. 

Within a climate of financial constraint, based on this analysis, LAAC may be recommended 

for subgroups where benefit may be greater, such as in those with higher stroke risk. 

 

With the diversity of established and novel oral anticoagulant therapies and LAAC devices 

available, our results and cost impact analysis adds considerably to the evidence base 

available to clinicians and healthcare commissioners to help choose the appropriate 

therapeutic option for their patient population. 

 

6.4.3 Limitations 

Although all clinical data for the RBHH cohort were prospectively collected at both centres, 

this study was not randomised and is therefore subject to known biases of non-randomised 

registry studies. Patient quality of life was not considered as this analysis was intended to 

explore the healthcare costs of LAA closure.	  

The key modelling assumption is that of continued benefit with on-going anticoagulation 

treatment and with LAAC. Though, as with any economic model, results rest on important 

assumptions and limited data. This is particularly important in analysis of technologies in the 

early stages of assessment where the data is inevitably less well developed than at later stages. 

This a well known dilemma in the health economic field where early assessments of health 

technologies are important to prevent on one hand, premature dissemination or, on the other, 

lack of investment in further research or utilisation of the technology. 

The cost difference of LAAC to comparator treatments over 10 years is most sensitive to the 

LAAC stroke rates (Figures 6-17 to 6-19). Therefore, higher stroke rates with LAAC could 
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result in an unfavourable long-term cost profile. However, our analysis shows that even with 

the higher event rates seen in the PROTECT AF study compared with our registry data and 

other recently published registry data,58 the costs of LAAC were lower than all comparator 

treatments, except warfarin, at 10 years. 

Lastly, this analysis is based on use of the Watchman device and thus may not reflect the cost 

impact of other LAAC devices.	  

 

6.5 Conclusions 

The present study is the first cost impact analysis using real-world patient data in comparing 

LAAC with trial-data for all currently available treatment options in the prevention of non-

valvular AF-related stroke and other clinical sequelae. 

Treatment with LAAC can reduce the risk of stroke, major bleeding and death compared with 

other therapeutic strategies. These clinical benefits may offset the additional upfront costs of 

the device and of potential procedure-related adverse events. The economic and clinical 

benefits of LAAC are most apparent in treating patients with higher baseline thromboembolic 

risk and those who are anticoagulation unsuitable. 

In this analysis, cost-parity is achieved against all comparators within 13 years. Furthermore, 

LAAC might still be a cost-effective option for patients with a life expectancy shorter than 

the time to cost parity, if it improved their life expectancy and/or quality of life. 

Our findings highlight the importance of taking a long-term perspective in preventive 

healthcare to maximise population health gains from limited resources. 
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7 Synthesis 

 

This thesis has delineated methods to optimise catheter ablation in patients with longstanding 

persistent AF, a novel algorithm to accurately measure wall thicknesses of the left atrium and 

left atrial appendage and the health economic impact of stroke prevention therapies. 

 

7.1 Proof of concept for clinical application of LAA electrical isolation and 

concomitant device occlusion 

The initial part of this thesis was to establish the safety and feasibility of performing 

pulmonary vein isolation combined with ablation around the LAA ostium followed by 

occlusion with an endovascular device. This was essential as there were theoretical concerns 

about implanting a device against recently ablated tissue which would be initially 

oedematous and subsequently necrotic. This would result in a risk of erosion and undersizing 

of the device following resolution of oedema. Undersizing may result in adverse 

consequences such as peri-device gaps allowing flow between the LAA and LA body,or, at 

worst, device dislodgement and embolisation.  

 

This chapter describes the first experience of this concomitant procedure in canines. As there 

were no established regimes for chronic oral anticoagulation with warfarin in canines, the 

initial challenge was to establish a reliable protocol for oral anticoagulation. We were able to 

achieve stable INRs for the majority of the study using a locally developed protocol which 

mandated daily INR monitoring until stabilisation of INR readings, followed by twice weekly 

monitoring until the end of the study. 
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We had the opportunity to assess the electrophysiological, anatomical and histopathological 

sequelae of pulmonary vein isolation, LAA electrical isolation and device occlusion. The 

initial test case provided us with insights as to where LAA ablation would be more 

challenging. 

Histological evaluation of the test case demonstrated clear areas around the LAA ostium 

where the ablation lesions were discontinuous and non-transmural, thus creating the potential 

for conduction between the LAA and LA. We noted that the tissue surrounding the LAA 

ostium was thicker than the adjacent left atrial tissue. We therefore chose to increase the 

ablation power to 35W for the study cases to compensate for the thicker tissue and thus, 

increase the likelihood of transmural ablation. 

We intentionally oversized the occlusion devices in order to compensate for the oedema 

around the LAA ostium which could potentially result in smaller real-time measurements 

with which to size the occlusion device. Oversizing also facilitated a better assessment of the 

risk of device erosion through the LAA wall. Despite extensive ablation around the LAA 

ostium and oversizing of the devices, there were no device related complications. 

Specifically, no instances of device perforation, laceration or erosion through the LAA wall 

or indeed, peri-device gaps, were observed. 

There was a high acute LAA reconnection rate (50%) which had a regional distribution 

pattern around the LAA ostium. This was only observed in the superior and inferior margins. 

Histological assessment of LAA ostial thickness demonstrated that the thickest aspects of the 

LAA correlated with the observed sites of acute reconnection. 

The follow-up electrophysiology study 6 weeks later, with epicardial testing, showed a high 

degree of persistent LAA isolation (7/8 cases). This was in contrast to the relatively high rate 

of PV reconnection seen at the same stage, occurring primarily in the left inferior PV and 

right superior PV. The 30 minute waiting time and LAA reisolation (if indicated) and 
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relatively extensive ablation using a higher power that was applied to the LAA but not to the 

PVs in this study, combined with fibrosis induced by the presence of the implanted occlusion 

device may provide plausible explanations for this observation. 

There is limited histological data available following implantation of a Watchman device. 

However, compared to the largest previous canine study of Watchman device histological 

changes at 45 days post-implant170 there were no significant differences in the appearance of 

the devices in this and our study. This confirms that even with extensive RF ablation, the 

local tissue reaction to the occlusion device is benign and poses no demonstrable risk to the 

appendage or atrial tissue or device itself. 

 

This is the first study demonstrating the safety and feasibility of this combined approach in a 

canine model together with a unique histological evaluation correlating thicker regions of the 

LAA ostium with areas of acute electrical reconnection. 

 

7.2 First-in-human safety, feasibility and efficacy study – the LEIO-AF 

study 

Having demonstrated the safety and feasibility of concomitant PV isolation, LAA isolation 

and device occlusion in a canine model, this provided methodological validation in order to 

proceed with a first-in-human evaluation of the safety, feasibility and efficacy of this 

procedure in patients with long-standing AF. 

 

Chapter 4 describes our experience in the format of a prospective, non-randomised pilot 

study. Systematic assessment was performed for each patient prior to, during and after the 

procedure for a total follow-up duration of 12 months.  
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Outcomes were compared to a group of balanced controls who underwent conventional AF 

ablation.  

Serial clinical and ECG monitoring during the follow-up period demonstrated a trend towards 

higher atrial arrhythmia-free survival in the study group when compared to the control group 

(60% vs 40%), though this did not reach statistical significance (p=0.17), presumably due to 

the small sample size. However, AF recurrence was significantly lower (5% (study) vs 37% 

(control), p=0.036). Importantly, arrhythmia-free survival after a mean of 1.3 procedures was 

90% off all class I and III antiarrhythmic drugs. 

During the course of this study, other data pertaining to ablation of persistent AF have been 

published. The Substrate and Trigger Ablation for Reduction of Atrial Fibrillation Trial Part 

II (STAR AF II) study228 showed in a large randomised controlled setting that, the addition of 

linear or complex fractionated atrial electrogram (CFAE) ablation to pulmonary vein 

isolation, did not reduce atrial fibrillation recurrence when compared to pulmonary vein 

isolation alone. Procedure and fluoroscopy times were inevitably less for isolation alone as 

compared with isolation plus electrograms and with isolation plus lines (p<0.001 for both 

comparisons). In essence, the message from this study was that ‘less ablation may be more’. 

The results were unexpected to both the authors and the wider electrophysiology community 

and were not in accordance with current guidelines.162 

 

Although this was a groundbreaking study, offering a new perspective on persistent AF 

ablation, a number of limitations exist. An acute linear ablation success rate of 74%, which 

although stated by the authors as being comparable to other studies, is certainly less than that 

observed in our study (100%). The adjuvant use of distal coronary sinus ablation when 

required to isolate the LAA, may have contributed to our ability to achieve acute mitral valve 

isthmus block in every patient. In our study, even the control group undergoing conventional 



	  

	  
	  

211	  

AF ablation without LAA isolation, had a higher rate of acute mitral valve isthmus block 

(88%). The lower linear ablation success rates in the STAR AF II study may well have 

contributed to the lower than expected atrial arrhythmia-free survival rate in this group as 

incomplete linear ablation is well known to be proarrhythmic.134 

Importantly, longstanding persistent AF patients were not specifically studied, hence there 

would be inherent limitations in extrapolating the conclusions to outcomes in this patient 

group. The advanced left atrial substrate in this group would intuitively result in a strategy of 

pulmonary vein isolation alone having limited success, as has been demonstrated in other 

studies.117,229 

 

Success rates of catheter ablation in longstanding persistent AF are low, often with multiple 

procedures being required in order to achieve longer-term maintenance of SR.230 We have 

demonstrated a 60% single procedure and 90% multi-procedure (mean 1.3, range 1-2) atrial 

arrhythmia-free survival rate without antiarrhythmic drugs. Although this was a single centre 

pilot study, the success rates are higher than that observed in the STAR AF II study (single 

procedure: 41% PVI alone, 33% PVI plus CFAE, 29% PVI plus lines; two procedures: 61% 

PVI alone, 50% PVI plus CFAE, 48% PVI plus lines), despite the STAR AF II study 

population presumably having a less advanced atrial substrate than the LEIO-AF study 

population. 

 

A recent study by Rillig et al231 of 50 patients in whom the LAA was isolated during 

extensive left atrial ablation for paroxysmal (40%), persistent (46%) or longstanding 

persistent AF (14%), demonstrated that a cerebral thromboembolic occurred in 3 patients 

(6%) (2 strokes and 1 TIA), between 2–12 months post-LAA isolation. Importantly, in the 

remaining 47 patients, follow-up transoesophageal echocardiography (performed of median 
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of 3 months post-LAA isolation) showed LAA thrombus in 10 (21%) of patients despite 

continuous OAC in 9/10 patients. No LAA thrombus or thromboembolic events occurred in a 

matched control group (p<0.001). These findings lend further weight to the importance of 

occluding the LAA following electrical isolation. 

 

There is a paucity of data on the optimal strategy for patients with longstanding persistent 

AF. This study adds to the evidence base that LAA electrical isolation confers a higher 

degree of atrial arrhythmia-free survival when compared to conventional AF ablation. 

It also demonstrates for the first time the feasibility, safety, and efficacy of this combined 

approach in humans. Importantly, from a patient perspective, it carries the added advantage 

of precluding the need for long-term anticoagulation through closure of the LAA. This is an 

important step towards a multi-centre randomised controlled study that may provide the 

evidence base for this technique to become incorporated as part of a conventional ablation 

lesion set for longstanding persistent AF. 

 

7.3 Tissue thickness affects likelihood of acute electrical reconnection at the 

ostium of the left atrial appendage following radiofrequency ablation 

Traditionally, radiofrequency catheter ablation was guided by real-time parameters such as 

changes in power, temperature and catheter tip-tissue impedance measurements. The advent 

of tissue contact sensing technology has changed the treatment paradigm for patients 

undergoing catheter ablation. Nonetheless, despite utilization of these parameters to guide 

ablation, in particular, achievement of a minimal magnitude of tissue contact,110,111 a 

considerable proportion of patients continue to experience acute and/or late electrical 

reconnection across the ablation line created. The LEIO-AF study (Chapter 4) has 

demonstrated a high incidence of acute LAA reconnections in a regional distribution, despite 
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achievement of acceptable tissue contact during ablation. This correlated with areas of 

significantly thicker tissue on histological analysis of specimens obtained from a cohort of 

patients matched to the study cohort for AF duration and LA size. Variations in wall 

thickness around the LAA may well be a contributor to acute and late reconnections. 

However, due to a highly variable thickness which is usually less than five millimetres in 

size,148 a high degree of spatial and temporal resolution is required to perform accurate 

measurements using in vivo imaging techniques. 

Although the correlation of in vivo ablation end points with ex vivo wall thickness 

measurements is a scientifically important finding, there currently exists no accurate 

methodology to measure in vivo LA wall thicknesses. Pan et al195 and Beinart et al232, 

attempted to measure left atrial body wall thicknesses directly from CT scans using a single 

axial view195 or using two reconstructed planes orthogonal to a coronal reference plane that 

was parallel to the posterior LA wall,232 respectively. More recently, Takahashi et al233 

measured left atrial wall thicknesses from CT scans of 50 patients. Epicardial fat was 

excluded by filtering out voxels from a specified range of Hounsfield unit intensities. 

Measurements were taken in a coronal plane at the LA roof and axial plane in other locations. 

The three studies shared in common that the respective wall thickness measurements were 

made manually and subject to intra- and inter-observer variability. Although scientifically 

interesting, the measurements were not validated histologically and would be challenging to 

reproduce accurately or within an acceptable time frame due to the lack of automated 

measurements. 

Chapter 5 describes the first application of a novel semi-automated algorithm to measure 

tissue thicknesses around the LA-LAA junction from contrast enhanced cardiac computed 

tomographs (CT) of the LEIO-AF study population. These measurements were validated 
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against microcaliper measurements of the same anatomical regions on matched ex-vivo 

samples, as described above. 

This is the first demonstration of a robust technique for measuring wall thickness in-vivo that 

is validated by excellent agreement with measurements taken from direct histological 

examination. 

In addition, in vivo tissue thicknesses at the anterior and superior LA-LAA junction 

correlated with the predominant sites of acute LAA reconnection (anterior: 57% acute 

reconnections; superior: 35% acute reconnections and were significantly greater than that 

measured at the posterior section (2.1±0.6mm (anterior) and 1.9±0.4mm (superior) vs 

1.5±0.5mm (posterior)). Although the inferior margin (1.8±0.7mm) was thinner than the 

anterior and superior sections, this did not reach statistical significance. Importantly, tissue 

thickness was significantly greater in sections with acute reconnection compared to those 

without, demonstrating a dependence of this established electrophysiology outcome measure 

on local tissue thickness. This observation lends credence to the hypothesis that tissue 

thickness is an important parameter in the procedural success of radiofrequency 

ablation.164,232 
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7.4 Health economic analysis of left atrial appendage closure from 

randomised controlled trial and real-world experience relative to oral 

anticoagulation 

Establishing the health economic impact and affordability of a new technology is as 

imperative as generating robust clinical trial data for the product.  

The case with LAA closure (LAAC) is different to the usual circumstance of a new drug 

being compared to established drug therapy – it carries a high upfront cost and has been 

compared with drugs that, even when new, are many magnitudes cheaper. 

In a climate of austerity measures and short-term savings goals throughout the NHS, the high 

upfront cost of LAAC is challenging to reconcile.  

The totality of published health economic data for LAAC is very small. LAAC with the 

Watchman device has been demonstrated from the perspective of a Canadian central 

government payer to be cost-effective.212 However, it was notable that the discounted lifetime 

cost of LAAC was more expensive than both warfarin and dabigatran. 

 

Since completion of our study, two other relevant analyses have been published. The first 

assessed the cost-effectiveness of LAAC against warfarin and NOACs.234 Directionally 

consistent with the results in our study, this analysis showed LAAC to be more cost effective 

than both warfarin and NOACs by year 7 of the model. 

The second analysis assessed the cost-effectiveness of LAAC with the Watchman device 

relative to aspirin and apixaban in patients with absolute contraindications to warfarin.235 

Again, in keeping with the results of our study, LAAC was shown to be cost effective against 

aspirin by 5 years and apixaban by 7 years. 

Both studies have corroborated the results we have shown in Chapter 5. However, there are 

some notable distinguishing limitations: 
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• In health economic analyses, it is recognised that where there is a deficiency of direct 

randomised controlled data of all competing therapies, indirect comparisons can be 

used.236 Network meta-analyses provide the most robust methodology to minimise bias 

from indirect comparisons. However, neither study employed data from a network meta-

analysis for clinical inputs into the model, rather, both utilised a simple non-standardised 

indirect comparison with no control for differences in the patient populations of the 

included studies.  

• The first analysis amalgamated NOAC data from a meta-analysis, which was not specific 

to any particular agent. Given that all NOACs are fairly evenly priced, an amalgamated 

simple cost comparison would be acceptable. However, assumptions have been made 

about a class effect for clinical effectiveness, despite evidence that each NOAC has 

different properties, efficacies and side effects.210 Therefore this assumption leads to a 

lack of fidelity over the health economic profiles of individual NOACs. Thus this data 

does not facilitate tailored treatment with individual NOACs.  

• Both studies used data from randomised controlled or highly selected registry studies and 

therefore, as conceded by the authors, may not be representative of real-world practice as 

such studies enrol selected patients with close monitoring and achieve higher treatment 

adherence as a result when compared to real-world observations. 

 

Emergence of the NOACs has certainly provided safe and effective alternatives to warfarin 

that do not require regular coagulation monitoring and have fewer drug and food 

interactions.43 However, they are all plagued with the same issue of patient non-adherence 

whether for clinical or non-clinical reasons. A recent analysis of real-world adherence to 

warfarin, rivaroxaban and dabigatran demonstrated that at one year, only 26% of patients 

continued with warfarin, 53% with rivaroxaban and 47% with dabigatran.237 Apixaban has 
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similar patient compliance issues. In the AVERROES study, 18% of patients in the apixaban 

group discontinued therapy per year of the study, though it must be noted that this was in a 

selected population with intense monitoring. The rate of discontinuation is therefore likely to 

be higher in clinical practice.238 Adherence is therefore a significant problem and reduces the 

potential benefits from pharmaceutical stroke prevention strategies. By nature of being an 

implanted device, LAAC does not suffer from non-adherence. Although a short period of 

antithrombotic agents is required post-procedure, adherence over this time frame does not 

appear to be an issue.235 

Edoxaban, the latest NOAC, gained approval by NICE in September 2015,87 which was after 

completion of our study. A meta-analysis of randomised controlled trial data from 4 

NOACs239 demonstrated that in comparison to other NOACs, Edoxaban 30mg was less 

effective at preventing stroke or systemic embolism. In addition, Apixaban caused less 

bleeding events than Edoxaban 60mg. Based on these results, Edoxaban would offer no 

health economic benefit over the NOACs included in our analysis, in particular Apixaban, 

which appeared to be the most economical of the NOACs. 

This is the first cost-impact analysis using real-world patient profiles and network meta-

analysis data to compare LAAC with trial data for currently available treatment options in the 

prevention of non-valvular AF-related stroke, major bleeding and death. 

For patients at high baseline risk of stroke and/or major bleeding or indeed, those unsuitable 

for anticoagulation, treatment with LAAC may offer substantial savings over current 

therapies. 

Although, at the present time, national funding for LAAC in the UK is under scrutiny, this 

analysis has provided robust data to support both an economic and clinical argument for 

performing LAAC in specific subsets of patients most likely to benefit from this procedure. 
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7.5 Limitations to this thesis 

In the LEIO-AF study, patients with recurrent atrial arrhythmias undergoing repeat ablation, 

direct proof of persistent LAA isolation was not possible due to physical obstruction from the 

Watchman device at the LAA ostium. However, the absence of far-field LAA signals at the 

LAA border of the LSPV junction (present prior to LAA isolation in all study cases) provided 

the best indirect evidence of persistent LAA isolation that we could obtain. The alternative 

approach of performing LAA closure a few weeks after the index ablation would permit 

documentation of the sites of late LAA reconnection and also reisolation in this event. 

However, in view of recent compelling data from Rillig et al231, it is our opinion that the 

short-term risk of thromboembolism is not justifiable. 

 

A limitation of our in vivo technique for analysis of LAA wall thickness is the inherent 

inability of CT to discriminate tissue borders, an issue with the resolution of the imaging as 

well as the tissue contrast at borders. The partial volume effect, whereby a single voxel 

contains tissue of multiple different radio-opacities and therefore the final value represents an 

average of all those tissues contained within it, is likely to be exacerbated by movement and 

therefore the heart is vulnerable to this. Such artefacts are most commonly seen in the z-

direction (the z-direction is along the axis of subject, out of plane with the imaging slice, 

whereas the x- and y-directions are within the plane of the imaging slice), due to the 

conventional use of highly anisotropic voxels.240 Due to the anisotropic properties of the 

voxel, images have a lower out-of-plane resolution, when compared to the in-plane 

resolution. This can be partially overcome and thus the ability of CT imaging to resolve 

tissue boundaries can be improved, by an acquisition using isotropic voxels or scanning using 

thinner slices.	  However, this usually comes at the expense of greater radiation exposure.205 It 

is possible that future improvements in CT technology, such as 512-slice dual source CTs, 
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may result in better tissue border discrimination without significant increases in radiation 

doses. 

As this algorithm was entirely novel it necessarily took a simplified approach as the first step 

towards measuring LAA wall thicknesses. The benefit of this is that it relies on the smallest 

possible set of pre-existing assumptions about the atrial geometry (i.e. it does not build the 

model of the atrial wall based on what previous atria looked like) and uses the minimum 

possible set of criteria for identifying the atrial wall. Ways of increasing the complexity of 

this would be to incorporate more complex algorithms such as rate of change of Hounsfield 

Unit intensity to better identify tissue borders, or to move to a more atlas based approach for 

atrial anatomy at the expense of a greater number of assumptions about what the atrium 

’should’ look like. There is certainly room for refining the approach and the promising results 

of this study would suggest that there is value in doing so. 

 

In the health economics analysis, extrapolations were made in order to incorporate patients 

unsuitable for anticoagulation into the health economic analysis. 

Such patients are challenging to study and, currently, there are no randomised data for this 

patient group. Realistically, however, it will take many years before a randomised trial of 

LAAC in this high-risk group is performed. 

Effectiveness estimates were all on the basis of intention-to-treat analyses which are accepted 

as the analytic methodology of choice for randomised controlled studies to minimise bias. 

However, our model allowed for the possibility of therapy change to impact both costs and 

clinical events, thus providing an‘on-treatment’ analysis. Although different, this 

methodology provides a more realistic representation of real-world observations in keeping 

with the main aim of this analysis. 
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7.6 Future research work planned 

Further to the findings of this thesis, more research hypotheses have been generated. 

Specifically, these are the investigations leading on from the work presented: 

 

• A large scale, multi-centre randomised controlled trial to establish the efficacy of 

combining a conventional AF ablation with LAA electrical isolation and occlusion 

compared to conventional AF ablation alone. We recognize that linear ablation and 

LAA isolation are technically challenging to perform, and increase procedural 

duration. Therefore, to minimise the variability in ablation performed, in particular 

with linear ablation (as evidenced in the STAR AF II study), and simplify the ablation 

protocol in order to facilitate more widespread usage, we have chosen to perform PV 

isolation only followed by LAA electrical isolation and occlusion in this study. This 

will allow the operator more time to focus on achieving durable LAA isolation and 

optimal LAA closure. 

• Analysis of connexin expression at the LAA-LA junction using fresh frozen samples 

of cuffs of tissue encompassing this area, taken at the time of LAA excision during 

concomitant cardiac surgery. This will build on the literature of connexin expression 

in the myocardium of the atrial body and will provide unique insight into the 

conduction pathways that exist across this junction. 

• Establishing the regional variation in left atrial antral wall thickness in order to guide 

PV isolation performed with wide area circumferential antral ablation. This will be 

correlated with ablation index measurements (force time power integral) at the site of 

ablation and sites of acute reconnection during the initial study. Correlation will also 

be made with sites of late PV reconnection detected at repeat ablation studies. 
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• Integrating cardiac CT wall thickness maps into current electroanatomical mapping 

systems. This will provide a valuable adjunct to traditional parameters to guide 

ablation and improve procedural success. In addition, it will provide important safety 

information by helping to avoid excessive ablation at areas of thinner myocardium, 

thus reducing the risk of cardiac perforation and damage to collateral structures such 

as the oesophagus. 

• Health economic analysis of the largest real world registry study (n=1025) of LAAC 

with the Watchman device. Almost half of subjects have had a previous stroke and 

more than 60% were deemed unsuitable for oral anticoagulation, thus reflecting a 

high risk population not previously studied on a large scale. A Markov 

microsimulation model will be used to accurately model a patient’s journey from 

initial diagnosis of AF over a lifetime horizon. This will build on the current evidence 

base and facilitate a more robust analysis utilising a larger sample size and a diverse 

demographic distribution that is more representative of worldwide populations. 
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7.7 Conclusions 

Combining pulmonary vein isolation, LAA electrical isolation and mechanical endocardial 

LAA closure is both safe and feasible in a pre-clinical canine model. 

This provided methodological validation in order to translate into a first in man study of the 

safety, feasibility and efficacy of this technique 

LAA ablation is technically challenging with high incidence of acute reconnections. Using a 

novel and mathematically robust strategy we have been able to accurately measure CT 

derived wall thicknesses around the LA-LAA junction, which compared favourably to 

matched histological specimens. By identifying significant regional variation in wall 

thickness, this technique may improve the efficacy and safety of LAA ablation through 

appropriate and proportional titration of energy delivery. 

Finally, the resultant thromboembolic risk from LAA electrical isolation is high, mandating 

LAA closure. This can be achieved simply and now has the health economic evidence base to 

support its use in routine practice to reduce the risk of stroke, bleeding and death above and 

beyond conventional pharmacological treatments. 
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9 Appendix 

9.1 Ethics Committee Approval Letter 

	  
 

NRES Committee South East Coast - Kent 
Ground Floor 

Skipton House 
80 London Road 

London 
SE1 6LH 

 
 Telephone: 020 797 22551  

Facsimile: 020 797 22592 

25 September 2012  
Dr. Tom Wong 
Consultant Cardiologist 
Royal Brompton & Harefield NHS Foundation Trust 
Department of Cardiology, 4th Floor Chelsea Wing 
Royal Brompton Hospital 
Sydney Street, London 
SW3 6NP 
 
 
Dear Dr. Wong 
 
Study title: A pilot study to assess the anatomical, morphological 

and electrical characteristics of the left atrial appendage 
and the impact of left atrial appendage electrical 
isolation and occlusion on the treatment of persistent 
atrial fibrillation 

REC reference: 12/LO/0809  
Thank you for your letter of 16 August 2012, responding to the Committee’s request for 
further information on the above research and submitting revised documentation.  
The further information has been considered on behalf of the Committee by the Chair].  

 
Confirmation of ethical opinion 
 
On behalf of the Committee, I am pleased to confirm a favourable ethical opinion for the 
above research on the basis described in the application form, protocol and supporting 
documentation as revised, subject to the conditions specified below.  
Ethical review of research sites 
 
NHS sites 
 
The favourable opinion applies to all NHS sites taking part in the study, subject to 
management permission being obtained from the NHS/HSC R&D office prior to the start of 
the study (see "Conditions of the favourable opinion" below). 
 
Non-NHS sites 
 
The Committee has not yet been notified of the outcome of any site-specific assessment 
(SSA) for the non-NHS research site(s) taking part in this study.  The favourable opinion 
does not therefore apply to any non-NHS site at present.  We will write to you again as 
soon as one Research Ethics Committee has notified the outcome of a SSA.  In the 
meantime no study procedures should be initiated at non-NHS sites. 
 
Conditions of the favourable opinion 
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The favourable opinion is subject to the following conditions being met prior to the start of 
the study. 
 
Management permission or approval must be obtained from each host organisation prior to 
the start of the study at the site concerned. 
 
Management permission ("R&D approval") should be sought from all NHS organisations 
involved in the study in accordance with NHS research governance arrangements. 
 
Guidance on applying for NHS permission for research is available in the Integrated 
Research Application System or at http://www.rdforum.nhs.uk.   
 
Where a NHS organisation’s role in the study is limited to identifying and referring potential 
participants to research sites ("participant identification centre"), guidance should be sought 
from the R&D office on the information it requires to give permission for this activity. 
 
For non-NHS sites, site management permission should be obtained in accordance with the 
procedures of the relevant host organisation.  
 
Sponsors are not required to notify the Committee of approvals from host organisations 
 
It is the responsibility of the sponsor to ensure that all the conditions are complied 
with before the start of the study or its initiation at a particular site (as applicable). 
 
Approved documents 
 
The final list of documents reviewed and approved by the Committee is as follows: 
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Referees or other scientific critique report    03 May 2012  

Response to Request for Further Information    16 August 2012  

 
Statement of compliance 
 
The Committee is constituted in accordance with the Governance Arrangements for 
Research Ethics Committees and complies fully with the Standard Operating Procedures for 
Research Ethics Committees in the UK. 
 
After ethical review  
Reporting requirements 
 
The attached document “After ethical review – guidance for researchers” gives detailed 
guidance on reporting requirements for studies with a favourable opinion, including: 
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• Notifying substantial amendments 
• Adding new sites and investigators 
• Notification of serious breaches of the protocol 
• Progress and safety reports 
• Notifying the end of the study 

 
The NRES website also provides guidance on these topics, which is updated in the light of 
changes in reporting requirements or procedures. 
 
Feedback 
 
You are invited to give your view of the service that you have received from the National 
Research Ethics Service and the application procedure.  If you wish to make your views 
known please use the feedback form available on the website. 
 
Further information is available at National Research Ethics Service website > After Review   
12/LO/0809 Please quote this number on all correspondence 

 
With the Committee’s best wishes for the success of this project 
 
Yours sincerely 
  

  
Dr Ray Godfrey Godfrey 
Chair  
Email: NRESCommittee.SECoast-Kent@nhs.net     
Enclosures: “After ethical review – guidance for researchers” [SL-AR2]  
Copy to: CI – tom.wong@imperial.ac.uk 

R&D and Sponsor, Dr Angela Cooper a.cooper@rbht.nhs.uk 
Student – Dr Sandeep Panikker   s.panikker@rbht.nhs.uk  
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