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Background: Standalone thoracoscopic surgical ablation may be more effective than catheter ablation
in patients with long-standing persistent atrial fibrillation.

Objectives: To determine whether or not surgical ablation is clinically superior to catheter ablation as
the first-line treatment strategy in long-standing persistent atrial fibrillation.

Design: This was a prospective, multicentre, randomised control trial.

Setting: Four NHS tertiary centres in England.
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Participants: Adults with long-standing persistent atrial fibrillation, who had European Heart
Rhythm Association symptom scores > 2 and who were naive to previous catheter ablation or
thoracic/cardiac surgery.

Interventions: Minimally invasive thoracoscopic surgical ablation and conventional catheter ablation
(control intervention).

Main outcome measures: The primary outcome was freedom from atrial fibrillation/tachycardia
≥ 30 seconds after a single procedure without antiarrhythmic drugs (class 1C/3) at 1 year, excluding a
3-month blanking period. The secondary outcomes include the intervention-related major complication
rate; clinical success (≥ 75% reduction in arrhythmia burden); and changes in symptoms, quality of life
and cost-effectiveness.

Methods: Patients (n = 120) were randomised to surgical ablation (n = 60) or catheter ablation (n = 60).
An implanted loop recorder provided continuous cardiac monitoring following ablation. Follow-up visits
were at 3, 6, 9 and 12 months. Loop recorder data were reviewed monthly by a physiologist who was
blinded to the randomisation outcome.

Results: The study treatment was received by 55 patients in the surgical ablation arm and 60 patients
in the catheter ablation arm; five patients withdrew from surgical ablation before treatment. Data from
randomised and treated patients were analysed as per intention to treat. Patients had a mean age of 62.3
(standard deviation 9.6) years, were predominantly male (74%), had a mean left atrial diameter of 44.6 mm
(standard deviation 6 mm) and were in continuous atrial fibrillation for 22 months (range 16–31 months).
At 12 months, 26% of patients in the surgical ablation arm (14/54) and 28% of patients in the catheter
ablation arm (17/60) were free from atrial arrhythmias after a single procedure without antiarrhythmic
drugs (odds ratio 1.13, 95% confidence interval 0.46 to 2.83; p= 0.84). An arrhythmia burden reduction
of ≥ 75% was seen in 36 out of 54 (67%) patients in the surgical ablation arm, compared with 46 out of
60 (77%) patients in the catheter ablation arm (odds ratio 1.64, 95% confidence interval 0.67 to 4.08;
p = 0.3). Procedure-related serious complications within 30 days of the intervention occurred in 15% (8/55)
of patients in the surgical ablation arm (including one death) compared with 10% (6/60) of patients in the
catheter ablation arm (p = 0.46). Surgical ablation was associated with significantly higher costs (£23,221
vs. £18,186; p= 0.02) and fewer quality-adjusted life-years than catheter ablation (0.76 vs. 0.83; p = 0.02).

Limitations: This study was conducted in four highly specialised cardiology centres that have
substantial experience in both treatment modalities; therefore, the results may not be widely
generalisable. The study was not powered to detect small differences in efficacy.

Conclusions: We found no evidence to suggest that standalone thoracoscopic surgical ablation
outcomes were superior to catheter ablation outcomes in achieving freedom from atrial arrhythmia
after a single procedure without antiarrhythmic drugs. Moreover, surgical ablation is associated with a
longer hospital stay, smaller improvements in quality of life and higher health-care costs than catheter
ablation (standard care therapy).

Future work: Evaluation of the impact of ablation treatments on sinus rhythm maintenance and quality
of life with extended follow-up to 3 years. Model-based economic analysis to estimate long-term
benefits, harms and costs of surgical and catheter ablation compared with antiarrhythmic drug therapy
in long-standing persistent atrial fibrillation patients.

Trial registration: Current Controlled Trials ISRCTN18250790 and ClinicalTrials.gov NCT02755688.

Funding: This project was funded by the Efficacy and Mechanism Evaluation (EME) programme, a Medical
Research Council (MRC) and National Institute for Health Research (NIHR) partnership. This study was
supported by the UK Clinical Research Collaboration-registered King’s Clinical Trials Unit at King’s Health
Partners, which is part funded by the NIHR Biomedical Research Centre for Mental Health at South
London and Maudsley NHS Foundation Trust and King’s College London and the NIHR Evaluation, Trials
and Studies Coordinating Centre. This will be published in full in Efficacy and Mechanism Evaluation; Vol. 8,
No. 18. See the NIHR Journals Library website for further project information.
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Glossary

CHA2DS2-VASc A tool to estimate risk of stroke in atrial fibrillation.

HAS-BLED A tool to estimate the risk of major bleeding for patients on anticoagulation to assess
risk–benefit in atrial fibrillation care.
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Plain English summary

Atrial fibrillation is a complex heart condition that can lead to stroke and heart failure and affects
patients’ quality of life. Common symptoms are palpitations, tiredness, breathlessness and dizziness.

Patients can have occasional (paroxysmal) episodes of fibrillation that stop within 1 week. Other
patients have fibrillation lasting > 1 week (persistent), and some are in continuous fibrillation for
> 1 year (long-standing persistent).

Heart rate and rhythm can be corrected with medications and electrical shock therapy (cardioversion),
but these treatments are often not satisfactory either because of their side effects or because they
are simply not effective. Catheter ablation is a standard-care treatment for symptomatic fibrillation,
but some patients need more than one procedure to restore normal heart rhythm.

Keyhole surgical ablation is a newer treatment, and some studies report much greater success with this than
with catheter ablation. In this study, we recruited 120 patients with long-standing persistent atrial fibrillation
and treated half of them with catheter ablation and the other half with surgical ablation. A small heart
rhythm monitoring device, inserted under the skin, collected heart rhythm data following ablation.

Both treatments restored normal heart rhythm in just one-third of patients. Atrial fibrillation returned
within 1 year to patients in both groups; however, in over 70% of patients, these episodes were
occasional and of shorter duration. Serious complications within 30 days of the procedure occurred in
10 out of 55 patients in the surgical ablation group, compared with 6 out of 60 patients in the catheter
ablation group. However, one patient died following surgical ablation and we observed a greater
number of late complications in this group.

Patients reported reduced symptoms and better quality of life over the 12 months’ follow-up, but
those randomised to catheter ablation had larger improvements. Surgical ablation often requires
admission to a high-dependency unit after the procedure, is associated with longer hospital stays
and more complications during follow-up, and costs more than catheter ablation.
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Scientific summary

Background

Atrial fibrillation is the commonest heart rhythm disturbance, affecting 1–2% of the population. Its
prevalence increases with age, from 0.5% at 40–50 years to 5–15% at 80 years. In the UK alone, NHS
admissions related to atrial fibrillation have risen by 60% over 20 years, costing over £2B per year.

Atrial fibrillation is characterised by an irregularly irregular pulse, loss of atrial contractile function
and attendant loss of active ventricular filling, and risk of thromboembolic stroke. In addition to the
prevention of stroke with anticoagulants, there are two principal therapeutic strategies for treatment
of atrial fibrillation: rhythm control (to restore sinus rhythm) and rate control (to accept fibrillation and
simply control the ventricular rate). Rhythm control therapy is usually aimed at symptomatic patients,
especially those who are younger and more active, whose symptoms persist despite adequate rate
control. Traditionally, the treatments of choice for rhythm control are antiarrhythmic drugs and direct-
current cardioversion. The long-term efficacy of these treatments is poor, and drug side effects and risk
of pro-arrhythmia add to unsatisfactory outcomes.

Clinically, atrial fibrillation can be classified into paroxysmal (fibrillation terminates spontaneously within
7 days), persistent (lasts > 7 days) and long-standing persistent atrial fibrillation (lasts > 1 year).

Two interventional treatments, surgical and catheter ablation, have evolved over the years and reliably
achieve clinical success in treating paroxysmal and persistent atrial fibrillation, although some patients
require more than one treatment. However, it is not known whether or not these treatments are equally
successful in patients at the most severe end of the disease spectrum (i.e. long-standing persistent atrial
fibrillation). In addition, there are indications in the literature that surgical ablation might be significantly
more effective than catheter ablation in restoring and maintaining normal heart rhythm.

Objectives

The primary objective in the Catheter Ablation versus thoracoscopic Surgical Ablation in long-standing
persistent Atrial Fibrillation (CASA-AF) trial is to identify whether or not surgical ablation is clinically
superior to catheter ablation in the treatment of long-standing persistent atrial fibrillation. The efficacy
is measured as the proportion of patients in each treatment arm who remain free from atrial fibrillation/
tachycardia (≥ 30 seconds) from the end of the blanking period (3 months after the intervention) to the
end of follow-up (12 months after the intervention). Arrhythmia-free survival is calculated from data
collected by an implanted loop recorder that allows continuous cardiac monitoring. The primary outcome
is evaluated in patients in each treatment arm who had a single intervention and did not have
antiarrhythmic drugs during the 12 months’ follow-up.

Our secondary objectives in the trial are to:

l evaluate the safety of the two interventions
l compare the clinical success of the two interventions, which we defined as a ≥ 75% reduction in

atrial fibrillation burden
l identify changes in atrial anatomy and function following intervention using echocardiographic and

cardiac magnetic resonance imaging parameters
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l evaluate and compare the effects of the arrhythmia interventions on patients’ symptoms and quality
of life, assessed as changes in the European Heart Rhythm Association (atrial fibrillation specific
scoring system), EuroQol-5 Dimensions, five-level version (general quality-of-life assessment), and
Atrial Fibrillation Effect on QualiTy-of-life questionnaire (atrial fibrillation-specific quality-of-life
assessment) scores

l estimate the cost-effectiveness of the two interventions from a health and social care perspective,
using the quality-adjusted life-year as the summary measure of health effect over the 12 months’
follow-up and modelling over a lifetime horizon.

Methods

This study is a prospective randomised control trial which recruited patients referred for ablative
treatment from four NHS hospitals in England with the following characteristics.

Inclusion criteria

l Age ≥ 18 years.
l Long-standing persistent atrial fibrillation (> 12 months’ duration).
l European Heart Rhythm Association symptom score > 2.
l Left ventricular ejection fraction ≥ 40%.
l Suitable for either ablative procedure.

Exclusion criteria

l Valvular heart disease with severity greater than mild.
l Contraindication to anticoagulation.
l Thrombus in the left atrium despite anticoagulation in therapeutic range.
l Cerebrovascular accident within the previous 6 months.
l Previous thoracic or cardiac surgery (including surgical interventions for atrial fibrillation).
l Prior left atrial catheter ablation for atrial fibrillation.
l Unable to provide informed written consent.
l Active malignancy, another severe concomitant condition or presence of implanted intracardiac

devices that would preclude the patient from undergoing study-specific procedures.
l Pregnant or breastfeeding, or women of childbearing age not using a reliable contraceptive method.

Participant recruitment took place between September 2015 and July 2018. Eligible participants attended
a hospital appointment at the start of the study to sign the consent form, undergo electrocardiography
and transthoracic echocardiography, participate in the cardiac magnetic resonance imaging study, complete
haematology and biochemistry tests and questionnaires (Atrial Fibrillation Effect on QualiTy-of-life
questionnaire and EuroQol-5 Dimensions, five-level version) and provide information about their
medical history.

Once eligibility was confirmed, 120 participants were randomised to receive minimally invasive
thoracoscopic surgical ablation or catheter ablation in a 1 : 1 ratio using the method of minimisation.
Variables used in the minimisation algorithm were sex (male or female), study site and left atrial diameter
(< 50 and ≥ 50mm). The process of randomisation allowed for concealment of treatment allocation.

Most of the study participants were recruited from the Royal Brompton Hospital (58/120, 48%) and
Harefield Hospital (39/120, 33%). Liverpool Heart and Chest Hospital recruited 18 patients (15%)
and Brighton and Sussex University Hospital recruited five patients (4%) to the study.

SCIENTIFIC SUMMARY
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Following randomisation, the patients underwent ablation and had an implanted loop recorder
(Reveal LINQTM; Medtronic plc, Dublin, Ireland) inserted subcutaneously at the end of the procedure.
On discharge, the patients were instructed on how to regularly transmit their cardiac rhythm data
using a home-monitoring kit.

Following discharge, the patients were contacted by telephone once per week to monitor their
postoperative recovery and collect information about any adverse events in the early follow-up period
(first 30 days following discharge).

The patients completed hospital visits at 3, 6, 9 and 12 months after ablation, at which additional data
were collected.

Results

The intervention was received by 115 patients, 55 in the surgical ablation group and 60 in the catheter
ablation group. Of patients randomised at the Royal Brompton Hospital and Harefield Hospital, 97%
of patients underwent treatment (n = 56 and n = 38, respectively), compared with 89% of patients
(16/18) at Liverpool Heart and Chest Hospital and 100% (5/5) of patients at Brighton and Sussex
University Hospital.

Intention-to-treat analysis was performed on complete cases (randomised and treated patients who
reached the required end point) using sensitivity analyses to examine the effect of the missing data.

Five participants in the surgical arm withdrew consent after randomisation and did not receive any
treatment (two participants from the Royal Brompton Hospital, one participant from Harefield Hospital
and two participants from Liverpool Heart and Chest Hospital). They were excluded from the analyses.
Baseline characteristics in this treatment group were not altered by this exclusion.

Six participants in the surgical ablation group could not complete the procedure owing to adhesions
and had to undergo catheter ablation (four patients from Harefield Hospital, one patient from the
Royal Brompton Hospital and one patient from Liverpool Heart and Chest Hospital). Their data are
considered in the treatment arm to which they were randomised.

One patient died following surgical ablation and they were excluded from heart rhythm data analysis.

All study follow-ups were completed by 110 participants (59 in the catheter ablation group and 51 in
the surgical ablation group). Patients had a mean (± standard deviation) age of 62.3 (± 9.6) years, were
predominantly male (74%), with a mean (± standard deviation) left atrial diameter of 44.6 mm (± 5.9 mm)
and were in continuous atrial fibrillation for a median of 22 (range 16–31) months prior to procedure.

Heart rhythm outcomes
At the end of follow-up, 26% of patients in the surgical ablation arm (14/54) were free from atrial
arrhythmias after a single procedure and without antiarrhythmic drugs, compared with 28% of patients
in the catheter ablation arm (17/60) (odds ratio 1.13, 95% confidence interval 0.46 to 2.83; p = 0.84).
After one procedure and without antiarrhythmic drugs, the burden of atrial arrhythmias (episodes of
atrial fibrillation/tachycardia ≥ 30 seconds) was reduced by ≥ 75% in 36 out of 54 patients (67%) in
the surgical ablation arm, compared with 46 out of 60 (77%) patients in the catheter ablation arm
(odds ratio 1.64, 95% confidence interval 0.67 to 4.08; p = 0.3).

Sensitivity analyses, including per-protocol and multiple imputation technique for missing data, did not
change the direction or the significance of these results.
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Procedure-related complications
Procedure-related major complications (serious adverse events) within 30 days of intervention
occurred in 15% (8/55) of patients in the surgical ablation arm compared with 10% (6/60) of patients
in the catheter ablation arm (p = 0.46). Over the entire follow-up period, procedure-related serious
adverse events were recorded in 10 out of 55 (18%) patients in the surgical ablation group and in
8 out of 60 patients (13%) in the catheter ablation group (p = 0.65). When non-serious complications
during the entire follow-up period are considered, surgery was associated with a significantly greater
burden, as 22 out of 55 (40%) patients had an event adjudicated to be related to the procedure,
compared with 9 out of 60 (15%) patients in the catheter ablation arm (p = 0.003). One death within
30 days of the procedure was recorded in the surgical ablation group.

Repeat treatments during follow-up
Direct-current cardioversion was performed during the follow-up period in 10 out of 55 (18%) patients
in the surgical ablation group, compared with 11 out of 60 (18%) patients in the catheter ablation
group (odds ratio 0.99, 95% confidence interval 0.384 to 2.552; p = 0.98).

Ten patients in the surgical arm (18%) and nine patients in the catheter ablation arm (15%) had
additional catheter ablation to treat recurrent atrial fibrillation/tachycardia (odds ratio 1.260,
95% confidence interval 0.47 to 3.38; p = 0.65) during follow-up.

Secondary outcomes from echocardiography and cardiac magnetic imaging
Left atrial anatomy and size were evaluated pre and post ablation using transthoracic echocardiography
and cardiac magnetic resonance imaging in a subgroup of trial participants from whom appropriate data
had been collected at all relevant time points. These were exploratory analyses only, based on a reduced
number of data points.

Reduced left atrial volumes, improved reservoir function and left atrial emptying fraction were apparent
on echocardiography at 3 months and maintained at 12 months post ablation in both treatment groups.
There were noticeable improvements in reservoir, conduit and contractile functions of the left atrium in
both treatment arms, measured by multiple echocardiographic modalities. Left atrial late diastolic strain
rate function at 3 months’ follow-up was a predictor of atrial fibrillation recurrence.

Analyses of cardiac magnetic resonance imaging data largely corroborate the findings from echocardiography.
Notably, the ejection fraction of both atria significantly improved following ablation, but their function
was still below the levels expected for healthy subjects.

Reverse remodelling of the left and right atria occurred in both treatment arms, but was greater in the
catheter ablation group.

As part of the mechanistic substudy of the trial, we have developed a novel fully automatic
segmentation method to detect atrial scarring in late gadolinium-enhanced magnetic resonance
images and have validated it against manual ground truth segmentation by experienced imaging
cardiologists. Automated scar segmentation was used to quantify scar pre and post ablation. We
found a significant increase in the proportion of scar in the left atrium following ablation (p < 0.0001)
regardless of the modality (mean ± standard deviation 19.5 ± 8.9% in the catheter ablation arm and
16.3 ± 10.8% in the surgical ablation arm). The proportion of left atrial scar at baseline or in follow-up
did not differ between patients who maintained sinus rhythm throughout follow-up and those who
experienced atrial fibrillation recurrence. Scar measurements in our patients appear to be smaller than
those in other studies, and we found no correlation between scar and left atrial volume and left atrial
ejection fraction.

SCIENTIFIC SUMMARY
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Patient-reported quality of life and health economic analyses
Improvements in symptoms related to atrial fibrillation (European Heart Rhythm Association checklist),
fibrillation-related quality of life (Atrial Fibrillation Effect on QualiTy-of-life questionnaire) and generic
measures of quality of life (EuroQol-5 Dimensions visual analogue scale and index score) were evident
in the first 3 months following ablation and were sustained up to the end of follow-up. There were
small, non-significant, but consistent, trends between the groups, with slightly larger gains for patients
randomised to catheter ablation than to surgical ablation. Over the year, catheter ablation was associated
with a statistically significant gain of 0.069 quality-adjusted life-years (95% confidence interval 0.01
to 0.13) and an NHS cost saving of £3399 (95% confidence interval £517 to £26,282) per patient
compared with surgical ablation. This translates to an incremental net benefit of £4801 (95% confidence
interval £1477 to £8124) for catheter ablation compared with surgical ablation at a conservative
cost-effectiveness threshold of £20,000 per quality-adjusted life-year. At this threshold, the estimated
probability that catheter ablation is less expensive and more effective than surgical ablation is 99.1%.

Conclusions

In this study, we found no evidence that standalone thoracoscopic surgical ablation was clinically
superior to catheter ablation in achieving freedom from atrial arrhythmias after a single procedure
without antiarrhythmic drugs. The use of an implanted loop recorder may have had significant
impact on the assessment of treatment efficacy when compared with the non-continuous methods
of monitoring used in previous studies.

The results of our analyses are based on a study cohort with documented long-standing persistent
atrial fibrillation only, who were naive to ablative treatments. We observed significant clinical
improvements demonstrated by a reduction in arrhythmia burden and related symptoms in both
treatment arms.

These results are further supported by changes in left and right atrial anatomy and function that are
positively associated with the maintenance of sinus rhythm.

Both ablation strategies are safe, as demonstrated by the small number of procedure-related serious
adverse events, but significantly more complications during follow-up, including one death, occurred in
the surgical ablation arm.

Catheter ablation is associated with greater improvements in patients’ health outcomes, significant gain in
quality-adjusted life-years and lower health-care costs, and is more cost-effective than surgical ablation.

Trial registration

This trial is registered as ISRCTN18250790 and NCT02755688.
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Chapter 1 Introduction

Background

Atrial fibrillation (AF) is an important public health concern because it is the most common arrhythmia,
affecting 1–2% of the population. Its prevalence is on the increase with the rising age of populations.1–5

AF leads to lower quality of life, as patients with this condition have increased risk of morbidity
(thromboembolic stroke, heart failure) and mortality, evidenced by the large number of hospital
admissions.4–8 Treating AF requires considerable resources and long-term medications; therefore, around
2% of the NHS budget in the UK is spent on treating and managing AF.2,8–10

Stroke prevention with anticoagulants is the main concern when managing patients with AF. In addition,
pharmacological agents for heart rhythm or rate control may be used, depending on clinical indications
and patient characteristics. Rhythm control is preferred in patients with persistent AF who continue to
experience symptoms despite adequate rate control.2,5,11,12

Traditionally, agents to control rhythm are antiarrhythmic drugs (AADs) and/or direct-current
cardioversion (DCCV), but the long-term efficacy of these treatments is poor and they are associated
with drug side effects and the risk of pro-arrhythmia.

Percutaneous catheter ablation (CA) has been shown to be more effective than AAD therapy in
achieving and maintaining normal sinus rhythm (SR) and is now routinely offered as standard
management for patients with symptomatic AF.2,4,5,11–18

In a large proportion of patients (up to 78%) with paroxysmal AF, conventional CA can reliably establish
and maintain SR.8,12,19–22 Similar results can be achieved in patients with short-lasting persistent AF, but not
in those with long-standing persistent atrial fibrillation (LSPAF).23–27 The success in this group is poor, being
only 32–40%, and more than one procedure is often required to establish normal heart rhythm.8,28–32

Minimally invasive thoracoscopic surgical ablation (SA) is another option for treatment of AF, and there
are indications that it may be significantly more effective than CA in restoring SR. This technique offers
direct access to cardiac tissues and can deliver transmural and contiguous lesions. Ablation of ganglionic
plexuses and occlusion of the left atrial appendage (LAA) may contribute to its greater efficacy.33–36

However, risk of morbidity and complications need to be included in the assessment of this procedure
before it can be considered a treatment option for patients with LSPAF.

Methods/design

The Catheter Ablation versus thoracoscopic Surgical Ablation in long-standing persistent Atrial
Fibrillation (CASA-AF) trial is a prospective, multicentre, randomised clinical trial to assess the
effectiveness and safety of thoracoscopic SA compared with CA (usual care) in patients with LSPAF.
The study protocol was developed in accordance with current guidelines for clinical trials37,38 and was
published in 2018.39

The study took place in four tertiary cardiovascular specialist NHS hospitals in England with proven expertise
in both of the interventions and a large pool of potentially eligible participants (Royal Brompton Hospital,
Harefield Hospital, Liverpool Heart and Chest Hospital, and Brighton and Sussex University Hospital).
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The conduct of the study was overseen by an independent Data Monitoring Committee (DMC) and an
independent Trial Steering Committee (TSC), which both met twice per year throughout the study.

Outcomes of the study

Primary
The primary hypothesis of this study was that thoracoscopic SA is clinically more effective than
percutaneous CA in achieving freedom from atrial arrhythmia. The primary outcome was therefore
absence of atrial arrhythmia (fibrillation or tachycardia lasting ≥ 30 seconds) after a single treatment
and without AADs within the follow-up period (from the end of the 3 months’ blanking period to
12 months after the ablation). Data collected by the implanted loop recorder (ILR) over the follow-up
period was used to detect the recurrence of AF/atrial tachycardia (AT) lasting ≥ 30 seconds.

Secondary
The most important among the secondary outcomes was the safety of the two interventions. The
safety end point in this trial was intervention-related major complication [serious adverse event (SAE)],
defined as permanent injury or death, an event that requires unplanned intervention for treatment,
or an event that prolongs or requires unplanned hospitalisation for > 48 hours.

In addition, we wanted to evaluate:

l The secondary efficacy outcome, defined as the clinical success of the two interventions, comparing
the reduction of AF burden (≥ 75%) over the follow-up period in each treatment arm. The 75%
burden reduction was evaluated by calculating the percentage of time that patients spent in AF/AT
each month. If this percentage was ≥ 25% in any of the months of follow-up, the burden reduction
of 75% was not achieved.

l The requirement for multiple procedures during 12 months’ follow-up.
l The effect of arrhythmia interventions on patients’ symptoms and quality of life through changes in

European Heart Rhythm Association (EHRA), EuroQol-5 Dimensions, five-level version (EQ-5D-5L)
and Atrial Fibrillation Effect on QualiTy-of-life (AFEQT) questionnaire scores.40,41

l Quality-adjusted life-years (QALYs) accrued during the 12-month period and cost-effectiveness
[incremental cost (IC) per QALY gained] for SA compared with CA, estimated over the 12-month
period (‘within-trial’ analysis) and over a lifetime horizon (estimated by modelling).

l Changes in atrial size and function following ablation using echocardiography and cardiac magnetic
resonance imaging (CMRI) parameters.

Characteristics of participants
Adults with symptomatic LSPAF considered for treatment (DCCV or CA) at the participating trial
centres were considered for inclusion in the study. The complete list of inclusion and exclusion criteria
is presented in Box 1.

The consultant cardiologists at participating sites referred patients from outpatient clinics or through
DCCV and ablation waiting lists for inclusion in the trial.

CASA-AF trial schedule
Patients considered eligible to take part in the study were given a participant information sheet (PIS)
and provided with opportunities to discuss details of participation with the study team. When they
confirmed their interest in taking part, a hospital appointment was arranged for them to sign an
informed consent form and complete baseline assessments. Participants’ progress through the study is
shown schematically in Figure 1.
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Baseline study visit
As part of the baseline visit, we collected blood samples to assess full blood count; electrolytes; renal,
liver and thyroid function; coagulation profile; levels of C-reactive protein; tests for diabetes (glycated
haemoglobin levels); and lipid profile (high-density lipoproteins, low-density lipoproteins).

Transthoracic echocardiogram (TTE) and cardiac magnetic resonance assessments were performed to
ensure that patients did not have poor left ventricular function, valvular disease or other pathologies
meeting the exclusion criteria.

BOX 1 Eligibility criteria for the CASA-AF trial

Inclusion criteria

Age ≥ 18 years.

Long-standing persistent AF (> 12 months’ duration).

EHRA symptom score > 2.a

Left ventricular ejection fraction ≥ 40%.

Suitable for either ablation procedure.

Exclusion criteria

Valvular heart disease with a severity greater than mild.

Contraindication to anticoagulation.

Thrombus in the left atrium despite anticoagulation in the therapeutic range.

Cerebrovascular accident within the previous 6 months.

Previous thoracic or cardiac surgery (including surgical interventions for AF).

Prior left atrial CA for AF.

Unable to provide informed written consent.

Active malignancy, another severe concomitant condition or presence of implanted cardiac devices that

would preclude patient undergoing study-specific procedures.

Pregnant or breastfeeding, or women of childbearing age not using a reliable contraceptive method.

a Patients included in the study had symptoms classed as severe (i.e. had a EHRA symptom score of 3),

which affected their normal daily activity.
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A list of additional clinical and study data collected at baseline, as well as at other study time points,
[Standard Protocol Items: Recommendations for Interventional Trials (SPIRIT) figure] is shown in
Appendix 1, Table 30.

Treatment allocation
Patients with confirmed eligibility were randomly assigned to a treatment arm by a computer-generated
sequence in a 1 : 1 ratio using minimisation. A secure 24-hour web-based system hosted by the King’s
Clinical Trials Unit provided named research team members with access to the allocation system.

Catheter ablation Surgical ablation

Patients with persistent AF referred for treatment
are assessed for eligibility 

Consent and baseline investigations
Medical history, clinical examination, ECG, CMRI, TTE, blood tests, EHRA and EQ-5D-5L/AFEQT

Randomisation
1 : 1 allocation

Blanking period (3 months)
Monthly ILR data downloads

If recurrent AF/AT: DC cardioversion/AAD

3-month follow-up investigations
ILR interrogation, clinical examination, ECG, TTE, blood tests, EHRA and EQ-5D-5L/AFEQT/HEQ

If recurrent AT/AF: catheter ablation (redo procedure)

6-month follow-up investigations
ILR interrogation, clinical examination, ECG, CMRI, blood tests, EHRA and EQ-5D-5L/AFEQT/HEQ

If recurrent AT/AF: catheter ablation (redo procedure)

9-month follow-up investigations
ILR interrogation, clinical examination, ECG, EHRA and EQ-5D-5L/AFEQT/HEQ

If recurrent AT/AF: catheter ablation (redo procedure)

12-month follow-up investigations
ILR interrogation, clinical examination, ECG, TTE, blood tests, EHRA and EQ-5D-5L/AFEQT/HEQ

If recurrent AT/AF: catheter ablation (redo procedure)  

ILR

FIGURE 1 Schematic representation of the CASA-AF study design. ECG, electrocardiography; HEQ, health economic
questionnaire; TTE, transthoracic echocardiogram.
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The system used the study site code, participant’s sex and the diameter of the left atrium (LA)
(< 50 or ≥ 50mm) as minimisation variables.

Treatment allocation was concealed from the researchers undertaking randomisation, but blinding was
not possible in this trial. The primary outcome(s) assessors were blinded to treatment arms, as were
the trial statistician and the health economist.

Pre ablation

Anticoagulation
Current guidelines were used to manage anticoagulation.2,9,42–45 Patients randomised to CA were
usually on uninterrupted warfarin therapy. Those treated with novel oral anticoagulants (NOACs) could
be converted to warfarin for 4 weeks before the CA or stop NOAC therapy 24–36 hours before the
procedure. The choice depended on the type of NOAC and the clinician’s preference.

For patients in the SA group, warfarin therapy was stopped 5 days before the procedure and bridging
with enoxaparin was introduced for 3 days at a dose of 1.5 mg/kg once daily. Patients had no
anticoagulation treatment for 24 hours before the procedure. NOAC treatments were also discontinued
in the SA group 2–5 days before surgery, depending on the type of NOAC and the patient’s renal
function parameters.

Treatment groups

Thoracoscopic surgical atrial fibrillation ablation
This procedure was performed as previously described by Yilmaz et al.46–48 In this trial, the presence of
a cardiac electrophysiologist in theatre during SA was mandated to ensure that conduction blocks were
tested and achieved for all lesions to ensure better outcomes.49 Cardiac surgeons participating in this
study were required to have experience in video-assisted thoracoscopic surgery. In addition, they also
had to have conducted at least 20 thoracoscopic ablations to treat AF as the primary operator.

Prior to the start of the procedure, transoesophageal echocardiography (TOE) was conducted under
general anaesthetic to exclude thrombus in the LA. Three thoracoports were made on each side of the
chest. Pericardiotomy exposed pulmonary veins (PVs) and the left atrial antrum. Blunt dissection using
the LumitipTM dissector (AtriCure, Inc., Mason, OH, USA) lead into the transverse and oblique sinuses.
A bipolar radiofrequency ablation clamp (AtriCure, Inc.) was used to isolate PVs from the epicardial
surface, with additional overlapping applications around the LA antrum. Entrance and exit blocks of
lesions were confirmed at the end of the procedure. If pulmonary vein isolation (PVI) was incomplete,
further ablation was performed. Ganglionic plexuses were located by high-frequency stimulation and
an isolator multifunctional pen (AtriCure, Inc.) was used to ablate them. The multifunctional pen was
also used to create additional ablation lines to connect the contralateral superior PVs (roof line) and
the inferior PVs (inferior line), thus creating a posterior wall box lesion. SR was restored by external
DCCV if AF was not terminated by ablation. Verification of electrical isolation of the posterior box
was conducted using sensing and pacing manoeuvres in SR. Finally, the LAA was excluded using the
AtriClip® LAA exclusion system (AtriCure, Inc., Mason, OH, USA).50–53 At the end of the procedure,
the patients had an ILR implanted and were extubated in the operating theatre.

Catheter atrial fibrillation ablation (usual care treatment)
With the patient under general anaesthesia, TOE was first used to exclude a thrombus and then
to guide transeptal puncture. The CARTO® 3 three-dimensional (3D) electroanatomical mapping
system (Biosense Webster, Inc., Diamond Bar, CA, USA) was used to create the left atrial geometry
with a 20-pole circular mapping catheter (CARTO LASSO® 2515 NAV; Biosense Webster, Inc.).
Simultaneous voltage maps were created using CARTO® CONFIDENSETM (Biosense Webster, Inc.).
Ablation was conducted with a CARTO® THERMOCOOL SMARTTOUCHTM 3.5-mm irrigated-tip
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catheter (Biosense Webster, Inc.). We did not use oesophageal temperature monitoring during the
procedure. A stepwise ablation strategy was used to electrically isolate the PVs at the antral level, and
then linear ablation was performed at the left atrial roof and a posterior line was created (to create a
‘box lesion’). A lateral mitral isthmus line and the cavotricuspid isthmus were also ablated. Electrical
isolation of the PVs was confirmed through testing for both entrance and exit blocks with the circular
sensing catheter. The integrity of the linear lesions was assessed using differential pacing manoeuvres with
further ablation, if necessary, to achieve bidirectional block. If AT occurred at any point, it was mapped and
ablated when possible.54 An ILR was implanted at the end of the procedure once the activated clotting time
was normalised. Patients were extubated in the cardiac catheterisation laboratories.

Post ablation

Postoperative analgesia
Participants in the SA arm received intercostal nerve block at each port site (bupivacaine or similar
agents; dosage depending on patient characteristics and tolerance), paracetamol (1 g four times each
day, intravenous/per rectum and then per os) and codeine (30–60 mg four times each day).

One day after surgery, if the patient’s renal function was normal and they were able to tolerate oral
medication, analgesia could be provided by non-steroidal anti-inflammatory drugs for 1 week with or
without opiates.

Following discharge, patients were prescribed analgesics (e.g. paracetamol, codeine) to be taken as needed.

Postoperative anticoagulation
Anticoagulation therapy was restarted soon after ablation if there were no contraindications. In the
SA group, anticoagulation was restarted with enoxaparin (1.5 mg per kg once daily) or other heparin
derivatives until the chest drains were removed. Subsequent anticoagulation was the same as before
the ablation and continued for the duration of the trial in both treatment arms.

Postoperative antiarrhythmic drugs
Antiarrhythmic drug therapy (flecainide, procainamide, amiodarone or sotalol) was allowed for a
maximum of 3 months after the ablation procedure (blanking period). Medications that have an
effect on heart rhythm but are used to treat conditions like hypertension (i.e. beta-blockers and
non-dihydropyridine calcium channel blockers) were not stopped.

Postoperative antibiotic prophylaxis
In both treatment arms, patients usually received one dose of antibiotic on induction of anaesthesia, one
dose at the end of the procedure, and one dose up to 5 days postoperatively, depending on local practices.

Early postoperative discharge period
During the first month after discharge, study participants were contacted by the research team once
per week to assess their health status. They were asked about pain management, cough, raised
temperature, difficulties swallowing and any other symptoms that may have been early indications
of possible complications. In addition, patients were advised to contact the study team if they had
any concerns regarding their health at any point in the study. If appropriate, the patients had a full
assessment, evaluation and treatment of reported health issues even if they were not related to
study participation.

Implanted loop recorder
Continuous cardiac monitoring using implanted loop recorders is shown to have overall high accuracy
and excellent diagnostic yield in identifying AF/AT compared with non-invasive, intermittent cardiac
monitoring.55,56 The Medtronic Reveal LINQTM ILR (Medtronic plc, Dublin, Ireland) was chosen because
it was, at the time, the smallest, latest generation of ILRs available, with the most reliable remote
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monitoring system that helps minimise data loss. It was inserted at the end of the index ablation
procedure subcutaneously in parasternal location.

Patients were registered on the Medtronic CareLink® Network (Medtronic plc) following ILR insertion
and were instructed on how to perform manual data downloads using their remote monitoring
equipment. During manual download, the encrypted data from the ILR were sent via mobile networks
to a central server and routed to the CareLink® website, which has restricted user access. In addition,
automatic event reports were generated by the CareLink® system when the device detected any
arrhythmia. A symptom activator was also provided to the patients to allow recording and transmission
of heart rhythm prior to and after the event associated with the patient-experienced symptom.

A dedicated cardiac physiologist, blinded to treatment allocation, analysed downloaded data on a
regular basis to produce monthly heart rhythm assessment reports for each patient. The data collected
by the ILR allowed detection of the AF/AT recurrence as well as providing the duration of each
episode. The duration of all episodes of AF/AT during each month of follow-up (30 days) was used to
calculate the proportion of time a patient spent in arrhythmia. Patients had to be free from AT/AF
burden ≥ 75% of the time each month to be classed as a clinical success.

Programming
The ILR has an automatic AF detection algorithm that continuously analyses beat-to-beat variability of
cardiac cycles and an additional ‘P-SENSE’ algorithm, leading to an accurate detection of arrhythmia
recurrence, with timing of episodes, as well as an accurate quantification of AF burden (duration of AF
and percentage of overall time in AF).

This automatic AF detection algorithm is based on the pattern of R-wave interval variability within
2-minute periods. The differences between consecutive R-wave intervals are plotted in a Lorenz plot.
Pattern recognition is used to identify the AF episodes because R-wave intervals during AF episodes
are highly irregular and uncorrelated. In case of symptomatic AF/AT, when the recording is triggered
by the patient, the ILR transmits 6.5 minutes of pre-trigger electrocardiography (ECG) and 1 minute of
post-trigger ECG, where uninterrupted episodes of AF/AT lasting ≥ 30 seconds are defined as recurrent.57–59

The device was programmed to detect AT and AF with high sensitivity. AT was triggered when the
heart rate (HR) was ≥ 100 b.p.m. (beats per minute) and the ectopic rejection was set to nominal so
that any arrhythmia could be captured, minimising the chance of missing short episodes. We chose
greater sensitivity at the cost of a reduction in specificity, so sinus tachycardia was often recorded
as well as atrial arrhythmia. All other ILR parameters were programmed as nominal.

Guided by CareLink® alerts for symptomatic and automated arrhythmia episodes detected, post-
ablation therapy optimisation was managed by cardiology clinic follow-ups, outside the study-specific
visits. The research team monitored CareLink® alerts to ensure that patients with a large number of
arrhythmia episodes downloaded their data more frequently to reduce potential data loss.

Follow-up schedule
Details of the assessments during study participation are given in Figure 1 and in Appendix 1, Table 27,
in accordance with the SPIRIT 2013 recommendations.37,38

Symptomatic AF recurring during the blanking period (up to 3 months after ablation) was treated with
DCCV with or without AADs tailored to patient characteristics. Patients were offered percutaneous
CA if the AF recurred at a later point in the follow-up period, as shown in Figure 1.
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Chapter 2 Analysis

Statistical analysis

All statistical analyses are based on a modified intention-to-treat principle; data from randomised
participants who received treatment were included in the analyses. Sensitivity analyses were used
to explore the impact of missing data, non-compliance and withdrawals. R statistical software, version
4.0.0 (The R Foundation for Statistical Computing, Vienna, Austria), was used to analyse data.

Sample size (n = 120) was calculated based on the data from our pilot study with 6 months’ follow-up:
76% of participants in the SA group were free from AT/AF, compared with 44% of participants in the
CA group. Using these results, a sample size of 48 participants per group was required to detect this
difference in the primary outcome with 90% power and a 5% significance level. We added a margin of
error of 25% to include a 10% dropout rate and account for the possible greater sensitivity of ILR to
detect short episodes of atrial arrhythmias.

The primary outcome of the trial is the proportion of LSPAF patients undergoing ablation who are
free from atrial arrhythmias (defined as a single episode of ≥ 30 seconds) within 1 year of a single
ablation procedure. Arrhythmia-free patients were identified through monthly ILR data assessments
from the end of the blanking period to the end of the 12 months’ follow-up. Burden of AF/AT
reduction was assessed from the ILR monthly reports, in which the blinded cardiac physiologist
reported the percentage of time that patients spent in atrial arrhythmia. A chi-squared test was used
for comparison of the treatment groups. To estimate the probability of being free from AF/AT 1 year
after ablation, we developed a logistic regression model, which was used to check for robustness and
to control for the variables used in the randomisation algorithm [sex, study site and left atrial diameter
(LAD)]. The primary measure to be reported was the odds ratio (OR) of being AF free for the surgical
group after controlling for the other factors in the model. The recurrence of AF and duration of AF
freedom were analysed using Kaplan–Meier survival curves. The heart rhythm outcomes are also
expressed as relative risks (RRs) in the supplementary analyses (see Appendix 2). RRs and their
confidence intervals (CIs) were estimated using R’s epitools library.60

Binary secondary outcomes (reduction in arrhythmia burden, freedom from arrhythmia following
multiple procedures) were analysed in the same manner as the primary outcome using a combination
of chi-squared tests and logistic regression.

Continuous data were analysed by either Student’s t-test or Mann–Whitney U-test and presented as
mean ± standard deviation (SD), mean (95% CI) or median [interquartile range (IQR)], depending on the
distribution of obtained data. All tests were two-sided and a p-value of < 0.05 is considered significant.

Missing data
Using an approach similar to the economic analysis, we used the multivariate imputation via chained
equations (MICE) predictive mean matching (PMM) procedure to simultaneously impute missing outcome
variables. Instead of using predicted outcome values from a parametric regression as the imputed
values, PMM identifies a number of ‘near neighbours’ (n = 5 in our analysis) – cases with outcomes
similar to the prediction for the missing case – and randomly selects one of these for the imputed
value. However, unlike the economic analysis, our multiple imputation (MI) was imputed in R’s mice
package.61 The approach of Aragon60 was not suitable for estimating RR on multiply imputed data.

For the MI data, RRs were estimated using a log-binomial RR regression model implemented in the
logbin library.62 Results were pooled with the mice library.61
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The statistical analysis plan was written before the first DMC and TSCmeetings and the final version was
signed off by the DMC statistician and the chairperson of the TSC prior to the database lock (see the
Statistical Analysis Plan on the NIHR Journals Library study web page; URL: https://fundingawards.nihr.ac.uk/
award/12/127/127).

Health economic analysis

The aim of the economic analysis is to compare the relative costs and health effects of SA and CA for
people with LSPAF, with health effects measured in terms of QALYs. Our original intention was to use
two methods of analysis:

1. a within-trial analysis to compare costs and QALYs estimated over the 1-year follow-up period only
2. a model-based analysis to extrapolate costs and QALYs and estimate the long-term relative

cost-effectiveness of the interventions.

We conducted an economic analysis using data collected in the trial. We also report adherence to
the Consolidated Health Economic Evaluation Reporting Standards (CHEERS) reporting criteria.63

Data sources

Health outcomes
Quality-adjusted life-years were estimated at the individual patient level from EQ-5D-5L data collected
at baseline and quarterly assessments up to 12 months. Following the position statement from the
National Institute for Health and Care Excellence (NICE),64 we used the van Hout ‘crosswalk’ algorithm
to map from the five-level EuroQol-5 Dimensions (EQ-5D) questionnaire to the three-level version, and
hence to utility values based on the UK social tariff.64–67

Quality-adjusted life-years were estimated for each participant over the 12-month period by estimating
the area under the EQ-5D index score curves. There are four 3-month time periods defined by the
five EQ-5D-5L observations. For each period, QALYs accrued were estimated by taking the mean of
the scores at adjacent time points and multiplying by the duration of the period. Values for the four
3-month periods were then added to calculate the total QALYs accrued. To avoid bias due to any
differences between the treatment arms in the actual timing of the follow-up visits, we assumed a
fixed duration for each time period (0.25 of 1 year). One patient died during the trial period; QALYs
for this individual were estimated by setting the utility to zero at the date of death.

We compared the EQ-5D index scores with the EHRA symptom score, AFEQT disease-related score
and EQ-5D visual analogue scale (VAS) score to assess the consistency of changes over time and
differences between the treatment arms.

Resource use
Information about the index admission, in which patients received the initial SA or CA intervention,
was collected in the discharge form. This included the dates of admission, procedure and discharge and
whether or not patients received the intervention to which they were randomised. The economic
analysis was conducted following an intention-to-treat principle.

Information about medications, repeat ablation procedures and DCCVs performed during follow-up
were also collected by research staff on case report forms. Information about the use of other health
and social care services was collected from patients at their 3-, 6-, 9- and 12-month assessments using a
specially designed questionnaire. This questionnaire asked participants whether or not they had used any
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of a range of resources in the last 3 months ‘for reasons that might be related to your heart condition or
treatment’ and, if so, how many times and why. Resources listed in the questionnaire included:

l visits to the accident and emergency department and use of ambulance services
l hospital inpatient admissions and day-case attendances
l hospital outpatient visits and tests
l primary care and community services (including consultations with a general practitioner, primary

care or community nurse, cardiology community nurse, physiotherapist and occupational therapist)
l personal social care funded by local authorities (including home help, help with personal care, Meals

on Wheels, admission to residential or nursing care, provision of specialist equipment and
consultations with a social worker).

Each section of the form also included a question about the use of other related services, including
social care.

The protocol stated that we would collect costs for all health and social care, but we changed this to
collecting related costs only to reduce the burden of assessment for patients and the research team.
This is unlikely to have had any impact on the relative costs of SA compared with CA.

Costing

Costs were estimated from an NHS payer perspective, based on estimated payments to providers.

For the index admission, we used individually coded costs for patients treated at the Royal Brompton
Hospital and Harefield Hospital, which were available for 70 out of the 94 patients who were admitted
for CA or SA at these sites. Cost data were not available for the 21 patients treated at the other study
sites. We consider hospital-coded data to be more accurate than an inferred cost for the admissions
based on Healthcare Resource Group (HRG) codes. This is because the hospital-coded costs include
adjustment for an individual’s length of stay (LOS) and for more than one episode of care during the
admission, which allows for additional critical care, recovery time, procedures and diagnostic tests,
when required. Costs for patients for whom individually coded costs were not available were imputed
in the MI procedure as described in Missing data and imputation.

Costs for other hospital, primary and community health services were estimated from patient-reported
use with unit costs from the National Schedule of NHS Costs for 2018/19.68 The only exceptions were
consultations with a doctor or nurse in primary care, for which unit costs were based on estimates in
the Personal Social Services Research Unit’s Unit Costs of Health and Social Care 2019.69

Medicine use during follow-up was costed using the NHS list price as reported in the Monthly Index of
Medical Specialities (MIMS) Online 2020, accessed in March 2020.70

Analysis set
We used an intention-to-treat approach for the economic analysis. This included all 120 randomised
patients, including five patients randomised to SA who did not undergo a procedure and another
six patients randomised to SA who had CA.

Missing data and imputation
Missing data are a particular problem for trial-based economic evaluations, even in studies with good
follow-up and data collection, as in this trial. The area under the curve (AUC) approach to QALY estimation
requires utility data from five time points. Similarly, cost estimates over the trial period are based on
estimates of various resource quantities used over the four 3-month time periods. The proportion of
participants that can be included in a complete-case analysis of costs and QALYs is limited, as each person
with any missing data point must be excluded.
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Multiple imputation was therefore used to reduce the potential for bias due to missing data.71,72 We used
the Stata® version 16 (StataCorp LP, College Station, TX, USA) chained MICE PMM procedure to
simultaneously impute missing EQ-5D index scores and cost estimates. The chained approach imputes
missing values for multiple variables iteratively, using a sequence of predictive equations that is fully
conditional: it accounts for possible dependence between the imputed variables, as well as with any
specified non-imputed covariates. Instead of using predicted outcome values from a parametric
regression as the imputed values, PMM identifies a number of ‘near neighbours’ (five in our analysis) –
cases with outcomes similar to the prediction for the missing case – and randomly selects one of these
for the imputed value. This can give imputed values with a distribution more like that of the real values.
PMM has been recommended for cost data, which must be greater than or equal to zero, and usually has
a large positive skew.73 It may also be more appropriate than linear regression-based imputation for
utilities, which are not normally distributed and are constrained between a lower and upper bound.
However, the validity of the results is dependent on the specification of the imputation equation and
requires an assumption that data does not depend on unobserved data (i.e. it is missing at random).

We included the following variables in the imputation equation for the EQ-5D index scores and cost
variables (separate variables for index procedure, emergency department, inpatient, day case,
outpatient, diagnostic tests and primary care) at the follow-up time points (3, 6, 9 and 12 months):

l Baseline EQ-5D index score. This was complete and one would expect patients’ quality of life in
follow-up to be related to their baseline quality-of-life values. It is also likely that health-care use,
and hence costs, is related to the EQ-5D index score as an indicator of health status.

l Treatment arm (CA or SA), study site and LAD above or below 50 mm. Study site and LAD were
stratification variables.

l Baseline patient characteristics: age, sex and Index of Multiple Deprivation (IMD). Health-related
quality of life (HRQoL) and use of health services are expected to differ by age, sex and level
of deprivation.

These variables are indicators of the main demographic, socioeconomic, health status and clinical
factors likely to be related to missingness. We did consider including ethnicity, but as a categorical
variable with little variation (the study population was largely white) the MI model would not converge
when this variable was included.

In addition, the equation for the cost of the index admission included LOS and indicators for patients
who did not have the index procedure or who did not have the procedure to which they were allocated.

We used 40 sets of imputed data for our base-case analysis.

Total costs and AUC QALYs were calculated at the individual patient level from the MI data sets. Mean
costs, utilities and QALYs were then re-estimated using the Stata version 16 ‘mi estimate’ procedures
to adjust coefficients and standard errors for the variability between imputations. We used the
following procedures to check the face validity and stability of the imputations:

l Comparison of complete-case and MI estimates of summary statistics (means, ranges and CIs) for
the imputed variables.

l Comparison of histograms for the observed data and randomly selected MI iterations.
l Comparison of total cost and QALY results with complete-case and MI estimates. This is our

preferred approach because it adjusts for the likelihood that data are not missing completely at
random, as well as for potential bias due to differences in the baseline characteristics of the study
groups. The adjusted MI analysis cannot control for unobserved causes of missing data or
differences between the study groups, but we consider it to make the best use of available data.

l Sensitivity analysis with different random numbers, numbers of imputations and model specifications
for the MI.

ANALYSIS

NIHR Journals Library www.journalslibrary.nihr.ac.uk

12



We present estimated means and CIs for intermediate outcomes measures (including AFEQT and
EQ-5D scores at the end of follow-up) and costs (by type of cost and quarter) as well as QALYs and
total costs. Estimates are presented for the complete-case and MI analyses.

Differences between the groups were estimated by regression. We used ordinary least squares (OLS)
for health outcomes and generalised linear models (GLMs), with distribution and identity link function
for costs. For each summary variable, we show three model specifications:

1. A simple regression of complete-case data, including a treatment group indicator (1 for CA and
2 for SA) without covariates.

2. An adjusted regression of complete-case data. For these models, we considered a set of possible
covariates, which all included the stratification variables (study site and LAD of > 50 or < 50 mm)
and sociodemographic indicators (age, sex and IMD). A relevant baseline value was also tested; this
was the baseline EQ-5D index score for QALYs and costs. We tested the inclusion of LOS in the
equation for the cost of the index admission, but the GLMs iteration would not resolve. We used
backward stepwise regression to select covariates from the predefined list (coefficient p-value < 0.2)
and checked that the included covariates improved the model fit, as indicated by adjusted R2 or
Akaike information criterion/Bayesian information criterion statistics.

3. The adjusted regression equation with MI estimation. This is our preferred approach.

The key results for the economic analysis are the between-group difference in mean QALYs, the
incremental effect (IE), and the between-group difference in mean total costs (the IC). These results
would usually be summarised as a ratio: the incremental cost-effectiveness ratio (IC/IE). However, this
is not meaningful in a situation, as here, where one intervention yields more QALYs at lower cost than
the comparator. We therefore present results as an incremental net benefit (INB) statistic. This is
calculated using a ‘willingness-to-pay’ threshold (λ) to place a monetary value on QALYs:

INB = λ × IE – IC. (1)

A positive INB indicates that the intervention is cost-effective at the defined threshold, λ. We present
INB results calculated at threshold values of £20,000 per QALY gained and at £30,000 per QALY
gained, which are the bounds of the range usually used by NICE for the assessment of cost-effectiveness
of interventions in the NHS.67

Non-parametric bootstrap
We also used non-parametric bootstrapping to estimate the joint distribution of costs and QALYs. This is
potentially important because health outcomes (QALYs) are often correlated with costs. We used the Stata
bsample command to draw 10,000 non-parametric bootstrap samples (random with replacement and
stratified by treatment arm), each drawn from a different imputed data set (using the chained MI PMM
procedure described in Missing data). This combines uncertainty due to sampling variation with uncertainty
over the imputed missing data. The bootstrap results are summarised as 10,000 pairs of IC and IE estimates,
which we illustrate graphically on a cost-effectiveness plane.We also estimate the probability that SA is
dominated by CA (the proportion of bootstrap samples in which IC is > 0 and IE is < 0) and the probability
that SA is cost-effective (the proportion of bootstrap samples in which INB is < 0).

Clinical end-points verification

Heart rhythm data (implanted loop recorder)

Implanted loop recorder data analysis
Heart rhythm data were regularly assessed by a blinded cardiac physiologist based at the Royal Brompton
Hospital. Events were classified into three groups: SR, AF/AT or unclassified. Given that we programmed

DOI: 10.3310/eme08180 Efficacy and Mechanism Evaluation 2021 Vol. 8 No. 18

© Queen’s Printer and Controller of HMSO 2021. This work was produced by Haldar et al. under the terms of a commissioning contract issued by the Secretary of State for
Health and Social Care. This issue may be freely reproduced for the purposes of private research and study and extracts (or indeed, the full report) may be included in
professional journals provided that suitable acknowledgement is made and the reproduction is not associated with any form of advertising. Applications for commercial
reproduction should be addressed to: NIHR Journals Library, National Institute for Health Research, Evaluation, Trials and Studies Coordinating Centre, Alpha House,
University of Southampton Science Park, Southampton SO16 7NS, UK.

13



the device to maximise sensitivity for arrhythmia detection, a number of automated events were
falsely labelled as AT by the device. Differentiating sinus tachycardia and ATwas challenging with a
single-lead ECG recording from the ILR. ECG strips that were undetermined were sent for review to
two electrophysiology (EP) consultants, who were blinded to the patients’ characteristics and treatment
allocation, to help with assessments.

Quality control
We completed a quality control process of ILR data evaluation, which involved an independent review
of 10% of all collected data (2700/27,088 ECG traces) by a senior, blinded physiologist at Barts Health
NHS Trust. The evaluations from this external, blinded physiologist were compared with the original
assessor’s evaluations and showed an interobserver variability rate of 18%. The discordant ECG strips
were then assessed by three senior EP consultants, who were also blinded to patients’ characteristics,
treatment allocation and the results of earlier evaluations. At the end of the expert group adjudication
process, we recorded an interobserver variability rate of 8%.

Importantly, none of the patients’ heart rhythm primary end-point status changed as a result of
additional scrutiny.

Based on our quality control processes and end-point verification of ILR data, we calculated that
evaluations done by the Royal Brompton physiologist had sensitivity and specificity of 96.4% and 88.1%,
respectively. The positive predictive value was 86.6% and the negative predictive value was 96.9%.

Adverse events

All adverse events and their classifications were regularly reviewed by the DMC, which met twice a
year. Towards the end of the follow-up period, we also convened an independent expert group to
review adverse events in the study. The group consisted of two cardiothoracic surgeons and one EP
consultant. They familiarised themselves with the protocol and were each sent a subset of adverse
events to classify on their own. The group was blinded to the treatment allocation of the patients
whose anonymised data were reviewed. We then scheduled a meeting in person with the Trial
Management Group to discuss and classify these events. The aim of the meeting was to ensure that
every SAE was identified as such and that its relatedness to the study procedure was ascertained.
A consensus outcome was used in cases where a unanimous decision was not reached.

The safety outcome we report in the study is a major complication (SAE) related to the study
procedure within 30 days and within the length of the follow-up. The study protocol defined SAEs
as those complications resulting in hospitalisation and leading to permanent injury or death.38

Expected adverse events and their classification, as listed in the PIS and the study protocol, are shown
in Table 1.

ANALYSIS
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TABLE 1 Procedure-related complications expected in the study

Adverse events (minor complications) SAEs (major complications)

Bruising, haematoma, vascular injury not
requiring intervention

Vascular complications requiring blood transfusion or intervention

Pericardial/pleural effusion (observation only) Symptomatic pericardial/pleural effusion or requiring intervention

Broken rib Stroke/transient ischaemic attack

Pneumothorax requiring observation Pneumothorax requiring chest drain

Infection (i.e. pneumonia) Empyema

Pulmonary oedema Myocardial infarction

Temporary phrenic nerve damage Permanent phrenic nerve damage

Pain near surgical sites PV stenosis (> 50% reduction in diameter from baseline)

Requirement to insert permanent pacemaker (with or without prior
conduction tissue damage)

Cardiac trauma requiring surgical intervention

Radiation-induced skin damage

Oesophageal atrial fistula

Death
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Chapter 3 Recruitment, treatment
and follow-up

Study recruitment started in September 2015 and was completed in July 2018. The last patient in
the trial completed their last follow-up visit in November 2019.

The outcomes of screening and recruitment and patients’ progress through the study are shown
in Figure 2.

Of the 764 patients with LSPAF referred for DCCV or CA in the four participating hospitals, 575 (75%)
did not meet the inclusion criteria based on the screening of medical notes. Previous ablation or cardiac/
thoracic surgery accounted for 43% of the screening failures, 18% of patients were not suitable for both
treatments, 12% had a low EHRA score and 10% had an ejection fraction (EF) of < 40%. The remaining
exclusions at the screening stage were because of comorbidities (including valvular disease) and because
patients were already scheduled for CA.

Those deemed eligible (n= 189) were given a PIS to consider taking part in the study. Of those 189,
135 (74%) expressed their interest and agreed to attend a hospital visit for baseline assessments.

Following completion of baseline assessments, we identified 15 patients who did not meet the inclusion
criteria (see Figure 2) and 120 patients were subsequently randomised in the study.

Most of the study participants were recruited at the Royal Brompton Hospital (58/120, 48%) and
Harefield Hospital (39/120, 33%). Liverpool Heart and Chest Hospital recruited 18 patients (15%) and
Brighton and Sussex University Hospital recruited five patients (4%) to the study.

The baseline characteristics of patients randomised in the study are shown in Table 2.

Study participants were, on average, aged 62 years, and 74% were men. Patients had a history of
AF lasting around 3 years on average, but were diagnosed with LSPAF (with evidence from Holter
monitoring) a median of 20 months (IQR 14–30 months) before randomisation or 22 months
(IQR 16–31 months) prior to ablation. All patients were in AF at the time of baseline assessments,
as measured by 12-lead ECG.

At study enrolment, 13% of the participants used AADs and all were treated with anticoagulants,
as shown in Table 3.

Five patients from the SA group withdrew their consent following randomisation (two patients from
Royal Brompton Hospital, one from Harefield Hospital and two from Liverpool Heart and Chest
Hospital). Their data were included in baseline characteristics analysis.

Before randomisation, baseline assessments were completed an average of 27 (SD ± 36) days after
the date of consent. There was considerable variation between trial centres and treatment arms, with
most of the delays occurring as a result of difficulties in scheduling echocardiography and magnetic
resonance imaging (MRI).

We expected ablation to be scheduled within 4 weeks of randomisation, but it took longer in practice.
The median (IQR) time required to schedule the index ablation was 48 days (34–69 days). Mean time
to index ablation was significantly longer in the SA arm [63 (IQR 42–100) days] than in the CA arm
[41 (IQR 33–54) days; p < 0.001].
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Excluded
(n = 15)

• Not suitable for both procedures, n = 4
• Not in AF, n = 3
• Valvular disease greater than mild, n = 3
• EF < 40%, n = 2
• Comorbidities, n = 1
• Unwilling to continue in the study, n = 1
• Wanted a specific procedure, n = 1

Patients with LSPAF referred for treatment are assessed for eligibility
(n = 764)

Eligible
(n = 189)

Declined
(n = 54; 29%)

Did not meet inclusion criteria
(n = 575; 75%)

Withdrawn consent
(n = 5)

Death
(n = 1)

Received SA
(n = 49)

Received CA
(n = 6)

CA
(n = 60)

Randomised
(n = 120)

SA
(n = 60)

Received CA
(n = 60)

Reached primary
end point
(n = 60)

Reached primary
end point
(n = 54)

Completed follow-up
(n = 59)

Completed follow-up
(n = 51)

Attended f irst follow-up, n = 60
Attended second follow-up, n = 60
Attended third follow-up, n = 59
Attended fourth follow-up, n = 59

Attended f irst follow-up, n = 53
Attended second follow-up, n = 53
Attended third follow-up, n = 53
Attended fourth follow-up, n = 51

Consented
(n = 135)

FIGURE 2 The CONSORT flow diagram. EF, ejection fraction.
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TABLE 2 Baseline characteristics of the CASA-AF study participants

Characteristic All (N= 120)

Treatment arm

CA (N= 60) SA (N= 60)

Age (years) 62.3 (9.6) 60.8 (10.1) 63.8 (8.9)

Sex (male), n (%) 89 (74.2) 45 (75) 44 (73.3)

BMI (kg/m2) (IQR) 30.2 (27 to 32.8) 30.6 (27.6 to 33.3) 29.7 (26.1 to 32.8)

Townsend Deprivation Index (IQR) –0.4 (–2.2 to 1.4) –0.7 (–2.5 to 0.6) –0.1 (–2 to 1.8)

IMD score (IQR) 12.7 (7.7 to 22.3) 11.1 (5.5 to 21.5) 14 (8.7 to 22.6)

Ethnicity, n (%)

White 112 (93) 57 (95) 55 (92)

Bangladeshi 1 (0.8) 0 (0) 1 (2)

Other Asian 0 (0) 0 (0) 0 (0)

Black 1 (0.8) 1 (1.67) 0 (0)

Middle Eastern 1 (0.8) 1 (1.67) 0 (0)

African Caribbean 2 (1.7) 0 (0) 2 (3)

Not stated 3 (2.5) 1 (1.67) 2 (3)

Systolic blood pressure (mmHg) 127.9 (16.7) 126.6 (16.3) 129.1 (17.2)

Diastolic blood pressure (mmHg) 79.8 (12) 81.5 (13.1) 78 (10.6)

EF (%) 56.9 (8.9) 55.2 (8.9) 58.8 (8.7)

LAD (mm) 44.6 (5.9) 44.6 (6) 44.7 (5.8)

Diagnosis of persistent AF to randomisation
(months) (IQR)

20 (14 to 30) 18 (14 to 27.2) 23.5 (17 to 34)

Diagnosis of persistent AF to procedure
(months) (IQR)

22 (16 to 31) 19.5 (15 to 29.2) 25 (19 to 35.5)

Medical history, n (%)

Hypertension 56 (46.7) 23 (38.3) 33 (55)

Diabetes 9 (7.5) 4 (6.7) 5 (8.3)

Coronary artery disease 13 (10.8) 7 (11.7) 6 (10)

Stroke, TIA or thromboembolism 5 (4.2) 1 (1.7) 4 (6.7)

CHA2DS2-VASc score, n (%)

0 34 (28.3) 21 (35) 13 (21.7)

1 34 (28.3) 18 (30) 16 (26.7)

2 27 (22.5) 11 (18.3) 16 (26.7)

≥ 3 25 (20.8) 10 (16.7) 15 (25)

HAS-BLED score, n (%)

0 23 (19.2) 12 (20) 11 (8.3)

1 49 (40.8) 30 (50) 19 (31.7)

2 39 (32.5) 15 (25) 24 (40)

≥ 3 9 (7.5) 3 (5) 6 (10)

BMI, body mass index; TIA, transient ischaemic attack.

Notes
The values presented are means (± SD), medians (IQR) or counts (%). Percentages may not add up to 100 owing
to rounding.
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Delays in scheduling ablation affected 38 out of 60 (47%) participants in the CA group and 39 out of
55 participants (71%) in the SA group. The main reason for delays in arranging an ablation for our
study participants was a long list of clinical cases that were deemed urgent. The other reasons are
listed in Table 4.

Six patients randomised to the SA arm could not complete the treatment owing to pericardial or lung
adhesions (four patients from Harefield Hospital, one patient from the Royal Brompton Hospital and
one patient from Liverpool Heart and Chest Hospital). They underwent CA once they recovered from
the attempted surgery and their data are considered as per intention-to-treat analyses. The delays in
scheduling the alternative treatment have not been accounted for in Table 4.

Follow-up visits were more regularly distributed throughout the follow-up period and the intervals were,
on average, a mean (± SD) of 97 (± 22) days between the first and second follow-up; 90 (± 17) days
between the second and third follow-up visit and 96 (± 24) days between the third and fourth follow-up
visits. The last study visit was, on average, scheduled a mean (± SD) of 370 (± 27) days after the index
ablation in both treatment arms.

TABLE 3 Concurrent medications used at study enrolment

Medications All (N= 120), n (%)

Treatment arm, n (%)

CA (N= 60) SA (N= 60)

AADs

Amiodarone 6 (5) 2 (3.33) 4 (6.67)

Dronedarone 1 (0.83) 1 (1.67) 0

Flecainide 6 (5) 6 (10) 0

Sotalol 3 (2.5) 1 (1.67) 2 (3.33)

Rate control

Beta-blocker (atenolol/bisoprolol) 91 (75) 49 (81.67) 42 (70)

Calcium channel blocker (verapamil/diltiazem) 16 (13.33) 7 (11.67) 9 (15)

Cardiac glycoside (digoxin) 26 (21.67) 14 (23.33) 12 (20)

Others

ACEi/ARB 55 (45.83) 26 (43.33) 29 (48.33)

Aldosterone antagonist 5 (4.17) 2 (3.33) 3 (5)

Calcium channel blocker
(amlodipine/felodipine/lercanidipine)

17 (14.17) 7 (11.67) 10 (16.67)

Diuretics 21 (17.5) 10 (16.67) 11 (18.33)

Other antihypertensives (bendroflumethiazide,
indapamide, alpha-blockers)

12 (10) 5 (8.3) 7 (11.67)

Statins 32 (26.67) 15 (25) 17 (28.33)

Anticoagulants

Vitamin K antagonist 43 (35.83) 21 (35) 22 (36.67)

Factor Xa inhibitors 76 (63.33) 38 (63.33) 38 (63.33)

Dabigatran 9 (7.5) 5 (8.33) 4 (6.67)

Antiplatelets

Aspirin 2 (1.67) 2 (3.33) 0

Clopidogrel 2 (1.67) 1 (1.67) 1 (1.67)

ACEi, angiotensin-converting enzyme inhibitor; ARB, angiotensin-receptor blocker.
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As can be seen in Figure 2, patient compliance with study visits following ablation was very good,
as 59 out of 60 (98%) participants in the CA arm and 51 out of 55 (93%) participants in the SA arm
completed 12 months’ study follow-up.

Ablation characteristics

The median time taken to complete index ablation in the CA group was significantly shorter than in the
SA group: 219 (IQR 191.5–261.2) minutes and 260 (IQR 219–307.5) minutes, respectively (p = 0.0019).

However, PV isolation took significantly longer in the CA arm than in the SA arm. The mean (± SD)
ablation time for left PVI was 16.4 (± 5.9) minutes in the CA arm, compared with 2.2 (± 1.4) minutes in
the SA arm (95% CI 12.7 to 15.8 minutes; p < 0.001). Similarly, the mean (± SD) ablation time for right
PVI was, on average, 16.8 (± 7.6) minutes in the CA arm and 2.5 (± 2.2) minutes in the SA arm (95% CI
12.1 to 16.4 minutes; p < 0.001).

Significantly less power was used in the SA arm than in the CA arm to execute all lesions, as shown in Table 5.

TABLE 4 Reasons for delays in scheduling ablations

Reasons for delays

Treatment arm (n)

CA SA

Ablation postponed because of urgent clinical cases 15 20

Ablation slots not available 5 6

Medical conditions needing further investigation 3 5

Patient on holiday 2 2

Pause in randomisationa 2 1

Thrombus in LA 1 5

a Early in the study, one of the patients died a few weeks after the treatment so we paused study recruitment to
investigate the circumstances and improve post-ablation surveillance for all study participants. The pause in
randomisation lasted about 3 months and affected three patients: two in the CA arm and one in the SA arm.

TABLE 5 Duration of and power used for ablation of individual lesion sets

Ablation site

Treatment arm

Unpaired t-test

CA SA

n Mean (± SD) n Mean (± SD)

LPV line (duration, minutes) 60 16.4 (5.9) 48 2.2 (1.4) p < 0.001

LPV line (power, W) 60 32 (5) 44 16.6 (3.4) p < 0.001

RPV line (duration, minutes) 60 16.8 (7.9) 49 2.5 (2.2) p < 0.001

RPV line (power, W) 60 31.4 (4.9) 46 15.6 (3.9) p < 0.001

Roof line (duration, minutes) 59 6.2 (4.2) 49 6 (3.9) p = 0.81

Roof line (power, W) 60 31.6 (5.9) 45 18.8 (2.2) p < 0.001

Inferior line (duration, minutes) 60 5.8 (3.7) 49 6.4 (3.8) p = 0.34

Inferior line (power, W) 60 31.9 (13.6) 45 18.5 (3.2) p < 0.001

LPV, left pulmonary vein; RPV, right pulmonary vein.

Note
n represents the number of patients with the listed ablation site.
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The mean (± SD) fluoroscopy time in the CA arm was 19.6 (± 12.3) minutes, with a mean (± SD)
radiation exposure of 1461 (± 1129) cGy cm2.

In the CA group, electrical isolation of the left PV, right PV, and the cavotricuspid isthmus line was
achieved in 97% (58/60) of patients. Electrical isolation of the mitral valve isthmus and box lesion was
achieved in 82% (49/60) of patients.

Of the 60 patients randomised to the SA group, 55 underwent treatment and six of those patients
had to be treated by CA owing to lung or cardiac adhesions. Of the 49 patients who completed SA
treatment, two did not have the complete lesion sets ablated: one patient did not have their left PV
isolated and LAA occluded because of unfavourable anatomical features, and another patient did not
have their LAA ligated for the same reason.

Electrical isolation in the SA group, tested with a surgical pen, was achieved in 96% (47/49) of patients
for left PV, 92% (45/49) of patients for right PV and 88% (43/49) of patients for box lesions. Isolation
of ganglionic plexuses was based on positive identification (vagal response) using high-frequency
stimulation. Coronary sinus ganglionic plexus (GP) was ablated in 71% (35/49) of patients, right inferior
GP in 35% (17/49) of patients and right superior GP in 29% (14/49) of patients. At the end of the
procedure there was an abolition of vagal response in all of the ganglionic plexuses.

The time and power required to ablate ganglionic plexuses in the SA group are shown in Table 6.

Electrophysiological testing in the SA arm was intended to be performed using two methods: first, by
multipoint testing using the surgical pen and, second, by multipolar electrophysiological catheter. In our
trial, this proved to be a very demanding process that was attempted in 11 patients, but was successful
in only eight patients. This was largely because of anatomical features that increased the risk of serious
complications (e.g. enlarged superior vena cava). For patients in whom we were able to conduct
electrophysiological testing using both methods, multipolar catheter identified only one additional site
of PV connectivity than the surgical pen, so we abolished this testing in the remaining procedures.

The median length of hospital stay for patients undergoing SA was significantly longer than for those
undergoing CA: 6 (IQR 5–7) days compared with 2 (IQR 2–2) days, respectively. In the SA arm, we had
19 patients (35%) admitted to an intensive treatment unit following the procedure, and they spent,
on average, a mean (± SD) of 1.4 nights (± 0.9) there. None of the patients in the CA arm needed
admission to an intensive treatment unit. Thirty-six patients in the SA group (66%) spent, on average,
a mean (± SD) of 2.5 nights (± 1.6) in a high-dependency unit, compared with just one patient in the
CA arm (p < 0.001).

TABLE 6 Details of GP lesions in patients undergoing SA

GP
Patients with
lesion (n)

Number of lesions,
median (IQR)

Ablation time (minutes),
median (IQR)

Power (W),
median (IQR)

Left superior 2 2.5 (2.2–2.8) 0.8 (0.7–0.8) 20 (20–20)

Left inferior 2 7 (6.5–7.5) 0.8 (0.8–0.9) 20 (20–20)

Right superior 14 2.5 (2–7.5) 0.8 (0.6–1.6) 19.2 (17.5–20)

Right inferior 17 4 (2–8) 1 (0.5–1.5) 20 (17–20)

Right posterior 7 4 (4–11.5) 1 (0.7–2.1) 20 (19.8–20)

Coronary sinus 36 11 (6.8–16.2) 1.7 (1.1–2.6) 20 (15.2–20)

Left bifurcation 1 4 0.5 20

Right anterior 1 2 0.4 20
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Chapter 4 Efficacy and safety outcomes

Efficacy

At the end of the 12 months’ follow-up, of the 115 patients who had received treatment, 114 were
included in the efficacy analyses (as one patient in the SA arm died within 30 days of the procedure).
In the SA arm, 26% (14/54) of patients were free from AF/AT after a single procedure and without
taking AADs, compared with 28% (17/60) of patients in the CA arm (OR 1.13, 95% CI 0.46 to 2.28;
p = 0.84) (Figure 3a).

After one procedure and without taking AADs, the burden of atrial arrhythmias was reduced by ≥ 75%
in 36 out of 54 (67%) patients in the SA arm, compared with 46 out of 60 (77%) patients in the CA
arm (OR 1.64, 95% CI 0.67 to 4.08; p = 0.3) (Figure 3b).

Including patients with AADs, 39 out of 54 (72%) participants in the SA arm and 49 out of 60 (82%)
participants in the CA arm had the burden of AF/AT reduced by ≥ 75% after a single procedure
(OR 1.71, 95% CI 0.71 to 4.15; p = 0.23).

Sensitivity analyses, including per-protocol and MI technique for missing data and logistic regression
(adjusting for variables used during randomisation: sex, trial site and LAD), did not substantially affect
these findings (see Appendix 2).

One patient in the study did not have ILR data available for the duration of follow-up owing to
non-compliance; therefore, we used the results of their 3-, 6-, 9- and 12-month 12-lead ECGs, which
were obtained at clinical follow-up, to establish freedom from AF/AT.
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FIGURE 3 Proportion of patients (a) free from AF/AT (≥ 30 seconds) and (b) with the burden of AF/AT (≥ 30 seconds)
reduced by ≥ 75%, following single procedure from the end of the blanking period to the end of follow-up. (continued )
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Direct-current cardioversion was required for some patients in both groups: 10 out of 55 (18%) participants
in the SA arm and 11 out of 60 (18%) participants in the CA arm (OR 0.99, 95% CI 0.38 to 2.55; p= 0.98).

Patients in both treatment arms underwent additional CA ablation for AF/AT recurrence during follow-up:
10 out of 55 (18%) participants in the SA arm and 9 out of 60 (15%) participants in the CA arm (OR 1.26,
95% CI 0.47 to 3.38; p= 0.65).

Safety

Procedure-related serious complications (SAEs) occurred within 30 days of the ablation in 8 out of 55
(15%) patients in the SA arm and 6 out of 60 (10%) patients in the CA arm (p = 0.46). Some patients
had more than one complication: 10 SAEs were recorded in the SA arm and eight SAEs were recorded
in the CA arm, as shown in Table 7.

One death in the SA group occurred at 3 weeks post procedure. The patient presented with sepsis
complicated by subsequent and progressive multiorgan failure, and bleeding oesophageal and gastric ulcers.
The possibility of atrio-oesophageal fistula was considered, but was not confirmed in the post mortem
examination.

Procedure-related SAEs (major complications) over the follow-up period occurred in 10 out of 55
(18.2%) patients in the SA arm (14 events) and 8 out of 60 (13.3%) patients in the CA arm (11 events).

Over the follow-up period, significantly more patients with adverse events (major and minor complications)
attributable to the study intervention were recorded in the SA arm than the CA arm [22/55 (40%) vs.
9/60 (15%) patients; OR 3.78, 95% CI 1.55 to 9.21; p = 0.003] (Table 8).
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TABLE 8 All adverse events (major and minor complications)
attributable to the study intervention during 12 months’ follow-up

Procedure-related adverse event

Treatment arm (n)

CA (N= 9) SA (N= 22)

Acute kidney injury 2

Anaphylactic shock 1

Chest infection 4 11

Congestive heart failure 1 1

Death 1

Gastric ileus 1

Hemidiaphragmatic paralysis 1

Hemidiaphragmatic paresis 2

Infection 1 6

Pacemaker insertion 2 1

Pain at wound site 1

Pleural effusion 1

Pseudoaneurysm of femoral artery 1

PV occlusion 1

Surgical emphysema 1

TIA 1 1

Total number of events 11 31

TIA, transient ischaemic attack.

TABLE 7 Serious adverse events (major complications) attributable
to the procedure, within 30 days of the ablation

SAE

Treatment arm (n)

CA SA

Anaphylactic shock 1

Chest infection 4 2

Congestive heart failure 1 1

Death 1

Gastric ileus 1

Hemidiaphragmatic paralysis 1

Hemidiaphragmatic paresis 1

Infection 1

Pacemaker insertion 1

Pain at wound site 1

Pleural effusion 1

Pseudoaneurysm of femoral artery 1
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One of the undesired effects of AF ablation is the narrowing of PVs. Using cardiac magnetic resonance,
we were able to compare pre- and post-ablation sizes of PVs in 56 patients in the CA arm and 50 patients
in the SA arm.

One patient in the SA arm (1/50; 2%) had severe PV stenosis (≥ 50% stenosis of the left inferior PV
and occlusion of the left superior PV) that required treatment. The patient remains under regular
follow-up. One patient in the CA arm (1/56; 2%) had 50% stenosis of the left inferior PV, as measured
by MRI. The patient was asymptomatic and did not require any treatment.
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Chapter 5 Quality of life and health
economic analyses

We used an intention-to-treat approach for the economic analysis. This included all 120 randomised
patients, including five patients randomised to SA who did not receive a procedure and another

six patients randomised to SA who received CA.

Health effects

Health-related quality of life
The measures of HRQoL are summarised in Table 9. This includes the disease-specific AFEQT
questionnaire for comparison, as well as the generic EQ-5D-5L questionnaire, which is used to
estimate QALYs for the economic analysis. The AFEQT overall score and EQ-5D VAS score are both

TABLE 9 Health-related quality-of-life outcomes from economic analysis

Variable Month

No imputation for missing data MI

CA SA CA (N= 60) SA (N= 60)

n Mean (95% CI) n Mean (95% CI) Mean (95% CI) Mean (95% CI)

EHRA 0 60 3.00 (3.00 to 3.00) 60 3.02 (2.98 to 3.05) 3.00 (3.00 to 3.00) 3.02 (2.98 to 3.05)

3 60 1.63 (1.45 to 1.82) 54 1.72 (1.50 to 1.94) 1.63 (1.45 to 1.82) 1.73 (1.51 to 1.95)

6 58 1.59 (1.40 to 1.77) 51 1.51 (1.32 to 1.70) 1.60 (1.42 to 1.79) 1.51 (1.33 to 1.70)

9 54 1.37 (1.18 to 1.56) 52 1.60 (1.38 to 1.81) 1.35 (1.18 to 1.53) 1.63 (1.41 to 1.85)

12 59 1.34 (1.21 to 1.47) 54 1.70 (1.46 to 1.94) 1.35 (1.20 to 1.49) 1.71 (1.47 to 1.96)

AFEQT 0 60 52.0 (48.2 to 55.8) 60 53.1 (47.8 to 58.3) 52.0 (48.2 to 55.8) 53.0 (47.3 to 58.7)

3 58 77.0 (72.1 to 81.9) 52 72.8 (66.5 to 79.2) 76.9 (72.1 to 81.8) 71.3 (64.6 to 77.9)

6 58 81.4 (75.8 to 87.0) 51 77.7 (71.8 to 83.6) 80.9 (75.3 to 86.5) 76.1 (69.8 to 82.3)

9 54 81.3 (76.2 to 86.4) 50 79.5 (73.2 to 85.8) 81.5 (76.7 to 86.3) 78.2 (72.0 to 84.4)

12 59 84.7 (80.5 to 88.8) 54 77.4 (70.9 to 83.8) 84.5 (80.3 to 88.6) 77.6 (71.2 to 83.9)

EQ-5D VAS 0 60 64.4 (59.6 to 69.2) 60 64.2 (60.0 to 68.5) 64.4 (59.6 to 69.3) 64.2 (59.7 to 68.8)

3 58 76.9 (72.3 to 81.4) 52 76.1 (71.5 to 80.7) 76.9 (72.3 to 81.4) 75.9 (71.3 to 80.5)

6 58 78.6 (73.8 to 83.4) 50 76.3 (71.1 to 81.5) 78.2 (73.3 to 83.1) 75.6 (70.3 to 80.9)

9 54 82.5 (78.3 to 86.7) 50 79.4 (74.2 to 84.5) 82.6 (78.6 to 86.7) 78.5 (73.3 to 83.6)

12 59 83.6 (79.7 to 87.5) 54 77.8 (71.8 to 83.8) 83.3 (79.4 to 87.3) 77.7 (71.7 to 83.7)

EQ-5D index 0 60 0.72 (0.67 to 0.76) 60 0.72 (0.67 to 0.78) 0.72 (0.67 to 0.76) 0.72 (0.66 to 0.77)

3 58 0.84 (0.80 to 0.88) 52 0.79 (0.74 to 0.85) 0.84 (0.79 to 0.88) 0.78 (0.72 to 0.84)

6 57 0.86 (0.80 to 0.91) 51 0.80 (0.73 to 0.87) 0.85 (0.79 to 0.90) 0.79 (0.73 to 0.86)

9 54 0.86 (0.81 to 0.91) 50 0.79 (0.70 to 0.87) 0.86 (0.81 to 0.91) 0.78 (0.69 to 0.86)

12 59 0.88 (0.84 to 0.91) 54 0.79 (0.72 to 0.86) 0.87 (0.84 to 0.91) 0.80 (0.73 to 0.87)

QALYs 0–12 51 0.85 (0.82 to 0.88) 49 0.78 (0.72 to 0.84) 0.83 (0.80 to 0.87) 0.76 (0.70 to 0.83)
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measured on a scale from 0 to 100, with a higher score indicating a better outcome. The EQ-5D index
score (UK ‘crosswalk’ value set) has a minimum score of –0.594 and a maximum of 1.000, with a higher
score reflecting a better outcome.

Completion rates for the three HRQoL measures were good: all randomised patients completed the
questionnaires at baseline and 94% (113 out of 120) completed them at the 12-month assessment.
All measures show a similar pattern of improvement between the baseline and 3-month assessment,
followed by a plateau or small improvement up to the 12-month assessment. Figure 4 illustrates that
the disease-specific AFEQT questionnaire detects a larger change from baseline to 3 months than the
generic EQ-5D index.

Figure 5 further illustrates these trends, alongside results for the EQ-5D VAS score and EHRA
symptom scale (which shows the initial improvement in symptoms, which were maintained over the
year of follow-up).

Quality-adjusted life-years
Quality-adjusted life-years are the main outcome for the economic analysis, measured as the area
under the mean EQ-5D index score curve over the 1-year follow-up period. The proportion of
randomised patients with complete EQ-5D index data at all time points required for the QALY
calculation (0, 3, 6, 9 and 12 months) was 83% (100/120).

Without imputation of missing data, estimated QALYs were 0.85 (95% CI 0.82 to 0.88) for CA and 0.78
(95% CI 0.72 to 0.84) for SA (see Table 9). With MI of missing EQ-5D index data, QALY estimates were
slightly smaller in both treatment arms: 0.83 (95% CI 0.80 to 0.87) and 0.76 (95% CI 0.70 to 0.83) for
CA and SA, respectively. We tested the robustness of results to changes to the random number seed
and MI equation (see Validation checks).

Note that the differences between treatment arms in Table 9 are not adjusted for individuals’ baseline
EQ-5D index values, which is important for the comparison of QALY differences between arms.74

Adjusted estimates of the between-arm difference are reported as mean QALYs.

Health-care costs

Cost of the index admission
The mean LOS and costs of the index admission for the intervention procedure (CA or SA) are
summarised in Table 10. The SA arm includes data for five patients who did not receive a procedure
and another six patients who received CA. All patients in the CA arm received the intervention to
which they were randomised.

Data on LOS for the index admission were available for 96% (115/120) of randomised patients.
Based on the observed data, mean LOS was 1.57 (95% CI 1.10 to 2.04) days in the CA group and
5.33 (95% CI 4.54 to 6.11) days in the SA group. Estimates were similar with MI of missing data.

Data on the cost of the index admission were available from hospital HRG coding for 58% (70/120) of
randomised patients. For these patients, the mean admission cost was £14,469 (95% CI £13,076 to
£15,862) in the CA arm and £18,129 (95% CI £15,219 to £21,039) in the SA arm. The mean estimates
were higher in both treatment arms with MI than in the complete-case analysis.
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Post-discharge health-care use and costs
Estimates of costs for health services received over the 12-month post-procedure period are summarised
in Table 10 and Figure 6. These estimates include costs for emergency, inpatient and day-case procedures,
including cardioversion and CA for recurrent arrhythmia, as well as outpatient visits and tests, primary
care services and medications. The social care costs reported were negligible (one patient reported being
given a walking stick by the hospital), so they have not been included in total cost estimates.
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FIGURE 4 Scores over time for (a) the AFEQT questionnaire; and (b) the EQ-5D-5L index.
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TABLE 10 Resource use and costs

Variable

No imputation for missing data MI

CA SA CA (N= 60) SA (N= 60)

n Mean (95% CI) n Mean (95% CI) Mean (95% CI) Mean (95% CI)

Index admission

Days (n) 60 1.57 (1.10 to 2.04) 55 5.33 (4.54 to 6.11) 1.57 (1.10 to 2.04) 5.33 (4.54 to 6.11)

Cost (£) 34 14,469 (13,076 to 15,862) 36 18,129 (15,219 to 21,039) 15,661 (13,704 to 17,617) 20,000 (17,798 to 22,202)

Other costs (£)

Emergency 54 79 (24 to 134) 49 93 (41 to 145) 75 (25 to 125) 104 (51 to 156)

Inpatient 54 731 (303 to 1160) 49 1118 (588 to 1647) 750 (332 to 1168) 1,117 (605 to 1629)

Day case 54 275 (124 to 426) 49 388 (129 to 648) 266 (128 to 405) 435 (181 to 688)

Outpatient 40 308 (213 to 402) 44 380 (259 to 500) 290 (212 to 367) 387 (278 to 495)

Tests 54 209 (123 to 296) 49 222 (145 to 299) 238 (145 to 330) 289 (190 to 389)

Primary care 39 86 (49 to 122) 44 152 (104 to 199) 84 (53 to 114) 154 (107 to 200)

Medicines 60 824 (190 to 1458) 60 703 (373 to 1033) 824 (190 to 1458) 735 (380 to 1091)

Total other 39 2739 (1524 to 3953) 44 3129 (2379 to 3879) 2526 (1681 to 3371) 3221 (2529 to 3913)

Total costs 20 17,377 (14,928 to 19,827) 25 23,539 (21,841 to 25,236) 18,186 (16,017 to 20,356) 23,221 (20,975 to 25,466)
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In total, other health-care costs over the year of follow-up were estimated at £2739 (95% CI £1524 to
£3953) in the CA group and £3129 (95% CI £2379 to £3879) in the SA group. Estimates are similar
with MI.
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Total cost
The number of patients with complete-cost data for the index admission and all other health-care
categories was small: only 37.5% (45/120) of randomised patients. It is unclear how well this minority
reflects costs for the total population. (For further details, see Discussion and Validation checks.)

Incremental analysis
Estimates of mean differences between the treatment arms for selected health and economic outcomes
are shown in Table 11. The outcomes reported are measures of symptoms and quality of life at 12 months:
QALYs over 1-year follow-up; LOS and cost for the index admission and other services; and net benefits at
cost-effectiveness thresholds of £20,000 per QALY gained and £30,000 per QALY gained. Table 11 shows
incremental treatment effects on these variables for three alternative model specifications: a simple
complete-case analysis with no covariates; an adjusted complete-case analysis, including only those
covariates from a limited list that improved model fit (baseline variable value, age, sex, IMD, study site
and LAD); and the adjusted model with MI of missing data values.

The simple complete-case analysis indicates that, compared with CA, SA is associated with a small but
statistically significant loss of 0.072 QALYs (95% CI 0 to 0.14) and an additional cost of £6162 (95% CI
£3302 to £9021). This suggests that CA is ‘dominant’: it is less expensive and more effective than SA.

Only the baseline EQ-5D index score improved the fit of the QALY model. This gave a smaller estimate
of the incremental QALY loss with SA: 0.066 (95% CI 0.01 to 0.13). None of the tested covariates
improved the fit of the cost model.

As discussed above, less than half of the randomised patients had complete-cost data, and mean cost
estimates differ with and without imputation of missing data (see Table 11). With MI and adjustment of
QALYs for baseline EQ-5D index, SA is associated with an estimated QALY loss of 0.069 (95% CI 0.01
to 0.13) and an additional cost of £3399 (95% CI £517 to £6282).

We note that, although the absolute incremental QALY and cost estimates vary, the directions of effect
are consistent and of a similar magnitude across the alternative model specifications that we tested.
Additional model verification checks are described in Validation checks and Non-parametric bootstrap.

Non-parametric bootstrap
The above analysis estimates costs and QALYs independently. We also used non-parametric
bootstrapping to produce a distribution of joint estimates of ICs and incremental QALYs. The analysis
integrated MI of missing EQ-5D and cost data with a different MI data set per bootstrap iteration
(using the same MI methods as in previous analyses). QALYs were adjusted for baseline EQ-5D
index scores.

The results from 10,000 bootstrap/MI iterations are shown in Figure 7. This figure illustrates the
negative correlation between ICs and IEs: iterations with a larger mean QALY loss are associated with
a higher mean additional cost.

The distribution of estimates, with most being in the upper-left quadrant of the cost-effectiveness
plane, suggests a high probability (99.1%) that SA is more expensive and less effective than CA at a
cost-effectiveness threshold of £20,000 per QALY gained. At this threshold, the estimated probability
that SA is cost-effective is 0.04%.

Validation checks
The results were robust to alternative MI scenarios, as shown in Table 12. Different specifications of
the MI prediction equation led to modest changes in the magnitude of cost and QALY differences;
however, the overall conclusion that SA is dominated by CA does not change across scenarios.
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TABLE 11 Incremental comparisons: mean differences for SA compared with CA

Variable

Unadjusted, no imputation Adjusted, no imputation Adjusted with MI

Mean (95% CI) p-value Mean (95% CI) p-value Mean (95% CI) p-value

Health outcomes

EHRA at 12 months 0.834 (0.08 to 1.59) 0.03 0.894 (0.11 to 1.68) 0.03 0.914 (0.13 to 1.69) 0.02

AFEQT at 12 months –7.30 (–14.7 to 0.14) 0.05 –7.44 (–14.3 to –0.62) 0.03 –6.58 (–13.3 to 0.18) 0.06

VAS at 12 months –5.81 (–12.8 to 1.14) 0.10 –5.77 (–12.2 to 0.63) 0.08 –5.10 (–11.5 to 1.31) 0.12

Utility at 12 months –0.083 (–0.16 to –0.01) 0.04 –0.083 (–0.15 to –0.02) 0.01 0.076 (–0.14 to –0.01) 0.02

QALYs 0–12 months –0.072 (–0.14 to 0.00) 0.04 –0.066 (–0.13 to –0.01) 0.03 –0.069 (–0.13 to –0.01) 0.02

Resources and costs

LOS (days) 3.76 (2.42 to 5.10) < 0.001 3.87 (2.79 to 4.96) < 0.001 3.76 (2.42 to 5.10) < 0.001

Procedure (£) 3660 (664 to 6655) 0.02 3660 (664 to 6655) 0.02 2673 (4 to 5342) 0.05

Other costs (£) 390 (–997 to 1778) 0.58 562 (–618 to 1742) 0.35 940 (–33 to 1914) 0.06

Total cost (£) 6162 (3302 to 9021) < 0.001 6162 (3302 to 9021) < 0.001 3399 (517 to 6282) 0.02

Net benefits (£)

At £20,000/QALY –6164 (–9782 to –2547) < 0.001 –6193 (–9425 to –2961) < 0.001 –4801 (–8124 to –1477) 0.01

At £30,000/QALY –6166 (–10,427 to –1905) 0.01 –6624 (–10,261 to –2986) < 0.001 –5495 (–9139 to –1852) < 0.001

Adjustments: AFEQT at baseline and age for EHRA at 12 months; AFEQT at baseline, IMD and site for AFEQT at 12 months; EQ-5D VAS and site for VAS at 12 months; EQ-5D at
baseline and site for utility at 12 months; EQ-5D at baseline for QALYs; IMD for LOS; EQ-5D at baseline and IMD for other costs; EQ-5D at baseline, site and sex for net benefits at
£20,000; and EQ-5D at baseline and site for net benefits at £30,000.
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Discussion

The economic evaluation was based on direct observations of health outcomes and costs over the trial
period. We found consistent patterns of change over time for different outcome measures, including
AF symptoms (EHRA checklist), AF-related quality of life (AFEQT questionnaire) and generic measures
of quality of life (EQ-5D VAS and index score). Improvements in the first 3 months were sustained up
to the end of follow-up at 12 months. There were also small, non-significant, but consistent, trends
between the treatment arms, with slightly larger gains for patients randomised to CA than to SA.
We believe that the improvements were due to the significant reduction in AF/AT burden following
ablation, with subsequent symptom reduction. Over the year, CA was associated with a statistically
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FIGURE 7 Non-parametric bootstrap estimates of ICs and incremental QALYs. Mean differences: SA compared with CA.

TABLE 12 Alternative scenarios for MI estimation

Scenario IEa (QALYs) ICb (£) INB at £20,000/QALY INB at £30,000/QALY

1 Base case –0.0689 3399 –£4801 –£5495

2 MI random number seed: 14,967 –0.0670 3364 –£4719 –£5396

3 MI random number seed: 74,302 –0.0671 3508 –£4869 –£5546

4 MI imputations: 80 –0.0689 3418 –£4813 –£5507

5 MI PMM neighbours: 10 –0.0648 3060 –£4380 –£5031

6 MI equation: no covariates –0.0709 2252 –£3698 –£4394

7 MI equation: EQ-5D-5L index
score covariate only

–0.0688 2513 –£3918 –£4588

8 MI equation: separate per variable –0.0675 3769 –£4569 –£4721

9 Truncated OLS for EQ-5D-5L
index score

–0.0754 3581 –£5115 –£5863

10 Truncated OLS for costs –0.0634 5967 –£7244 –£7886

a Mean QALY difference between treatment arms.
b Mean cost difference between treatment arms.
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significant gain of 0.069 QALYs (95% CI 0.01 to 0.13) and an NHS cost saving of £3399 (95% CI £517
to £26,282) per patient compared with SA. This translates to an INB of £4801 (95% CI £1477 to £8124)
for CA compared with SA at a conservative cost-effectiveness threshold of £20,000 per QALY. The
estimated probability that CA is less expensive and more effective than SA at this threshold is 99.1%.
This conclusion would not change with modelling because extrapolation of costs and quality-of-life effects
measured in the trial would increase the advantage of CA over SA, and there is no indication in the
clinical results reported earlier that there are other longer-term benefits of SA due to extended freedom
from arrhythmia or reduction of other risks. Consequently, we have not conducted the model-based
analysis at this time.

The results of the economic evaluation were robust to alternative methods of estimation. Rates of
follow-up and data completion were good for quality-of-life and cost questionnaires, although there is
some uncertainty over the QALY and total cost estimates, which rely on data from several time points.
Cost estimates for the index admission were based on individual hospital HRG coding, which is a strength
as it reflects variations in LOS and additional procedures and tests for some individuals. However, it was
available for only 58% of randomised patients from one trust, so may not be generalisable. Nevertheless,
the conclusion that SA is more expensive than CA is likely to be robust. SA is clearly associated with a
longer admission: a mean increase of 3.8 days (95% CI 2.4 to 5.1 days). We did not find a reduction in
other NHS costs in the following year; in fact, cost estimates were £940 higher in the SA group than in
the CA group (95% CI –£33 to £1914).
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Chapter 6 Left atrial structure and function
assessed by advanced echocardiography

Background

The LA modulates ventricular filling and contributes to cardiac output through its reservoir, conduit
and contractile function. Left atrial reservoir function is the elastic ability of the walls of the atrium to
stretch during LA filling. The left atrial conduit function is the passive recoil of the LA during early
emptying of blood from the LA into the left ventricle (LV). The left atrial contractile function (booster)
is the active emptying of blood from the LA to the LV, achieved by contraction of the LA. These
functions can be impaired as a result of advancing age and health issues, such as obesity, diabetes,
cardiovascular diseases, and renal, respiratory and endocrine disorders.75–90 AF is another factor
associated with poor left atrial function or left atrial remodelling manifested by LA enlargement.91–94

Duration of AF is positively correlated with worsening of left atrial function,86,95–98 so early assessment
and intervention may arrest progression of left atrial remodelling.

Sinus rhythm restoration therapy leads to reduction in the size of the LA and improvements in its function,
the process known as reverse remodelling (RRM). It is thought that, in LSPAF patients, the advanced
electroanatomical remodelling, along with metabolic and neurohormonal alterations, cause irreversible
changes in the LA through fibrosis and post-ablation stunning, which often accompanies early recurrences
of AF following ablation.89,90,99,100

Timely assessment of the left atrial function helps determine the best treatment strategy, as well as
the success of ablation87,101–104 or cardioversion.105–109 Evaluating left atrial reservoir, conduit and
contractile function can also be helpful in predicting left atrial electromechanical stunning, which can
lead to thromboembolic events.110–112

Left atrial function can be evaluated by measuring changes in left atrial volumes (maximum, minimum
and volume at P wave) or atrial tissue displacement and deformation at the different ECG-derived
stages of the cardiac cycle that are linked with mechanical motion related to left atrial relaxation and
contraction.109 Transthoracic echocardiography supports a comprehensive assessment of left atrial
function by (1) deriving left atrial volumes by two-dimensional (2D) imaging, (2) measuring left atrial
myocardial velocities by tissue Doppler imaging (TDI) and (3) assessing left atrial myocardial strain and
strain rate by 2D speckle-tracking echocardiography.87,109,113–116

Tissue Doppler imaging measures myocardial wall tissue velocities as opposed to blood flow velocities.

Using pulsed-wave TDI at different regions of interest, it is possible to assess both regional and global
changes in left atrial function. During left atrial filling, the peak atrial myocardial velocity at a given
region of interest in the left atrial wall is called the expansion index and is a measure of reservoir
function. The peak left atrial myocardial velocity during the passive emptying phase is a measure of
conduit function, and the peak left atrial tissue velocity during contraction is termed the booster
function, a measure of contractile function.109,117–119

In addition, pulsed-wave TDI velocities measured at two different regions of interest can be used to
assess myocardial deformation, quantified as strain and strain rate. Strain refers to the change in
myocardial length during a given time period in the cardiac cycle, whereas strain rate refers to the rate
of change in myocardial length.
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Measurement of left atrial myocardial tissue velocities has shown reduced function of the atria in atrial
myopathies, diastolic impairment, atrioventricular valvular heart disease, atrial pressure overload and
heart failure.118–120 Myocardial tissue velocities of the LA have been shown to predict new-onset AF
and AF recurrences following cardioversion and ablation.121–124 In addition, TDI has been validated to
calculate total atrial conduction time (TACT), which is related to the incidence of new-onset AF in
post-SA patients and recurrence in patients known to have persistent AF.123,124 TACT is defined as the
duration from the onset of the P wave to the peak atrial contraction velocity at the lateral left atrial
wall.125,126 Atrial asynchrony, assessed by comparing regional differences in TACT, has been shown to
be associated with low atrial voltages during CA and higher rates of AF recurrence.122

A major limitation of TDI is that it is angle dependent, such that the sample tissue has to be parallel to
the probe for accurate measurement of tissue velocities and strain assessment.127 Two-dimensional
speckle-tracking echocardiography has overcome these limitations by being independent of the
direction of movement, and is not affected by volume changes and preload conditions.128,129 Speckle
tracking has allowed for strain and strain rate measurements of myocardial tissue to be analysed
more accurately among the general population.128,129 Speckle points of the heart are tagged and the
anatomical change in movement is measured as a difference between two points on the myocardium.128,129

Speckle tracking has limitations owing to factors such as the width of interest, frame rates of 2D
acquisition (which need to be > 55 per second) and gating either the onset of the P wave or the R wave
of the cardiac cycle.130,131 These limitations can be improved with increased averaging of cardiac cycles and
by reducing the width of interest that improves resolution of the myocardium. A recent meta-analysis by
Pathan et al.131 did not show any variations between P–P-wave or R–R-wave measurements of left atrial
strain. Moreover, components of left atrial function are more reproducible with 2D strain, with fewer
confounding factors than left atrial volume or TDI measurements. Strain values may also predict new-onset
AF and AF recurrence before and after ablation.96,107,132–137

A number of studies used left atrial volume, TDI and strain assessments to investigate changes in
LA anatomy and function, but they were mostly performed in patients with earlier stages of AF
(i.e. paroxysmal and persistent).86,96,103,133,138,139 These studies also reported changes following specific
treatments, cardioversion or ablation.

In this study, we present the results of left atrial function assessments in patients with LSPAF, pre and
post ablation. We also investigate whether or not CA and SA affect the left atrial function in different
ways, and report on the outcomes related to these treatments and the recurrence of AF.

The two ablative techniques used in the trial did not deliver identical lesion sets. Specifically, the CA
lesion set included mitral isthmus and cavotricuspid line lesions, which were not performed in the SA
arm. Ablation of ganglionic plexuses and mechanical isolation of the LAA were performed in the SA
arm only. These lesions may affect left atrial RRM in different ways by acting on specific, regional left
atrial wall functions (i.e. septal, lateral, anterior and inferior LA segment), which can be assessed using
echocardiography.

Our comprehensive assessments of left atrial function therefore include 2D volume measurements,
TDI velocities and 2D speckle-tracking strain and strain rate.

The main objectives of these exploratory analyses were to:

l assess the effects of CA and SA on left atrial structure and function using TTE-derived 2D volumes,
tissue Doppler velocities and speckle-tracking strain and strain rate imaging

l compare left atrial structure and function in study participants who sustained SR compared with
study participants with recurrent paroxysms of AF

l assess the effects of ablation of the mitral isthmus line in CA and mechanical LAA occlusion in SA
on regional left atrial function using TDI.

LEFT ATRIAL STRUCTURE AND FUNCTION ASSESSED BY ADVANCED ECHOCARDIOGRAPHY
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Methods

Population
Patients with LSPAF enrolled in the CASA-AF randomised controlled trial (RCT) underwent SA or CA
(n = 115) and were followed up for 12 months. As part of the study assessments, echocardiographic
measurements of the LA parameters were completed at baseline, and at 3 and 12 months after the
ablation. Continuous heart rhythm monitoring was enabled by ILR (Reveal LINQ), as described in
Implanted loop recorder.

Echocardiography
Transthoracic echocardiography was performed at baseline, at an average of 48 days (range 34–68.5 days)
prior to ablation, and then at 3 and 12 months following ablation using Philips IE33 (Andover, MA, USA)
and GE Vivid E9 and E95 machines (Chicago, IL, USA). All images were acquired using the standard
minimum data set recommended by the British Society of Echocardiography.140 In addition to the minimum
data set, images of the LA were acquired to enable regional TDI measurements. The LAA is not clearly
seen on TTE and, therefore, its volume was not calculated.

All measurements in follow-up were completed in patients who were in SR at that time point so that
all aspects of left atrial function, in particular left atrial contractile function, could be evaluated. Images
were obtained with loops of at least three cardiac cycles to ensure averaging of measurements, which
was particularly important for pre-ablation scans when patients were in AF. Left atrial function was
assessed by calculating reservoir, conduit and contractile function using echo modalities of left atrial
volume, TDI and strain imaging as described below.

Left atrial volumes
Images were acquired over three cardiac cycles, with a minimum frame rate of 55 Hz. The width and
depth of the acoustic window was set to allow visualisation of the whole LA to its base. The gain was
adjusted to allow clear distinction between blood pool and myocardial tissues.

Left atrial volumes were calculated based on the biplane area–length method and measurements were
performed manually as shown in Figure 8. Left atrial volume measurements included the left atrial
maximal volume (LAmax), left atrial minimal volume (LAmin) and volume at the onset of the P wave
(LA P wave). LAmax was defined as the volume of the LA just before mitral valve opening. LAmin was

FIGURE 8 Left atrial volume calculation using the biplane area–length method. A, area; L, length.
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the volume at the beginning of mitral valve closure and electrically defined as the beginning of the
QRS (Q wave, R wave, S wave) on the ECG. LA P wave was the volume at the onset of the P wave on
the ECG. In patients with AF, only LAmax and LAmin were measured because of the absence of a P
wave; in SR it was possible to measure all three components. Patients for whom there were inadequate
views to take all three left atrial volume measurements (i.e. LAmax, LAmin and LA P wave) and for
whom their LA endocardial outline could not be reliably determined were excluded from the study.

The echocardiographic measurements for each left atrial volume data set were as follows:

LA volume max (LAmax) = 0:85 ×
(LA 4ch max area cm2 × LA 2ch max area cm2)

LA 4ch max LA AP length cm
, (2)

LA volume min (LAmin) = 0:85 ×
(LA 4ch min area cm2 × LA 2ch min area cm2)

LA 4ch min LA AP length cm
, (3)

LA volume at P wave (LAP wave) = 0:85 ×
(LA 4ch P wave area cm2 × LA 2ch P wave area cm2)

LA 4ch P wave LA AP length cm
, (4)

LA emptying fraction (LAEF) =
(LA volume max− LA volume min)

LA volume max

� �
× 100, (5)

LA sphericity =
LA transverse length
LA longitudinal length

� �
× 100. (6)

These volumetric measurements were then used to derive left atrial reservoir, conduit and contractile
function using the equations below:

LA reservoir function =
(LA volume max− LA volume min)

LA volume min

� �
× 100, (7)

LA conduit function =
(LA volume max− LA volume P wave)

LA volume max

� �
× 100, (8)

LA contractile function =
(LA volume P wave − LA volume min)

LA volume P wave

� �
× 100. (9)

An illustration of the three components of left atrial function is given in Figure 9.

Left atrial reservoir function represents left atrial expansion, the percentage increase in left atrial
volume from its minimum volume to its maximum volume. Left atrial conduit function represents
passive emptying of the LA, the percentage reduction in left atrial volume from its maximum volume
to the volume just before P-wave onset (active atrial contraction). Left atrial contractile function
represents active atrial contraction, the percentage reduction in volume from the onset of the P wave
to the LA minimum volume (end of contraction).
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Left atrial strain and strain rate by two-dimensional speckle-tracking echocardiography
Left atrial strain and strain rate were assessed on standard 2D images. The patient had ECG gated images
taken with loops of cardiac cycles per acquisition. The images were acquired once the frame rate in two
dimensions was at least 50 Hz and sector widths were reduced to focus on the area of interest. The
images were read offline using TomTec (TomTec Imaging Systems, Unterschleissheim, Germany) software
to measure atrial strain and strain rate. The image analysis in TomTec was conducted by one experienced
operator to minimise variability. TomTec has a semiautomatic process of analysing strain, and it was
important to ensure that the resolution and grey scale were of adequate quality to delineate the LA
endocardial border. The semiautomatic process was manually adjusted where needed to ensure that
all cardiac cycles were tracked appropriately along with the correct demarcation of end-systolic and
end-diastolic periods. Once accepted, the strain and strain rate measurements were derived automatically
from the software.

Left atrial strain (Figure 10a) and strain rate (Figure 10b) were assessed during the reservoir, conduit and
contractile phases of left atrial function. Strain measurements reflected the peak percentage change in
the length of the left atrial myocardium during the three phases of the cardiac cycle (SSR – reservoir
strain; ESR – conduit strain; ASR – contractile strain), whereas strain rate was the peak change in length
per second [SSR′ (two-dimensional left atrial reservoir strain rate); ESR′ (two-dimensional left atrial
conduit strain rate); ASR′ (two-dimensional left atrial contractile strain rate)].

Left atrial tissue Doppler imaging
Tissue Doppler images were acquired in the apical four-chamber and two-chamber views using a 3.5- to
5.5-MHz frequency probe with Nyquist limits of 10–20 cm per second velocities. The frame rate of the
acquisition was maintained above 100 frames per second. The left atrial wall under interrogation was centred
in the images to ensure that the wall was parallel to the probe. Once the images were of adequate quality,
pulsed-wave TDI was obtained for at least two cardiac cycles to minimise variability in measurements. The
sampling was taken from the atrial tissue just below the level of the mitral valve annulus so that annular
velocities were not captured. The septal, lateral, anterior and inferior left atrial walls were examined and TDI
velocities from each of these walls were then averaged to provide a global score for each parameter.

Figure 11 illustrates TDI velocity measurements. Left atrial SSR is the peak LA velocity during LA filling
and therefore represents left atrial reservoir function; LA ESR is the peak LA velocity during passive
filling and represents conduit function; LA ASR is the peak LA velocity during atrial contraction. Finally,
we included S′ (mitral annular velocity during onset of ventricular systole) as a measure of the effect of
mitral valve closure at the isovolumic left atrial contraction period just before LA diastole. The hypothesis
is that if left atrial pressures are low, this may be reflected in a higher S′ created by mitral valve closure.
Similarly, in instances of increased left atrial pressure the S′ should be reduced.

Reservoir Conduit Contraction

Start of cycle
End of cycle
Myocardial
motion
Electrical
activity during
myocardial
motion

FIGURE 9 Three components of the left atrial function using volume indices during SR.
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FIGURE 10 Reservoir, conduit and contractile functions in a patient in SR. (a) Left atrial strain and (b) strain rate.
a, Reservoir – baseline 0 to peak of LA curve; b, conduit function – peak left atrial strain to pre-atrial contraction;
c, contractile function – peak of conduit to baseline 0; d, peak left atrial systolic strain rate; e, peak negative early
diastolic strain rate; f, peak negative late diastolic strain rate. The orange boxes delineate the period in which the
measurements were made for (a) strain and (b) strain rate.
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Finally, TACT was measured from the onset of the P wave on the ECG to the peak A wave (LA ASR)
in the lateral wall of the LA.

The effect of LAA occlusion on left atrial function in patients who had SA was measured by comparing
anterior wall function to other walls, considering that the clip might have a greater impact on LA
anterior wall function.

Similarly, we evaluated the effect of LA mitral isthmus line ablation in patients who had CA by
comparing the LA inferior and lateral wall functions.

Statistical analyses

The analyses presented in this chapter are exploratory in nature and are limited because of the small
sample size.

Continuous variables with normal distribution are shown as means with SD and 95% CIs. Comparison of
demographic and echocardiographic data between treatment groups was performed using Student’s t-test,
analysis of variance for baseline data and analysis of covariance for follow-up data to adjust for baseline
characteristics and estimates of effect size. Continuous variables not normally distributed are shown as
median and IQRs, and significance testing was performed using theMann–Whitney U-test. Categorical
values are expressed as percentages and comparisons were made using a chi-squared test. A comparative
analysis of data from patients who remained in SR throughout the study versus those who developed
recurrences of AF was also performed in a similar fashion. Receiver operating characteristics (ROCs) curves
were used to calculate the AUC of the variable associated with AF recurrence. Using the ROC analysis, the
optimal cut-off values for the variables associated with AF recurrence were calculated using Youden’s index.
A Cox regression model was used to calculate hazard ratios and 95% CIs for variables associated with AF
recurrence. Kaplan–Meier curve analysis was used to show freedom from AF recurrence at the optimal
cut-off threshold of the factor derived from ROC curve analysis. The analyses were performed with IBM
SPSS Statistics version 25 (IBM Corporation, Armonk, NY, USA).

FIGURE 11 Pulsed-wave tissue Doppler of the inferior atrial wall below the mitral valve annulus. Mitral annular velocity
during onset of ventricular systole (S′), left atrial reservoir (LA SSR), left atrial conduit (LA ESR) and left atrial contractile
function (LA ASR).
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Results

Left atrial volumes and volume-derived function in catheter ablation and surgical
ablation groups
The analyses in this section are based on TTE data from 59 patients, representing only 51% of the
participants in the CASA-AF trial who underwent CA (n = 60) or SA (n = 55) as part of the study.
The main reason for the reduced sample size in these analyses is the requirement for the patients to
have good quality TTE scans from all three study time points.

Of 59 patients in these analyses, 33 had CA and 26 had SA. Demographics and clinical characteristics
at baseline were similar in both treatment arms (see Appendix 3, Table 31) and did not differ from
those of the rest of the trial population.

Comparisons of left atrial volumes and function in the two treatment arms
We observed significant reduction in volumes of the LA, LAmax and LAmin following ablation in both
treatment arms.

Reduction in LAmax and LAmin in the CA arm was evident at 3 months and plateaued at 12 months
(Table 13). Left atrial reservoir function and left atrial EF increased significantly at 3 months, and these
changes were maintained at 12 months. Left atrial conduit function, LA P-wave volume, and contractile
function did not change at follow-up. Compared with baseline values, there was a graded increase in
LA sphericity index during follow-up, which reached statistical significance at 12 months.

In the SA group, there were also significant reductions in LAmax and LAmin at 3 months compared
with baseline values (see Table 13). However, at 12 months there was an increase in LAmax, towards
baseline values. Consequently, we observed less RRM at 12 months than at 3 months. Left atrial
reservoir function and left atrial EF increased significantly at 3 months and showed a plateau at
12 months. Left atrial conduit function, P-wave volume and contractile function measured at 3 months
remained unchanged at 12 months. LA sphericity index increased at 12 months, possibly reflecting a
reduction in anteroposterior diameter.

Comparisons of left atrial volumes and function between the two treatment groups are shown
in Table 13.

Measurements of LA parameters at equivalent time points appear close in values, with less RRM in the
SA group at 12 months.

Comparison of left atrial volumes and volume-derived function between sinus rhythm
and recurrent atrial fibrillation groups following ablation
Heart rhythm in treated patients was assessed from the continuous monitoring by ILR. SR was
maintained throughout follow-up in 32 out of 59 patients (54%). All patients were in SR at the time
of the TTE scans.

We observed a reduction in left atrial volumes in all patients following ablation, irrespective of SR
maintenance.

There was evidence of improvement in left atrial conduit and contractile functions and an increase in
LA sphericity (Table 14). Baseline values of LAmax were significantly larger in the AF group than in
the SR group. In general, there was a trend towards larger LAmax and LAmin and lower reservoir
function, left atrial EF and conduit function in the AF group than in the SR group during follow-up
(see Table 13). Indeed, LAmin and LA P-wave volume were significantly larger in the AF group in
follow-up. Contractile function and the extent of RRM appeared similar in both groups.
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TABLE 13 Comparison of left atrial volumes and function between the CA and SA arms

Parameter and time point

Treatment arm, mean± SD (95% CI)

p-valueCA (n= 33) SA (n= 26)

LA sphericity index

Baseline 0.68 ± 0.09 (0.64 to 0.71) 0.69 ± 0.08 (0.66 to 0.73) 0.44

3 months 0.71 ± 0.09 (0.68 to 0.75) 0.72 ± 0.08 (0.69 to 0.75) 0.94

12 months 0.72 ± 0.10 (0.72 to 0.78) 0.73 ± 0.07 (0.70 to 0.76) 0.3

LAmax (ml/m2)

Baseline 51.4 ± 16.4 (45.6 to 57.2) 49.6 ± 13.1 (44.3 to 54.8) 0.64

3 months 44.3 ± 14.8 (40.3 to 47.3) 44.9 ± 10.8 (41.5 to 49.3) 0.54

12 months 44.6 ± 17.9 (40.4 to 47.4) 47.2 ± 10 (43.7 to 51.6) 0.16

LAmin (ml/m2)

Baseline 41.2 ± 15.6 (36.2 to 46.3) 39.8 ± 13 (34.1 to 45.5) 0.69

3 months 30.9 ± 13.1 (27.6 to 33.4) 31.7 ± 10.8 (29 to 35.5) 0.43

12 months 31.8 ± 16.6 (26.9 to 36.7) 33.7 ± 9.9 (28.2 to 39.2) 0.61

LA P wave (ml/m2)

3 months 36.9 ± 13.1 (32.8 to 41) 37.7 ± 9.9 (33 to 42.3) 0.79

12 months 37.1 ± 17.5 (34 to 40.9) 39.7 ± 9.8 (35.6 to 43.3) 0.45

LA reservoir (%)

Baseline 27.2 ± 14.7 (22 to 32.4) 27.5 ± 16.1 (20.9 to 34) 0.95

3 months 48.8 ± 25.2 (40.8 to 57) 46.9 ± 22.3 (37.7 to 56) 0.74

12 months 49.5 ± 28.9 (40.6 to 58.4) 44.2 ± 21.2 (34.1 to 54.2) 0.43

Left atrial EF (%)

Baseline 20.4 ± 9.1 (17.2 to 23.6) 20.4 ± 9.3 (16.7 to 24.2) 0.99

3 months 31.1 ± 10.5 (27.6 to 34.6) 30.4 ± 10.5 (26.5 to 34.4) 0.80

12 months 30.8 ± 12.2 (26.8 to 34.9) 29.1 ± 11 (24.6 to 33.7) 0.58

LA conduit (%)

3 months 16.5 ± 8 (13.7 to 19.4) 16.3 ± 7.6 (13.2 to 19.4) 0.91

12 months 18.4 ± 12.3 (14.5 to 22.4) 16.2 ± 10 (11.7 to 20.7) 0.46

Left atrial contraction (%)

3 months 17.3 ± 11 (13.4 to 21.2) 17 ± 9.2 (13.2 to 20.7) 0.89

12 months 15.1 ± 10.1 (11.8 to 18.2) 15.5 ± 7.8 (12 to 19) 0.84

LA RRM (%)

3 months –10.9 ± 27.6 (–20.7 to –1.1) –6 ± 23.8 (–15.6 to 3.7) 0.47

12 months –12.4 ± 22.4 (–18.6 to –4) 0.8 ± 32 (–10 to 6.5) 0.09
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Left atrial volumes and function as predictors of atrial fibrillation recurrence
Cox regression analysis of baseline parameters did not identify a LA structural or functional variable as
a predictor of AF recurrence (Table 15), but increasing body mass index (BMI) was associated with AF
recurrence following ablation. However, the analyses of parameters measured at 3 months suggest that
increasing LA P-wave volume is a predictor of AF recurrence (Table 16).

TABLE 14 Comparison of left atrial volumes and volume-derived function between the SR and AF groups

Parameter and time point

Group, mean± SD (95% CI)

p-valueSR (n= 32) AF (n= 27)

LA sphericity index

Baseline 0.67 ± 0.09 (0.64 to 0.70) 0.70 ± 0.08 (0.67 to 0.74) 0.14

3 months 0.70± 0.09 (0.67 to 0.73) 0.732 ± 0.740 (0.70 to 0.76) 0.27

12 months 0.75 ± 0.10 (0.72 to 0.78) 0.74 ± 0.07 (0.70 to 0.77) 0.41

LAmax (ml/m2)

Baseline 47.1 ± 15.6 (41.5 to 52.7) 54.7 ± 13.3 (49.5 to 60) 0.05

3 months 42± 13.8 (40.4 to 47.5) 47.6 ± 11.8 (41.4 to 49.1) 0.63

12 months 42.8 ± 14.5 (41.4 to 49.1) 49.3 ± 14.7 (42.2 to 50.6) 0.68

LAmin (ml/m2)

Baseline 38.1 ± 15.3 (32.6 to 43.6) 43.5 ± 12.9 (38.4 to 48.7) 0.15

3 months 28.5± 12.9 (27.1 to 32.9) 34.6 ± 10.3 (29.6 to 36) 0.20

12 months 29.4 ± 13.5 (27.8 to 34.5) 36.5 ± 13.7 (30.8 to 38.1) 0.18

LA P wave (ml/m2)

3 months 34.3± 12.2 (29.9 to 38.7) 40.7 ± 10.3 (36.6 to 44.7) 0.04

12 months 34.7 ± 14.2 (33.6 to 40.9) 42.5 ± 14 (35.5 to 43) 0.43

LA reservoir (%)

Baseline 26.5 ± 12.6 (22 to 31) 28.3 ± 18.1 (21.2 to 35.5) 0.65

3 months 53.2 ± 25 (45.7 to 61.5) 41.9 ± 21.1 (32.8 to 50) 0.04

12 months 52.5 ± 24.9 (44.1 to 61.7) 40.7 ± 25.7 (30.8 to 49.9) 0.06

Left atrial EF (%)

Baseline 20.2± 7.8 (17.4 to 23) 20.6 ± 10.6 (16.5 to 24.8) 0.85

3 months 33± 10.8 (29.7 to 36.5) 28.2 ± 9.4 (24.4 to 31.8) 0.05

12 months 32.6 ± 11.8 (28.7 to 36.7) 27.1 ± 10.9 (22.7 to 31.4) 0.06

LA conduit (%)

3 months 18± 8.9 (14.8 to 21.2) 14.6 ± 5.8 (12.3 to 16.8) 0.09

12 months 20.1 ± 10.8 (16.2 to 24) 14.2 ± 11.4 (9.7 to 18.7) 0.03

Left atrial contraction (%)

3 months 18.3± 10.1 (14.6 to 21.9) 15.9 ± 10.3 (11.8 to 19.9) 0.37

12 months 15.8± 7.6 (12.4 to 18.7) 14.6 ± 10.7 (11.4 to 18.3) 0.77

LA RRM (%)

3 months –6.6± 30.1 (–17.5 to 4.2) –11.2 ± 20.1 (–19.2 to –3.3) 0.49

12 months –4.2± 33.8 (–13.2 to 2.1) –9.5 ± 17.9 (–16.2 to 0.6) 0.70
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TABLE 15 Cox regression analysis of individual baseline parameters for the prediction of AF recurrence in follow-up

Parameter

Univariable analysis

Hazard ratio 95% CI p-value

Baseline

LA sphericity index 1.03 0.99 to 1.08 0.16

BMI (kg/m2) 1.08 1.00 to 1.17 0.05

AF duration (days) 1.00 0.99 to 1.01 0.68

Age (years) 1.03 0.99 to 1.07 0.13

Sex (male) 1.37 0.60 to 3.14 0.46

Hypertension 1.07 0.50 to 2.29 0.86

Respiratory disease 0.38 0.09 to 1.61 0.19

Diabetes mellitus 1.13 0.55 to 2.33 0.73

CAD 1.47 0.51 to 4.25 0.48

Thyroid disorders 1.54 0.84 to 2.81 0.16

Stroke/TIA 0.69 0.09 to 5.07 0.71

Renal disease 1.53 0.46 to 5.11 0.49

Smoker 0.91 0.55 to 1.50 0.71

Alcohol use 1.01 0.76 to 1.35 0.93

LAmax (ml/m2) 1.02 0.99 to 1.04 0.13

LAmin (ml/m2) 1.01 0.99 to 1.04 0.28

Left atrial EF (%) 1.01 0.96 to 1.06 0.71

LA reservoir (%) 1.01 0.98 to 1.04 0.50

CAD, coronary artery disease; TIA, transient ischaemic attack.

TABLE 16 Cox regression analysis of the data collected 3 months following ablation and their association with AF
recurrence during follow-up

Parameter

Univariable analysis

Hazard ratio 95% CI p-value

3 months

BMI (kg/m2) 1.08 1.00 to 1.17 0.05

Age (years) 1.03 0.99 to 1.07 0.13

LA sphericity index 1.03 0.98 to 1.07 0.24

LAmax (ml/m2) 1.02 0.99 to 1.04 0.15

LAmin (ml/m2) 1.02 1.00 to 1.05 0.07

LA P wave (ml/m2) 1.02 1.00 to 1.03 0.01

Left atrial EF (%) 0.97 0.93 to 1.00 0.06

LA reservoir (%) 0.98 0.97 to 1.00 0.06

LA conduit (%) 0.96 0.92 to 1.01 0.13

Left atrial contraction (%) 0.98 0.94 to 1.02 0.25
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In Cox regression analyses of the individual variables collected at the 3-month follow-up, the LA P-wave
volume appeared to be a statistically significant (p = 0.01) predictor of AF recurrence (see Table 16).

Receiver operating characteristic curve analysis of the LA P wave showed an AUC of 0.73 (95% CI
0.59 to 0.86; p = 0.003). The optimal LA P-wave volume cut-off value to predict AF recurrence was
35 ml/m2, conferring a sensitivity of 70.4% and specificity of 71.9%. In Kaplan–Meier survival analysis,
74% of patients with LA P-wave volume < 35 ml/m2 (measured at 3 months) were free from AF
recurrence compared with 32% of patients with LA P-wave volume > 35 ml/m2 (hazard ratio 3.32,
95% CI 1.44 to 7.64; p = 0.005) (Figure 12).
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FIGURE 12 Receiver-operating curve analysis (a) evaluating LA P-wave volume at 3 months and its association with AF
recurrence; and (b) Kaplan–Meier survival analysis showing freedom from AF recurrence using a LA P-wave volume at
3-month cut-off value of 35 ml/m2.
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Left atrial function using two-dimensional speckle-tracking echocardiography for left atrial
strain and strain rate
Of the 59 patients who had complete left atrial volumes data as above, five were excluded from the
strain analysis because of inadequate tracking of left atrial myocardium throughout the cardiac cycle.
The remaining 54 patients had good-quality, analysable TTE images at all three time points (i.e. baseline,
and at 3 and 12 months). Four patients had cardioversion in the blanking period, but they were in SR at
the time of the 3-month scan. Of the 54 patients, 29 had undergone CA as the index procedure. Baseline
characteristics in both treatment arms were very similar (see Appendix 3, Table 32).

Comparisons of left atrial strain and strain rate in the two treatment arms
In the CA group, there was an increase in LA SSR and SSR′ from baseline (Table 17), indicating an
increase in the magnitude and rate of LA myocardial lengthening during LA filling. LA ESR also increased
in follow-up, suggesting significant LA myocardial shortening during passive emptying. However, since
there was no change in ESR′, the rate of shortening did not change. LA ASR and ASR′ were similar
at 3 and 12 months. An increase in the time to peak LA SSR was noted from baseline to follow-up;
this may reflect a reduction in HR on return to SR.

Similar observations were made in the SA group, apart from the ASR′, which was lower at 12 months
than at 3 months. Between-group comparisons showed significantly higher values of LA SSR in the CA
arm than in the SA arm (mean ± SD 20.3 ± 7.4% vs. 16.5 ± 4.9%; p = 0.03) at 12 months’ follow-up.

TABLE 17 Comparison of left atrial strain and strain rate parameters between the CA and SA arms

LA parameter
Study time
point

Treatment arm, mean± SD (95% CI)

p-valueCA (n= 29) SA (n= 25)

Left atrial strain time
to peak (milliseconds)

Baseline 347 ± 58 (331 to 373) 350 ± 57 (332 to 385) 0.69

3 months 402 ± 50 (394 to 428) 388 ± 42 (366 to 402) 0.03

12 months 380 ± 60 (354 to 399) 377 ± 59 (347 to 395) 0.73

LA SSR (%) Baseline 10.6 ± 4.5 (8.9 to 12.3) 11.9 ± 3.9 (10.3 to 13.5) 0.29

3 months 20.6 ± 8 (18.4 to 23.6) 18.5 ± 6.6 (15.3 to 20.8) 0.13

12 months 20.3 ± 7.4 (18.1 to 22.9) 16.5 ± 4.9 (13.7 to 18.8) 0.02

LA ESR (%) Baseline 5.7 ± 2.9 (4.6 to 6.8) 6± 2.1 (5.1 to 6.8) 0.7

3 months 13.8 ± 5.8 (12.2 to 15.7) 11 ± 4.7 (9 to 12.8 0.02

12 months 12.5 ± 5.6 (10.8 to 14.4) 9.5± 3.9 (7.5 to 11.4) 0.02

SSR′ (1/second) Baseline 0.5 ± 0.2 (0.42 to 0.58) 0.59 ± 0.2 (0.5 to 0.67) 0.13

3 months 0.83 ± 0.29 (0.76 to 0.95) 0.78 ± 0.28 (0.66 to 0.86) 0.16

12 months 0.8 ± 0.31 (0.70 to 0.92) 0.65 ± 0.27 (0.51 to 0.75) 0.03

ESR′ (1/second) Baseline 0.82 ± 0.48 (0.64 to 1) 0.82 ± 0.38 (0.67 to 0.98) 0.99

3 months 0.96 ± 0.58 (0.78 to 1.13) 0.78 ± 0.34 (0.59 to 0.97) 0.16

12 months 0.75 ± 0.38 (0.3 to 1.2) 0.94± 1.8 (0.45 to 1.43) 0.58

LA ASR (%) 3 months 6.8 ± 3.3 (5.5 to 8.1) 7.5± 3 (6.2 to 8.7) 0.43

12 months 7.8 ± 3.5 (6.8 to 9) 7± 2.6 (5.7 to 8.1) 0.22

ASR′ (1/second) 3 months 0.64 ± 0.33 (0.51 to 0.76) 0.64 ± 0.26 (0.53 to 0.75) 0.95

12 months 0.61 ± 0.39 (0.51 to 0.72) 0.51 ± 0.27 (0.4 to 0.62) 0.18
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The LA ESR values were also significantly higher in the CA arm than in the SA arm at 3 months’ follow-up
(mean ± SD 13.8± 5.8 vs. 11 ± 4.7, respectively) and at 12 months’ follow-up (mean ± SD 12.5± 5.6 vs.
9.5 ± 3.9, respectively) (p = 0.02). All other LA parameters measured at equivalent time points were
similar, as shown in Table 17.

Comparison of left atrial strain and strain rate parameters between sinus rhythm
and recurrent atrial fibrillation groups following ablation
Following ablation, 30 out of 54 (56%) patients remained in SR throughout follow-up, with similar
proportions in each of the treatment arms.

The LA SSR, SSR′ and LA ESR were significantly higher at 3 months than at baseline in all patients
after ablation, regardless of their AF recurrence status. ESR′ did not appear to change from
baseline (Table 18).

Between-group comparisons showed that values of LA SSR and LA ESR at baseline were significantly
higher in patients who maintained SR in follow-up than in those with AF recurrence. LA SSR, LA ASR
and ASR′ values measured at 3 months’ follow-up were also significantly higher in patients who
maintained SR during follow-up, as shown in Table 18.

TABLE 18 Comparison of left atrial strain and strain rate between the AF and SR groups

Left atrial strain/strain
rate parameter

Study time
point

Group, mean± SD (95% CI)

p-valueAF (n= 24) SR (n= 30)

Left atrial strain time
to peak (milliseconds)

Baseline 358 ± 60 (332 to 384) 353 ± 57 (331 to 374) 0.76

3 months 408 ± 50 (389 to 427) 392 ± 41 (374 to 408) 0.18

12 months 372 ± 60 (346 to 395) 378 ± 56 (354 to 398) 0.72

LA SSR (%) Baseline 9.80 ± 3.70 (8.20 to 11.4) 12.3 ± 4.3 (10.7 to 13.9) 0.03

3 months 16.40 ± 4.90 (14.20 to 19.90) 22.2 ± 8.1 (19.2 to 24.2) 0.02

12 months 17.02 ± 6.02 (14.80 to 20.30) 19.6 ± 6.9 (16.9 to 21.8) 0.34

LA ESR (%) Baseline 5.10± 2.20 (4.10 to 6.00) 6.40 ± 2.60 (5.50 to 7.40) 0.05

3 months 11.00 ± 4.40 (9.50 to 13.70) 13.80 ± 5.90 (11.5 to 15.20) 0.22

12 months 10.50 ± 0.05 (8.70 to 12.90) 11.60 ± 5.20 (9.50 to 13.20) 0.71

SSR′ (1/second) Baseline 0.48 ± 0.14 (0.42 to 0.54) 0.59 ± 0.24 (0.50 to 0.68) 0.06

3 months 0.73 ± 0.23 (0.65 to 0.85) 0.88 ± 0.28 (0.77 to 0.95) 0.13

12 months 0.65 ± 0.22 (0.54 to 0.78) 0.79 ± 0.34 (0.67 to 0.89) 0.16

ESR′ (1/second) Baseline 0.73 ± 0.32 (0.59 to 0.87) 0.90 ± 0.49 (0.71 to 1.08) 0.16

3 months 0.84 ± 0.60 (0.68 to 1.07) 0.90 ± 0.39 (0.70 to 1.05) 0.99

12 months 0.57 ± 0.25 (0.16 to 1.16) 1.10 ± 1.70 (0.53 to 1.43) 0.34

LA ASR (%) 3 months 5.50 ± 2.10 (4.60 to 6.30) 8.40 ± 3.30 (7.20 to 9.60) 0.0003

12 months 6.70 ± 2.20 (5.90 to 8.60) 8.00 ± 3.70 (6.40 to 8.80) 0.71

ASR′ (1/second) 3 months 0.49 ± 0.23 (0.40 to 0.59) 0.75 ± 0.30 (0.64 to 0.86) 0.001

12 months 0.44 ± 0.19 (0.40 to 0.64) 0.67 ± 4.00 (0.49 to 0.71) 0.39
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Left atrial strain and strain rate as predictors of atrial fibrillation recurrence
The results of the univariable Cox regression analysis of the baseline demographic data and LA parameters
measured at 3 months are shown in Table 19. Only LA SSR and SSR′ measured at baseline appear to have
a negative association with AF recurrence (p= 0.05 and p= 0.03, respectively). Using data from 3 months’
follow-up, LA SSR, LA ASR and ASR′ seem to have a significant negative association with AF recurrence
(p= 0.008, p= 0.001 and p= 0.002, respectively). As strain and strain rate measurements are collinear,
strain measurements from the 3-month follow-up visit were used for ROC analysis and Kaplan–Meier
survival plots.

TABLE 19 Univariable analyses of AF recurrence and association with left atrial
function measured by strain and strain rate

Parameter

Univariable analysis

Hazard ratio 95% CI p-value

Baseline

BMI (kg/m2) 1.08 1.00 to 1.17 0.05

AF duration (days) 1.00 1.00 to 1.00 0.78

Age (years) 1.03 0.98 to 1.07 0.25

Sex (male) 1.31 0.52 to 3.31 0.57

Hypertension 1.32 0.58 to 2.98 0.51

Respiratory disease 0.39 0.09 to 1.66 0.20

Diabetes mellitus 1.15 0.56 to 2.38 0.70

CAD 2.21 0.75 to 6.51 0.15

Thyroid disorders 1.59 0.87 to 2.93 0.13

CVD 0.64 0.09 to 4.72 0.66

Renal disease 1.45 0.43 to 4.88 0.55

Smoker 0.88 0.43 to 1.79 0.71

Alcohol use 0.96 0.70 to 1.31 0.79

LA SSR (%) 0.88 0.78 to 0.99 0.05

SSR′ (1/second) 0.09 0.01 to 0.82 0.03

LA ESR (%) 0.82 0.67 to 1.01 0.06

ESR′ (1/second) 0.44 0.14 to 1.40 0.16

3 months

LA SSR (%) 0.90 0.84 to 0.97 0.008

SSR′ (1/second) 0.17 0.03 to 1.01 0.051

LA ESR (%) 0.92 0.84 to 1.01 0.09

ESR′ (1/second) 0.77 0.30 to 1.96 0.59

LA ASR (%) 0.77 0.66 to 0.91 0.001

ASR′ (1/second) 0.06 0.01 to 0.36 0.002

CAD, coronary artery disease; CVD, cardiovascular disease.
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The ROC curve analysis revealed 18.7% to be the optimal cut-off value for SSR at 3 months
(sensitivity = 75% and specificity= 63%). A LA SSR at 3 months of > 18.7% was associated with 76%
freedom from atrial arrhythmias, compared with 37.9% for SSR of < 18.7% (hazard ratio 3.18, 95% CI
1.25 to 8.05; p = 0.015) (Figure 13).

The ROC curve analysis revealed 7.5% to be the optimal cut-off value for ASR at 3 months
(sensitivity = 88% and specificity = 60%). A LA ASR > 7.5% was associated with 86% freedom from
atrial arrhythmias compared with 36% for ASR < 7.5% (hazard ratio 5.94, 95% CI 1.76 to 20.1;
p = 0.004) (Figure 14).
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FIGURE 13 (a) The ROC curve analysis of LA reservoir (LA SSR) at 3 months following ablation, showing that it is a
strong predictor of SR maintenance; and (b) Kaplan–Meier survival curves illustrating freedom from AF recurrence at
LA SSR values of less than or greater than 18.7%. Diagonal segments are produced by ties.
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Tissue Doppler imaging data
A total of 52 patients (45%) had technically adequate TTE scans for analysis of TDI parameters in the
CASA-AF trial cohort. Of these, 33 were common to the strain analysis and 19 were a different subset
of patients. Among the 52 patients, 50% underwent CA. Baseline demographic characteristics and
clinical data were similar in both groups (see Appendix 3, Table 33).

Comparisons of the left atrial tissue Doppler imaging parameters in the catheter
ablation and surgical ablation groups
In the CA group, S′ and SSR were higher during follow-up than at baseline, whereas ESR was lower.
There was a significant increase in ASR from 3 to 12 months, but no change in TACT or LV septal late
atrial myocardial diastolic velocity (A′) during this time period.
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FIGURE 14 (a) The ROC curve analysis of left atrial contraction strain (LA ASR) at 3 months following ablation,
showing that it is a strong predictor of SR maintenance; and (b) Kaplan–Meier survival curves illustrating freedom
from AF recurrence at LA ASR values of less than or greater than 7.5%.
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In the SA group, S′ was lower during follow-up than at baseline. There was no significant change in
SSR, but there was a reduction in ESR. ASR and TACT did not change from 3 months to 12 months.
Finally, LV septal A′ at 12 months was lower than at 3 months.

As shown in Table 20, we found no evidence of a difference between treatment groups in left atrial
TDI parameters at the three time points.

Longitudinal effects of catheter ablation and surgical ablation on regional left atrial
wall motion and function
Individual ablation strategies may have different effects on regional left atrial wall motion and function
that can evolve over time, so we compared changes in global and regional left atrial functions at
baseline, and at 3 and 12 months post ablation.

The regional functions of the LA at baseline, as well as the function of the septal and inferior LA regions
at 3 and 12 months, appear similar in CA and SA (see Appendix 3, Table 34). Small differences were
observed in conduit and booster functions between the treatment arms in lateral and anterior left atrial
walls at 12 months’ follow-up, but these did not translate into a change in the global left atrial function
between the two groups (see Table 20). The reduced contractile function at the anterior and lateral wall
in the SA group at 12 months might be a medium- to long-term effect of mechanical LAA exclusion
using an epicardial compression device.

There was a noticeable increase in regional expansion following CA in most regions except in the
lateral wall, with non-significant changes in this region after SA at 12 months’ follow-up.

Global conduit function was significantly reduced from baseline to 3 months and from baseline to
12 months in both the CA group and the SA group (more inferior and lateral for the CA group;

TABLE 20 Global left atrial function measurements at different time points in the CA and SA arms

Study time
point Parameter

Treatment arm, mean± SD (95% CI)

p-valueCA (n= 26) SA (n= 26)

Global baseline S′ (cm/second) 7.2± 2.1 (6.3 to 8.1) 8.1 ± 2 (7.3 to 8.9) 0.13

SSR (cm/second) 6.2± 1.3 (5.6 to 6.7) 6.5 ± 1.3 (6 to 7) 0.36

ESR (cm/second) 8.9± 2.2 (8 to 9.8) 10.1 ± 2.9 (8.9 to 11.3) 0.1

Global month 3 S′ (cm/second) 6.7± 1.8 (6.3 to 7.6) 6.6 ± 1.8 (5.8 to 7.1) 0.32

SSR (cm/second) 6.6± 1.8 (6.1 to 7.2) 6.6 ± 1.3 (6 to 7.1) 0.9

ESR (cm/second) 7.7± 1.2 (7.2 to 8.4) 8.1 ± 2 (7.2 to 8.4) 0.95

ASR (cm/second) 6.2± 1.9 (5.4 to 7) 6.1 ± 1.6 (5.4 to 6.7) 0.73

TACT (milliseconds) 156.2 ± 27.9 (138 to 174) 168 ± 34 (151 to 185) 0.33

LV septal A′ (cm/second) 6± 2 (5 to 7.1) 7 ± 1.9 (6.1 to 8) 0.14

Global month 12 S′ (cm/second) 7.7± 2.2 (7.1 to 8.7) 7.2 ± 2 (6.2 to 7.8) 0.14

SSR (cm/second) 7.3± 1.4 (6.7 to 8) 7.2 ± 1.7 (6.5 to 7.8) 0.67

ESR (cm/second) 7.8± 1.3 (7.2 to 8.5) 8.1 ± 1.9 (7.4 to 8.6) 0.8

ASR (cm/second) 6.8± 1.9 (6.1 to 7.6) 5.9 ± 1.6 (5.2 to 6.6) 0.06

TACT (milliseconds) 159.5 ± 29.4 (141.8 to 177.3) 171.6 ± 22.2 (160.2 to 183.1) 0.21

LV septal A′ (cm/second) 6.5± 1.5 (5.7 to 7.2) 6.1 ± 1.9 (5.2 to 7.1) 0.61
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more anterior and inferior for the SA group). More of the left atrial walls showed improved reservoir
function in the CA group (inferior, septal, anterior) compared with none in the SA group.

Comparison of left atrial tissue Doppler imaging parameters in the sinus rhythm and
atrial fibrillation recurrence groups
Of the 52 patients considered in these analyses, 17 remained in SR (33%) and 35 developed recurrent
AF over the 12 months’ follow-up.

In the SR group, there were increases in SSR from baseline to 3 months and from 3 to 12 months.
All other parameters remained unchanged (Table 21).

In the AF recurrence group, ESR was reduced during follow-up. There were no significant differences in
ASR, TACT and LV septal A′ from 3 to 12 months (see Table 21).

Comparison of SR and AF groups showed lower S′ in the SR group at baseline only (see Table 21).
There was a gradual increase in SSR values during follow-up, which became significant at 12 months in
the SR group. There were reductions in ESR from baseline to 12 months in both groups. Most notably,
ASR and LV septal A′ were significantly higher at 3 months in the SR group than in the AF group, and
these differences were maintained at 12 months. TACT was similar at all time points in both groups.

Booster function at the lateral and anterior left atrial walls appears significantly altered in follow-up
for patients maintaining SR when compared with those with AF recurrence (see Appendix 3, Table 35).

TABLE 21 Left atrial function analysed by TDI and its relation to clinical outcomes

Study time
point

Left atrial
wall Parameter

Group, mean± SD (95% CI)

p-valueAF (n= 35) SR (n= 17)

Baseline Global S′ (cm/second) 8 ± 2.2 (7.3 to 8.8) 6.8± 1.3 (6.1 to 7.5) 0.04

SSR (cm/second) 6.4 ± 1.3 (5.9 to 6.9) 6.2± 1.1 (5.6 to 6.8) 0.66

ESR (cm/second) 9.6 ± 2.7 (8.6 to 10.5) 9.3± 2.6 (7.9 to 10.7) 0.73

3 months Global S′ (cm/second) 6.7 ± 1.9 (6 to 7.2) 6.5± 1.5 (6 to 7.7) 0.67

SSR (cm/second) 6.4 ± 1.4 (5.9 to 6.8) 7.1± 1.1 (6.4 to 7.8) 0.08

ESR (cm/second) 7.8 ± 1.8 (7.1 to 8.1) 8± 1.2 (7.4 to 8.9) 0.27

ASR (cm/second) 5.5 ± 1.5 (5.0–6.1) 7.4± 1.5 (6.6 to 8.2) 0.00022

TACT (milliseconds) 169.9 ± 32.7 (133.4 to 170.5) 151.9 ± 27.6 (153.7 to 186.2) 0.14

LV septal A′
(cm/second)

5.9 ± 1.9 (5 to 6.7) 7.8± 1.5 (6.8 to 8.7) 0.006

12 months Global S′ (cm/second) 7.5 ± 2.2 (6.6 to 8.1) 7.3± 2.1 (6.6 to 8.7) 0.60

SSR (cm/second) 7 ± 1.6 (6.4 to 7.4) 7.8± 1.2 (7.1 to 8.6) 0.05

ESR (cm/second) 7.9 ± 1.7 (7.3 to 8.4) 8± 1.4 (7.3 to 8.9) 0.59

ASR (cm/second) 5.9 ± 1.5 (5.3 to 6.4) 7.4± 1.9 (6.4 to 8.4) 0.004

TACT (milliseconds) 168.8 ± 29.3 (154.3 to 186.2) 162 ± 20.3 (149.9 to 175.6) 0.54

LV septal A′
(cm/second)

5.6 ± 1.6 (4.9 to 6.3) 7.4± 1.3 (6.7 to 8.2) 0.001
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Left atrial tissue Doppler imaging parameters as predictors of atrial fibrillation recurrence
As shown in Table 22, we did not identify any predictors of AF recurrence among the baseline
parameters, but ASR measured at 3 months and LV septal A′ were negative-associated predictors
of AF recurrence. LV septal A′ has collinearity with ASR, hence it was not used to calculate a cut-off
value for use in Kaplan–Meier curves.

As illustrated in Figure 15, ROC curve analysis showed ASR at 3 months to have an AUC of 0.797
(p < 0.001) for the prediction of AF recurrence. At the optimal cut-off value of 6 cm/second, ASR
was associated with 66% sensitivity and 81% specificity for the prediction of AF recurrence. Patients
with ASR > 6 cm/second were more likely to remain in SR during follow-up than those with ASR
< 6 cm/second (54% vs. 13%).

TABLE 22 Cox regression analysis of clinical and left atrial TDI parameters and their
association with AF recurrence

Parameter

Univariable analysis

Hazard ratio 95% CI p-value

Baseline

BMI (kg/m2) 0.98 0.91 to 1.06 0.67

AF duration (days) 1.00 0.99 to 1.00 0.43

Age (years) 1.02 0.98 to 1.07 0.25

Male 1.20 0.56 to 2.56 0.64

Hypertension 0.81 0.42 to 1.58 0.54

Respiratory disease 0.66 0.23 to 1.88 0.44

Diabetes mellitus 1.07 0.59 to 1.94 0.82

CAD 2.30 1.03 to 5.16 0.04

Thyroid disorders 1.22 0.68 to 2.21 0.51

CVD 0.66 0.90 to 4.82 0.68

Renal disease 0.57 0.17 to 1.92 0.36

Smoker 1.06 0.72 to 1.56 0.77

Alcohol use 1.19 0.89 to 1.60 0.23

S′ (cm/second) 1.16 0.99 to 1.35 0.07

Reservoir (cm/second) 1.16 0.88 to 1.52 0.29

Conduit (cm/second) 1.01 0.88 to 1.15 0.92

3 months

S′ (cm/second) 1.03 0.86 to 1.22 0.77

Reservoir (cm/second) 0.83 0.64 to 1.08 0.17

Conduit (cm/second) 0.96 0.77 to 1.18 0.67

Contraction (cm/second) 0.64 0.51 to 0.81 0.0002

LV septal A′ (cm/second) 0.67 0.52 to 0.87 0.003

TACT (milliseconds) 1.01 0.99 to 1.02 0.22

CAD, coronary artery disease; CVD, cardiovascular disease.
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Discussion

Impairment of left atrial mechanical function may provide indirect information about the presence of
fibrosis before or after ablation. It can be comprehensively assessed by multiple echocardiographic
modalities, and this was undertaken in a number of earlier studies focusing on patients with
paroxysmal AF and persistent AF. To our knowledge, this is the first randomised control study with a
comprehensive assessment of left atrial function after CA and SA in patients with LSPAF.
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FIGURE 15 (a) The ROC curve analysis of TDI ASR at 3 months with sensitivity and specificity for detecting AF
recurrence; and (b) Kaplan–Meier survival analysis of TDI ASR.
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The main findings of this substudy of the CASA-AF randomised trial are as follows:

l A significant reduction in the left atrial volume and improvement in left atrial EF, left atrial reservoir
function, TDI and speckle-tracking strain and strain rate were observed in both treatment arms
during follow-up. A greater reduction of the LA maximum volume was observed in the CA group
than in the SA group. There was no difference between the two groups in the left atrial volumes
(maximum, minimum and P-wave volume) and left atrial TDI-based function assessments. However,
strain reservoir and conduit functions were higher in the CA group at 12 months.

l Left atrial volume was significantly reduced in patients who maintained SR after ablation during
the 12 months’ follow-up, but volumetric assessment of left atrial function did not show significant
difference between patients who maintained SR in follow-up and those who experienced AF
recurrence. However, left atrial function assessed by TDI and speckle-tracking strain and strain
rate was significantly better in patients who maintained SR.

l The only predictors of AF recurrence in this study were left atrial volume at P wave, left atrial
reservoir and contraction functions measured at 3 months’ follow-up.

l LAA mechanical exclusion as part of SA could underlie the reduced left atrial contraction at the
anterior and lateral walls in follow-up. Ablation of the mitral isthmus line as part of CA could be the
reason for reduced left atrial reservoir function at the lateral wall in follow-up.

Ablation and left atrial volumes
In both treatment arms, the ablation was followed by a reduction in left atrial volumes and an increase
in left atrial EF. We observed slightly less RRM in the SA group. There was also improvement in reservoir
function as assessed by the volumes and strain data. Volumetrically assessed conduit function was similar
in both groups after ablation, but conduit strain (LA ESR) was better in the CA group. This may indicate
improved recoil and long-axis function during passive emptying in the CA group, but, for uncertain reasons,
this may not translate to an increased volume of emptying. Notably, there was no improvement in conduit
strain rate following ablation with either technique, suggesting that the degree of myocardial shortening
and was the more important factor, not the rate of shortening. In the subgroup of patients who underwent
TDI, conduit function based on myocardial velocities was reduced in both groups. This might reflect either
a lesser contribution of conduit function from the left atrial walls just below the mitral annulus sampled
by pulsed-wave TDI, or systematically poor sampling of the left atrial walls during the motion caused by
passive emptying. LA speckle-tracking strain measurements tend to be more robust than pulsed-wave
TDI as they take into account long-axis function from all walls and are not angle dependent or confounded
by motion artefact. In both treatment groups, contractile function derived from left atrial volumes and
strain/strain rate assessment was similar after ablation.

In summary, the impact of both ablation strategies was similar with respect to reducing left atrial
volumes and improving reservoir function, with similar effects on contractile function. Conduit function
by strain assessment was better in the CA group.

Atrial fibrillation recurrence and left atrial function
Analysis of the study population based on heart rhythm response following ablation showed that
baseline LAmax was significantly larger in the AF recurrence group than in those who remained in
SR throughout follow-up. Although the percentage reduction in LAmax and LAmin after ablation
were similar in both groups, LAmin and LA P-wave volume were significantly larger in the AF group
in follow-up. There were improvements in volume-derived reservoir function in both groups after
ablation, but this was lower in the AF group than in the SR group. Strain and strain rate assessments
showed improvement in reservoir function after ablation in both groups, but significantly smaller
values in the AF group at baseline and 3 months. TDI also showed lower reservoir function in the AF
group than in the SR group at 12 months. There were also subtle indications of better conduit function
in the SR than in the AF recurrence group, with higher baseline conduit strain, higher conduit strain
rate at 3 months and trends towards better volume-derived conduit function at 3 and 12 months.
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Although contractile function derived from left atrial volumes was similar in both groups, contractile
strain and strain rate were clearly higher in the SR group following ablation. The TDI data also showed
better left atrial contractile function in the SR group during follow-up.

Predictors of atrial fibrillation recurrence
It is important to acknowledge that the measurement of LAmax is a part of the minimum data set for
performing transthoracic echocardiography in routine clinical practice, whereas assessment of left
atrial strain remains a research tool. Baseline LAmax was found to be an independent predictor of AF
recurrence in individual studies and in a recent meta-analysis, but we were not able to confirm this
finding in our small data set.100,141 Analysis of the data from the 3 months’ follow-up during SR showed
that the LA P-wave volume (the left atrial volume just prior to active atrial contraction) was a predictor
of AF recurrence with optimal cut-off value of 35 ml/m2. The optimal left atrial contractile strain (ASR)
from 3 months’ follow-up for the prediction of AF recurrence was 7.5%. Left atrial contractile strain at
3 months had the highest AUC. Reservoir strain (LA SSR) measured 3 months after ablation was also
associated with maintenance of SR, with an optimal cut-off value of 18.7%. These results are broadly
in line with Moreno-Ruiz et al.,97 who suggested global left atrial reservoir strain of < 10.75% as a
predictor for AF recurrence following DCCV of patients with LSPAF.

A number of studies have assessed LA sphericity by computerised tomography (CT) and CMRI as predictors
of AF recurrence with variable results.142,143 A small study showed LA sphericity index by echocardiography
to predict AF recurrence following DCCV.144 Our findings did not show any predictive value of LA sphericity
index for AF recurrence, in keeping with a recent study by Mulder et al.145 that showed LA sphericity to be
related to restraints in the thoracic cavity rather than AF remodelling.

The assessment of pulsed-wave myocardial tissue velocities by TDI has inherent limitations related to
angle dependency and motion artefact. In addition, a global assessment of left atrial function using this
technique is time-consuming and prone to variability, as multiple sites have to be sampled to derive an
average value. Importantly, in our study, the subgroup of patients who underwent TDI were not the
same as those who had the complete 2D volumes and strain data. Despite these limitations, it was
interesting to note that left atrial contractile function represented by the S′ at 3 months was a strong
predictor of AF recurrence. This finding was entirely consistent with the left atrial contractile strain
data and the AUCs were similar. Longer duration of TACT derived from TDI has been shown to be
related to the recurrence of AF following CA and cardiac surgery. The longer TACT may represent slow
conduction in the tissue due to scar or large left atrial size,123,139,146–148 and local atrial wall segment
conduction times have been used as a marker of AF recurrence following cardioversion.149 In our study,
there was no difference in TACT between CA and SA, likely because of similar lesion sets and similar
changes in left atrial volumes and function between the two ablation techniques. Moreover, TACT did
not predict AF recurrence following ablation.

Left atrial volumes increase with longer durations of AF and can be measured by TTE, CT or CMRI.150

The left atrial volumes measured by TTE in our study were nearly twofold larger than those in a
healthy population of a similar age.151 Pre-procedural left atrial size is an important predictor of
successful ablation, but we were not able to demonstrate this with our current analyses.100,141,152,153 Our
study also shows that atrial compliance, the ability of the LA to expand during the filling phase, was the
more dominant factor in predicting heart rhythm response following ablation. Increased LA myocardial
stiffness or rigidity may indicate greater fibrotic change and increased likelihood of AF recurrence.
Passive recoil of the LA during the early emptying phase did not influence AF recurrence, perhaps
because the pressure difference between the LA and LV during the early phase of emptying was the
dominant factor in LA emptying without the need for a significant elastic recoil effect to be important.
Notably, with the return of SR and mechanical atrial contraction following ablation, the size of the
LA just prior to atrial contraction at 3 months was an important predictor of AF – the smaller the size,
the lower the likelihood of AF recurrence. However, the extent of atrial contraction as measured by
longitudinal myocardial shortening was the best predictor of AF recurrence as judged by the large
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AUC in ROC curve analysis. This finding is supported by the predictive value of left atrial TDI A-wave
velocity, which had similarly large AUCs of 0.79 for the prediction of AF recurrence.

As the duration of AF increases, there tends to be more adverse LA remodelling, resulting in more
scar formation, and greater LA stunning despite restoration of SR following ablation.102,154,155 Using
echocardiography, this LA substrate remodelling may be assessed most effectively by measuring strain
and less so by evaluating myocardial tissue velocities using TDI156,157 or volume-derived measurements
of left atrial function. Left atrial function as assessed by volumes and strain analysis in our study population
was markedly reduced at baseline and improved following ablation. Despite these improvements with
restoration of SR, 44% of the patients developed recurrences of AF in this substudy of the CASA-AF trial.
The proportion of patients with recurrence of AF is smaller in comparison to the overall trial results, but
this is most likely to be because of the exclusion of patients who were not in SR at the time of the scan.

The AF recurrence group had significant reductions in left atrial volumes and improvement in reservoir
function from baseline to 3 months, which could be attributed to being predominantly in SR. However,
the group with maintained SR throughout follow-up had better reservoir and contractile function
assessed by strain and strain rate at 3 months than the AF recurrence group. Strain rate analysis also
showed a significant improvement in left atrial conduit function at 3 months in the SR group. This is very
important in understanding the possible reasons for AF recurrence, one of which could be LA fibrosis
leading to a stiffer LA and a more advanced pathological substrate affecting atrial expansion, recoil and
contractility. It is also important to note that LA strain values, although improved after ablation, remained
substantially smaller than levels observed in a healthy population.156 Pathan et al.131 conducted a meta-
analysis of strain values in 2542 healthy individuals from 40 studies and found that the mean left atrial
reservoir strain was 39.4%, Left atrial conduit strain was 23% and left atrial contractile strain was
17.4%. In our study population of LSPAF, left atrial reservoir strain, conduit strain and contractile
strain improved following ablation to only 18%, 11% and 7.5%, respectively.

As discussed earlier, left atrial function is determined by many factors, including duration of AF and
associated cardiovascular risk factors.86,158–160 The two rhythm groups in our study were well matched
in this regard, with no significant differences in cardiovascular risk factors.

Atrial fibrillation ablation strategies have evolved over the last few decades, with more lesions sets
added using a stepwise Bordeaux approach.161 The impact of linear lesions and epicardial approaches on
left atrial anatomy and function have not been extensively studied. Thomas et al.162 assessed left atrial
function in patients who had AF ablation (CA or SA) or cardioversion and compared their findings with
measurements in healthy control patients. Patients who had linear lesions during ablation and patients
who were cardioverted had larger left atrial size than the healthy control patients. Left atrial function
was also reduced in patients with linear lesions compared with those who underwent cardioversion.96 A
small study by De Maat et al.163 showed that thoracoscopic surgical occlusion of the LAA by a clip did not
seem to have a detrimental effect on left atrial contractile function. Similarly, in our study, all SA patients
underwent LAA exclusion using AtriClip without any detectable impact on global left atrial function
despite a regional reduction in contraction in the anterolateral left atrial walls compared with the CA
group. Similarly, all patients with mitral isthmus lesion had a reduction in lateral left atrial wall reservoir
function without impact on global left atrial function compared with the SA group.

Limitations

The main limitation of this study is the reduced sample size, which was determined by the availability
of good-quality TTE images for all relevant time points. A further limitation was the additional
requirement that patients had to be in SR at the time of the scan to enable measurements of all
components of left atrial function at different time points.
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This had an impact on the proportion of patients in the SR/AF recurrence groups, which was different
from the proportion for the primary outcome in the trial. However, the baseline characteristics of the
patients within these subgroups were not different from the rest of the trial sample.

Good-quality images were particularly difficult to obtain for left atrial strain and tissue Doppler
measurements because of breathing affecting the movement of the LA myocardial edge. The sonographers
were trained during the early phase of trial recruitment, so some suboptimal quality scans in this period
had to be excluded from the analysis.

Although left atrial volumes derived from 2D echocardiography tend to be systematically smaller
than CMRI measurements, there is a high correlation between the two techniques,164 so the use of
echo-derived measurements for serial assessment is justified, particularly as echocardiography is easily
accessible, less time-consuming and inexpensive.165 Three-dimensional echocardiography may have
provided more accurate left atrial volume measurements, but the technique is technically challenging,
requires very high-quality images and would almost certainly have led to further reductions in the
number of patients available for these analyses.

Conclusion

The results of these exploratory analyses suggest that left atrial function in LSPAF improves after
ablation by both CA and SA, as shown by reduced left atrial volumes, improved left atrial reservoir
function and restored atrial contraction. Further studies are required to analyse the effect of isolated
lesions on regional left atrial wall motion and over longer periods.
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Chapter 7 Cardiac magnetic resonance
imaging data analyses

Volumetric, structural and functional changes of the left atrium
following ablation

Background
Left atrial dilatation is associated with AF, but whether it is the cause or the effect is still a controversial
issue. Atrial remodelling in the presence of AF consists of biochemical, electrical, autonomic and structural
changes with or without fibrosis.166,167 Left atrial dilatation shows strong linear correlation with the
duration of AF; therefore, in patients with LSPAF, a progressive electroanatomical remodelling is thought
to lead to irreversible left atrial dilatation with commonly seen post-ablation stunning and recurrence of
AF.99,166,168 The chances of restoring the SR through ablation are inversely proportional to the size of the
LA.169–172 The remodelling process can be interrupted by the restoration of SR using AADs, cardioversion
or ablation, which should be performed in the early stages of AF. Maintaining SR then leads to RRM,
effectively a reduction in the left atrial volume, which was shown to be a predictor of clinical success
following ablation.173–175 Clinical decision-making regarding the appropriateness of an interventional AF
strategy often rests on LA chamber size and duration of AF.169–171,176

In the previous chapter, we analysed changes in left atrial volumes and function following CA and
SA using echocardiography. Here, the objectives were to evaluate the same parameters using CMRI,
which has superior spatial resolution.172,174 We also present the results of right atrial size and function
assessments, which is not possible to assess with the same degree of consistency using echocardiography.
Changes in biatrial sizes and function will be correlated with the ablation modalities and AF recurrence
in our cohort of difficult-to-treat patients with LSPAF. Using cardiac magnetic resonance images, we also
evaluated changes in PV diameters following ablation, and defined > 50% stenosis or occlusion as serious
procedure-related adverse events.177,178

Methods

Cardiac magnetic resonance imaging protocol
A 1.5-T MRI system, with an 18-channel transmit/receive body coil and a 32-channel transmit/receive
spine coil (Magnetom Avanto, Siemens Healthcare, Erlangen, Germany), was used to scan patients.
Images of the atria were acquired in the two-chamber and four-chamber orientation using a breath-
hold ECG-gated steady-state free precession cine sequence. Breath-hold ECG-gated steady-state free
precession cine acquisitions (echo time = 1.2 milliseconds; repetition time = 2.8 milliseconds; spatial
resolution = 1.5 mm × 1.5 mm × 8 mm; correct temporal resolution = 28 milliseconds) were obtained
in two- and four-chamber orientations, followed by stacks of short-axis and transverse acquisitions
covering the whole heart. ECG gating was retrospective for patients in SR and prospective for patients
in AF to reduce HR variability artefacts.

Measuring atrial volumes and function with cardiac magnetic resonance imaging
The LAmax and LAmin were defined as left atrial volume just prior to the mitral valve opening and its
closure, respectively. Right atrial maximal volume (RAmax) and right atrial minimal volume (RAmin) were
defined as the right atrial volume just prior to the tricuspid valve opening and its closure, respectively.
For left atrial volume calculation, the biplane area–length method was used, but the complex right atrial
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morphology, including right atrial appendage, was measured from a stack of contiguous transaxial cines
encompassing the entire right atrium (RA) (as shown in Figures 16a and 16b, respectively).179,180 Left atrial
volumes at P wave were not calculated by CMR, and so conduit function and contractile function could
not be assessed.

(a)

(b)

FIGURE 16 (a) Illustration of methods for measurements of atrial volumes. Areas were measured in two-chamber
(left panel) and four-chamber (right panel) views at the ventricular end-systole (LAmax) and end-diastole (LAmin),
with the exclusion of the LAA and the ostia of the PVs. (b) Example of transaxial RA stack cines used to calculate right
atrial volumes.
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The RA endocardial borders were delineated in all slices in both ventricular end-systole (RAmax) and
end-diastole (RAmin), with the inclusion of the atrial appendage and exclusion of the cava veins and
the coronary sinus orifice.

From the LAmax measurements, we calculated the RRM, which is defined as the percentage reduction
in left atrial volume following ablation from baseline to 6 months’ follow-up:

LA RRM =
LAmax follow-up− LAmax baseline

LAmax baseline
× 100. (10)

Atrial emptying fraction (left atrial EF and right atrial EF) was measured using the following equations:

LA EF =
(LAmax− LAmin)

LAmax
× 100, (11)

RA EF =
(RAmax− RAmin)

RAmax
× 100. (12)

Active and passive phasic functions of the atria were not considered in this study.

Absolute values of left atrial volume measurements using two imaging modalities are different, but we
observed a high correlation (p = 0.0001) between dimensions of LAmax measured with echocardiography
and magnetic resonance (correlation coefficient 0.82, 95% CI 0.647 to 0.993; beta coefficient 0.749).

Statistical analyses
The analyses presented in this chapter are descriptive and exploratory in nature and based on a
small sample.

Continuous variables that followed normal distribution are presented as means with SDs. Student’s t-test
and analysis of variance methods were used to assess differences between groups for baseline data. For
6-month continuous data, analysis of covariance method was used to estimate for effect size and adjust
for baseline measurements. Continuous variables not normally distributed are presented as medians and
IQRs, and between-group comparisons were made using the Mann–Whitney U-test. Categorical values
are expressed as percentages and comparisons made using a chi-squared test. ROCs curves were used
to calculate the AUC of the variable associated with AF recurrence. Using the ROC analysis, the optimal
cut-off values for the variables associated with AF recurrence were calculated by using Youden’s index.
A Cox regression model was used to calculate hazard ratios and 95% CIs for variables associated with
AF recurrence. Kaplan–Meier curve analysis was used to show freedom from AF recurrence of the optimal
cut-off threshold of the factor derived from ROC curve analysis. Statistical analysis was performed using
IBM SPSS Statistics version 25 (IBM Corporation, Armonk, NY, USA).

Results

Patients
A total of 115 patients with LSPAF underwent CA or SA in the CASA-AF trial. Eleven patients did not
undergo CMRI at baseline for the following reasons: two patients had a permanent pacemaker, three
patients were claustrophobic, one patient had renal disease, and five patients did not undergo the
procedure because of long waiting lists. Following ablation, a further eight patients did not attend
their follow-up appointment, eight patients had additional CA prior to their 6-month follow-up CMR,
two patients had a permanent pacemaker inserted because of bradycardia, two patients were in another
hospital for management of another condition, and one patient died. We have therefore analysed data
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from 83 patients who had both baseline and 6-month CMRI scans, of whom 45 underwent CA and
38 underwent SA.

The baseline demographic data of the two treatment groups were similar apart from a higher
prevalence of respiratory disease in the SA group than in the CA group (see Appendix 3, Table 36).

Atrial volumes, ejection fraction and reverse remodelling: comparisons between
treatment arms (catheter ablation vs. surgical ablation)
Left atrial volumes significantly reduced in size 6 months after ablation in both treatment arms (Table 23).
LAmax was reduced by a mean± SD of 12.7± 13.4 ml/m2 in the CA arm (p≤ 0.001) and 5.6± 11.5ml/m2

in the SA arm (p= 0.005). LAmin was reduced by a mean ± SD of 18.4± 13.9 ml/m2 in the CA arm
(p≤ 0.001) and by 12.1± 11.1 ml/m2 in the SA arm (p≤ 0.001).

Right atrial volumes were also significantly reduced following ablation. RAmax was reduced by a
mean ± SD of 12.9 ± 16 ml/m2 in the CA ablation group (p ≤ 0.001) and by 8.2 ± 11.1 ml/m2 in the SA
group (p ≤ 0.001). RAmin was reduced by a mean ± SD of 24.6 ± 16.2 ml/m2 in the CA arm (p ≤ 0.001)
and by 20.9 ± 11.1 ml/m2 in the SA arm (p ≤ 0.001).

Emptying fractions of both atria improved significantly following ablation in both treatment arms and
the increase was particularly marked for the RA. Right atrial EF was significantly poorer in the SA arm
at baseline, but the significance was lost in the post-ablation period.

TABLE 23 Measurements of atrial volumes, EF and RRM in the CA and SA arms

Parameters Time point

Treatment arm, mean± SD (95% CI)

p-valueCA (n= 45) SA (n= 38)

LAmax (ml/m2) Baseline 62.0 ± 13.4 (58.0 to 66.0) 63.8 ± 17 (58.2 to 69.4) 0.60

6 months 49.3 ± 14 (46.4 to 53.3) 58.2 ± 16.7 (53.8 to 61.3) 0.003

p-value < 0.001 < 0.01

LAmin (ml/m2) Baseline 51.8 ± 13.4 (47.7 to 55.9) 52.7 ± 13.2 (48.4 to 57.1) 0.75

6 months 33.8 ± 13.3 (30.2 to 37.3) 39.9 ± 14.6 (36.2 to 43.8) 0.019

p-value < 0.001 < 0.001

Left atrial EF (%) Baseline 17.4 ± 9.4 (14.6 to 20.2) 16.8 ± 8.8 (13.9 to 19.7) 0.78

6 months 32.9 ± 9.9 (30.1 to 35.7) 30.9 ± 9.5 (28.1 to 34.2) 0.39

p-value < 0.001 < 0.001

RAmax (ml/m2) Baseline 71.4 ± 17.9 (65.9 to 76.9) 66± 16.2 (60.5 to 71.6) 0.18

6 months 58 ± 15.6 (53.2 to 60.7) 57.6 ± 14.7 (55.6 to 63.7) 0.33

p-value < 0.001 < 0.001

RAmin (ml/m2) Baseline 60.9 ± 18.1 (55.3 to 66.5) 59.3 ± 14.8 (54.3 to 64.4) 0.69

6 months 36.0 ± 12.7 (32.6 to 39.2) 38.7 ± 12 (35.7 to 42.8) 0.18

p-value < 0.001 < 0.001

Right atrial EF (%) Baseline 15.2 ± 10.7 (11.9 to 18.5) 10± 6.3 (7.8 to 12.1) 0.013

6 months 37.7 ± 12.4 (33.6 to 41.7) 33.1 ± 8.4 (30.2 to 36.0) 0.072

p-value < 0.001 < 0.001

LA RRM (%) –19.6 ± 20.6 (–25.8 to –13.4) –7.6± 17.8 (–13.4 to –1.7) 0.006

RA RRM (%) –15.9 ± 24.1 (–23.7 to –8.1) –10.6 ± 16.6 (–16.5 to –4.8) 0.30
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Between-group comparisons suggest that LAmax was significantly more reduced in the CA arm than in
the SA arm (p = 0.011).

Significant reductions in right atrial volumes were observed in both treatment arms, but there was no
difference in the extent of the reduction in RAmax or RAmin between treatment arms.

Left atrial EF was similar between treatment arms at baseline and at the 6-month follow-up. Right atrial
EF was significantly better in the CA arm at baseline and remained better at follow-up in the CA arm
than in the SA arm.

There was significantly more RRM in the LA in the CA group than in the thoracoscopic SA group
(mean ± SD –19.6% ± 20.6% vs. –7.6% ± 17.8%; p = 0.006). RRM of the RA was not significantly
different between the treatment arms.

Atrial volumes, ejection fraction and reverse remodelling: comparisons between
sinus rhythm and atrial fibrillation recurrence
After ablation, patients were followed up for 12 months, and their rhythm was assessed from
continuous monitoring using ILR. Of the 83 patients with CMRI data, SR was achieved throughout the
follow-up period in 26 patients, whereas 57 patients developed recurrences of AF. A similar proportion
of patients in each treatment arm had AF recurrence (68%).

Significant reductions in left and right atrial volumes were seen in patients who maintained SR
throughout follow-up, and in those who experienced AF recurrence, as shown in Table 24.

TABLE 24 Evaluation of atrial volumes, EFs and RRM based on recurrence of AF

Parameters Time point

Group, mean± SD (95% CI)

p-valueAF (n= 57) SR (n= 26)

LAmax (ml/m2) Baseline 63.4± 16 (59.1 to 67.6) 61.6 ± 13 (56.3 to 66.8) 0.61

6 months 53.9 ± 15.5 (50.3 to 56.8) 52.1± 16.9 (48.1 to 57.7) 0.83

p-value < 0.001 < 0.001

LAmin (ml/m2) Baseline 53.5± 13.8 (49.8 to 57.2) 49.4± 11.9 (44.7 to 54.2) 0.20

6 months 37.3 ± 13.5 (33.3 to 39.8) 35.1± 15.7 (32 to 41.5) 0.39

p-value < 0.001 < 0.001

Left atrial EF (%) Baseline 16 ± 8.2 (13.8 to 18.2) 19.5± 10.4 (15.3 to 23.7) 0.11

6 months 31.2 ± 10.1 (29.1 to 34.3) 33.8± 8.6 (29.2 to 36.6) 0.62

p-value < 0.001 < 0.001

RAmax (ml/m2) Baseline 71.6 ± 15.6 (67.3 to 75.9) 63.5± 19.6 (55.4 to 71.6) 0.054

6 months 60.8 ± 13.2 (56.7 to 63.3) 51.7± 16.9 (49.7 to 59.2) 0.064

p-value < 0.001 < 0.01

RAmin (ml/m2) Baseline 62.1 ± 14.9 (58.0 to 66.2) 56.1± 19.5 (48 to 64.1) 0.13

6 months 39± 12.4 (35.5 to 41.4) 33.8± 11.9 (31.1 to 39.6) 0.24

p-value < 0.001 < 0.001

Right atrial EF (%) Baseline 13.1 ± 8.8 (10.6 to 15.5) 12.3 ± 10.5 (8.0 to 16.7) 0.75

6 months 36.3 ± 11.1 (33.5 to 39.6) 34.1± 10.5 (29.9 to 38.6 0.40

p-value < 0.001 < 0.001

LA RRM (%) –12.9 ± 21.9 (–19.1 to 7.4) –15.9 ± 15.6 (–22.4 to –9.4) 0.58

RA RRM (%) –14.2 ± 22.5 (–17.9 to –7.0) –11.9 ± 18 (–26.3 to –4.8) 0.56
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The LAmax values at baseline (mean ± SD 61.6 ± 13 vs. 63.4± 16ml/m2; p = 0.58) and 6 months after
ablation (mean ± SD 52.1± 16.9 vs. 53.9± 15.5 ml/m2; p = 0.63) did not differ significantly between
patients who maintained SR throughout follow-up and those who experienced AF recurrence. Also,
LAmin values at baseline (mean ± SD 49.4 ± 11.9 vs. 53.5± 13.8 ml/m2; p = 0.18) and at 6 months’
follow-up (mean ± SD 35.1± 15.7 vs. 37.3± 13.5 ml/m2; p = 0.56) were similar in both groups.

The RAmax values were larger at baseline in patients with recurrent AF than in those who maintained SR,
but this was not significant (mean± SD 71.6± 15.6 vs. 63.5± 19.6 ml/m2; p= 0.08). RAmax measurements
at follow-up were significantly smaller in patients who were in SR throughout follow-up than in those with
recurrent AF (mean± SD 51.7± 16.9 vs 60.8± 13.2 ml/m2; p= 0.026).

Cardiac magnetic resonance imaging measurements of the EF in both atria showed significant improvements
following ablation, but the values did not differ between patients in SR and those with AF recurrence at both
time points.

Predictors of atrial fibrillation recurrence
Cox regression analysis was performed to identify factors associated with AF recurrence (Table 25).

TABLE 25 Cox regression analysis of the variables measured at baseline and
6 months after ablation associated with AF recurrence

Parameter Hazard ratio 95% CI p-value

Baseline

Age (years) 1.00 0.97 to 1.03 0.99

Sex (male) 1.15 0.65 to 2.02 0.64

AF duration (days) 1.00 0.999 to 1.001 0.94

BMI (kg/m2) 1.01 0.96 to 1.07 0.67

Smoking 1.04 0.76 to 1.42 0.81

Hypertension 0.83 0.49 to 1.40 0.48

Diabetes 1.25 0.84 to 1.86 0.27

Stroke 0.65 0.09 to 4.66 0.66

Coronary artery disease 2.24 1.12 to 4.50 0.02

Respiratory disease 0.50 0.21 to 1.16 0.10

LAmax (ml/m2) 1.01 0.99 to 1.02 0.70

LAmin (ml/m2) 1.01 0.99 to 1.03 0.33

Left atrial EF (%) 0.98 0.96 to 1.01 0.26

RAmax (ml/m2) 1.01 0.99 to 1.03 0.07

RAmin (ml/m2) 1.01 1.00 to 1.03 0.20

Right atrial EF (%) 1.01 0.98 to 1.04 0.57

6 months

LAmax (ml/m2) 1.00 0.99 to 1.02 0.60

LAmin (ml/m2) 1.01 0.99 to 1.02 0.49

Left atrial EF (%) 0.98 0.96 to 1.01 0.20

RAmax (ml/m2) 1.03 1.01 to 1.05 0.01

RAmin (ml/m2) 1.02 1.01 to 1.05 0.04

Right atrial EF (%) 1.01 0.98 to 1.03 0.78
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Coronary artery disease at baseline appears to be an independent predictor of AF recurrence, although
the analyses were based on a very small sample.

An increasing RAmax in data collected at 6 months’ follow-up appears to be predictive of AF
recurrence (hazard ratio 1.03, 95% CI 1.01 to 1.05; p = 0.01).

Receiver operating characteristic curve analysis showed that RAmax (ml/m2) measured 6 months after
ablation is strongly associated with AF recurrence (AUC 0.673, 95% CI 0.527 to 0.818; p = 0.017 for
measurements at 6 months’ follow-up) (Figure 17).

At 6 months, a cut-off RAmax value of 49.9ml/m2 had a sensitivity of 81.6% and a specificity of 56.5%,
resulting in a positive predictive value of 80% and a negative predictive value of 59.1% (see Figure 16).

Using Kaplan–Meier survival analysis (Figure 18), we show that 80% of the patients with a 6-month
RAmax > 49.9 ml/m2 had AF recurrence within the follow-up period. AF was significantly less likely to
return in patients who had a RAmax < 49.9 ml/m2 at 6 months’ follow-up (hazard ratio 2.67, 95% CI
1.29 to 5.53; p = 0.008, log-rank p = 0.003).

Pulmonary vein measurements
The PV measurements obtained from a subgroup of patients in CMRI analyses suggest that there are
small reductions in PV diameter post ablation, ranging from 5% to 11%.

The reductions in size of all PVs in the CA group were significant, whereas in the SA group only the
left inferior PV was significantly reduced in size following ablation, as shown in Table 26.

As described earlier, one patient in the SA arm had severe PV stenosis of the left inferior PV and
occlusion of the left superior PV that required treatment. One patient in the CA arm had ≥ 50%
stenosis of the left inferior PV that did not require treatment. As described in Chapter 4, the rates of
moderate/severe stenosis were similar in both arms.

Pulmonary vein diameters at baseline and at the 6-month follow-up time point were similar when
patients were compared in groups on the basis of AF recurrence, as shown in Table 27.
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FIGURE 17 The RAmax values (ml/m2) measured at 6 months associated with AF recurrence.
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FIGURE 18 Kaplan–Meier survival curves predicting AF recurrence with RAmax values (< 49.9 and > 49.9 ml/m2)
measured at 6 months’ follow-up.

TABLE 26 Measurements of PVs pre and post ablation in the CA and SA arms

PV Time point

Treatment arm, mean± SD (95% CI) (mm)

p-valueCA (n= 45) SA (n= 38)

RSPV Baseline 18.9 ± 3.1 (18.0 to 19.9) 18.1 ± 2.6 (17.3 to 19) 0.22

6 months 17.5 ± 2.8 (16.7 to 18.4) 17.2 ± 2.2 (16.5 to 17.9) 0.56

RIPV Baseline 18± 3 (17.1 to 18.9) 16.8 ± 3.1 (15.8 to 17.8) 0.08

6 months 16.5 ± 2.9 (15.6 to 17.4) 15.7 ± 2.9 (14.8 to 16.7) 0.25

LSPV Baseline 16 ± 2.9 (15.4 to 17.2) 15.9 ± 2.8 (15.0 to 16.9) 0.54

6 months 14.9 ± 2.8 (14 to 15.7) 14.9 ± 3.2 (13.7 to 16) 0.99

LIPV Baseline 15.8 ± 2.7 (14.7 to 16.8) 15.8 ± 2.7 (14.9 to 16.7) 0.98

6 months 14.2 ± 3.6 (13.1 to 15.4) 13.2 ± 2.4 (12.3 to 14) 0.14

LIPV, left inferior PV; LSPV, left superior PV; RIPV, right inferior PV; RSPV, right superior PV.

TABLE 27 Measurements of PVs pre and post ablation, grouped according to AF recurrence

PV Time point

Group, mean± SD (95% CI) (mm)

p-valueAF (n= 57) SR (n= 26)

RSPV Baseline 18.4 ± 3 (17.6 to 19.2) 19 ± 2.7 (17.9 to 20.1) 0.42

6 months 17.5 ± 2.6 (16.8 to 18.2) 17.2 ± 2.6 (16.1 to 18.2) 0.60

RIPV Baseline 17.3 ± 3 (16.5 to 18.1) 17.8 ± 3.3 (16.5 to 19.2) 0.49

6 months 16.2 ± 3 (15.3 to 17.0) 16.1 ± 2.8 (15.0 to 17.2) 0.97

LSPV Baseline 16.1 ± 3 (15.3 to 17.0) 16.2 ± 2.5 (15.1 to 17.2) 0.97

6 months 14.8 ± 3.3 (13.9 to 15.7) 15 ± 2.3 (14.0 to 15.9) 0.84

LIPV Baseline 15.9 ± 3.1 (15.0 to 16.7) 15.5 ± 2.9 (14.3 to 16.7) 0.64

6 months 13.4 ± 3.1 (12.6 to 14.3) 14.4 ± 3.3 (13.1 to 15.8) 0.22

LIPV, left inferior PV; LSPV, left superior PV; RIPV, right inferior PV; RSPV, right superior PV.
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Discussion
The atria are complex anatomical structures responsible for ventricular late diastolic filling and
improvement in ventricular EF. Assessment of atrial function by imaging modalities not only provides
information about mechanical function but also indirectly provides information about fibrosis that
might be present before or after ablation. Significant findings of this study are as follows:

l Advanced LA remodelling associated with LSPAF is reversible following CA and SA.
l Atrial RRM is significantly larger in the CA group than in the SA group, and was observed

irrespective of arrhythmia outcome.
l Significant improvements in left and right atrial EF are seen following ablation regardless of the

type of procedure or maintenance of SR.
l Larger RAmax measured 6 months after ablation is associated with AF recurrence during the

12-month follow-up period.
l PV diameters appear to be reduced following either CA or SA, with reductions being more

pronounced in the CA arm.

Atrial volumes
Left atrial volumes increase with longer duration of AF and can be measured by TTE, CT or CMR.

Left atrial volumes are usually underestimated by ECG when compared with CMR.180 In this trial, we
evaluated left atrial sizes using both modalities and are able to report high correlation between them.

The LAmax value used at baseline was the same as that used to predict AF recurrence in previous
studies;100,141,152,153 however, our measurements based on CMRI data did not support the use of this value.

Our CMRI data show that RAmax at 6 months is strongly associated with AF recurrence and this
finding is in agreement with earlier reports.181,182 However, the data examining the function of the RA
in patients with AF are sparse as clinical investigations prior to treatment do not usually involve CMR.

Reverse remodelling
LA RRM occurred in both treatment arms, but was more pronounced in the CA group.

LA RRM in CA and surgical reduction of LA have been shown to be related to improved SR maintenance
post ablation,87–190 but our data do not support this. This is likely because of the complex AF substrate
in LSPAF patients, which may require more than the demonstrable atrial RRM to support SR in the
long term.

Furthermore, the changes in left atrial dimensions may be due to the extensive lesions sets used in
the study that involved linear lesions, wide-area circumferential ablation or complex fractionated atrial
electrography ablation.191 It has been suggested that left atrial volume reduction could be simply a
consequence of post-ablation contraction due to scarring in addition to restoration of SR, which may
lead to improved atrial contraction.174,192

Surgical ablation as used in our study was successful in restoring SR in a proportion of patients and
improving left atrial EF. This is in contrast to Compier et al.,193 whose patient cohort was a diverse
spectrum of the AF population with concomitant ischaemic and valvular heart disease, which may
underlie the loss of atrial contraction that they reported. In our patients, there was no clinical
ischaemia and no valvular heart disease, and similar lesion sets were used by the two ablation
techniques. Our findings suggest that the anatomical changes that occurred before or during LSPAF
can be reversed with ablation, at least partially, although this does not necessarily provide long-lasting
rhythm control.
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It is important to highlight the reverse right atrial remodelling that occurred in our patients without
direct ablation of the tissues in that area. This effect may be present in patients in the CA group as
a result of scarring caused by the ablation of the cavotricuspid isthmus line performed in this group.
Itakura et al.192 recently demonstrated similar effects in patients with persistent AF who had PV isolation
and cavotricuspid isthmus ablation. The authors reported reduction in right atrial volume, reduction in
right atrial annulus diameter and reduction in severity of tricuspid regurgitation.192

Pulmonary vein diameter
Wide-area circumferential ablation in the CA group and visually sparing PVs in the SA group should
minimise the damage to the PVs during ablation. We observed very mild stenosis (5–11%) in all
PV diameters; these changes appeared to be significant in the CA group. The left inferior PV is situated
very close to the inferior ablation line on the posterior left atrial wall, and we had two patients in
the study, one in each treatment arm, with stenosis of ≥ 50% in that vein. One of the patients in the
SA arm had occlusion of the left upper PV and required treatment. Acquired PV stenosis is a known
complication in both SA and CA, but is on the decrease. In the intention-to-treat analyses in this trial,
the incidence of moderate and severe stenosis was 1.8% in the SA group and 1.7% in the CA group,
which is low in comparison with incidence levels reported in published literature.192

Limitations
The analyses presented in this chapter are subgroup exploratory analyses, which are very underpowered,
affecting the reproducibility of the results as well as the reported effects/effect sizes.

All baseline data using CMRI were collected during AF and, hence, contractility of the atria could not
be measured as a surrogate marker of fibrosis prior to ablation. Compared with echocardiography, left
atrial volumes were not measured at the onset of P wave on ECG and, hence, conduit and contractile
functions were not measured in CMRI analysis.

Using CMRI is technically challenging because of the thin walls of the atria and image quality can be
reduced by HR interval variability. When possible, cine data were acquired with retrospective ECG
gating to provide images throughout the entire cardiac cycle. However, if HR variability was sufficient to
reduce image quality, this was switched to prospective gating. So-called arrhythmia rejection techniques
(which exclude data acquired in HR intervals outside a user-defined window) were not used as they lead
to long and unpredictable breath-hold durations and image quality is often reduced because of poor
respiratory control. Real-time cine imaging (which allows imaging in a single cardiac cycle) was another
option; however, the spatial and temporal resolution reduce substantially in these circumstances.

Conclusions
We have shown reductions in left atrial and right atrial volumes and larger left atrial EF and right atrial
EF after both CA and SA, indicating that biatrial dilatation in symptomatic LSPAF is partially reversible,
and interventional ablation therapies should be encouraged at the earliest opportunity in this group of
patients. Greater reduction in left atrial volumes and therefore more RRM was noted in the CA group.
However, the extent of LA and RA remodelling after ablation was not a major factor in preventing AF
recurrence during follow-up.

Cardiac magnetic resonance evaluation and quantification of left atrial scar

Background
Atrial fibrillation is associated with structural, functional and electrical cardiac remodelling.194 Structural
remodelling of the LA is marked by increased fibrosis, which raises risks of stroke and heart failure and
is associated with poorer outcomes following ablation.99 Atrial fibrosis was traditionally considered a
consequence of AF, but it has been shown that it also exists in patients in SR, particularly those with
comorbidities such as hypertension and diabetes. Fibrosis may even precede and possibly contribute to
the development of AF when there are predisposing conditions.195 Fibrotic changes in the LA ultimately
lead to its enlargement, which, in LSPAF patients, is thought to be irreversible.196 Accurate identification
and quantification of fibrosis would be useful as an adjunctive tool to stratify patients and identify
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those who might benefit the most from ablative interventions. In addition, it may be used to help guide
ablation and reduce the requirements for repeat procedures.4 Electroanatomical mapping, performed
during an electrophysiological study, is the clinical method for the assessment of atrial scarring at
present.12 This is an invasive technique exposing the patients to ionising radiation, and localising scar
tissue with this method is error prone.197,198

An alternative, non-invasive technique for detecting myocardial scar tissue is delayed enhancement
magnetic resonance imaging (DE-MRI).199 This technique depends on differences in wash-in and wash-
out contrast agent kinetics between healthy and scar tissues. Scar tissue is differentiated from the
healthy myocardium by its enhanced signal intensity. Non-invasive evaluation of atrial tissue has been
a significant advancement in interventional EP, with atrial 3D DE-MRI used to assess patient suitability
for AF ablation by identifying potential non-responders200–206 and to define the most appropriate
ablation approach.202,203,207 Furthermore, DE-MRI can assess the distribution and quantity of scar in the
LA and has been shown to predict ablation outcomes and also reconnection sites (gaps in ablation
lines) responsible for AF recurrence post ablation. Histopathological studies in pigs have validated
DE-MRI for the characterisation of AF ablation-induced wall injury.208

Marrouche and colleagues at the University of Utah demonstrated that the burden of atrial fibrosis
can predict the success of AF ablation.201,203,209–215 However, their technique and results have been
very difficult to replicate by other centres around the world.216–218 Furthermore, all the MRI data used in
these papers were exclusively acquired in SR. Low-voltage areas, instead of delayed enhancement, have
been suggested to be areas of increased arrhythmogenesis and targets for ablation strategies.219

Segmentation of atrial scar from DE-MRI images is often very challenging because of poor image quality.
This is a result of HR variability, residual respiratory motion-related artefacts, low signal–to–noise ratio
and contrast agent wash-out during the long acquisition.

Accuracy of the scar delineation is often impaired by enhancement from nearby structures (e.g. valves
and aortic wall) and blood flow. In addition, distinguishing scar tissue in a thin-walled LA is difficult
even for skilled MRI experts.

A Grand Challenge (© grand-challenge.org; URL: https://grand-challenge.org) for evaluation and
benchmarking of various atrial scar segmentation methods has shown promising results, although most
techniques rely on manual segmentation of the left atrial wall and PV and assumed fixed thickness of
the left atrial wall.196,220,221 Manual segmentation is labour intensive and prone to human error, and it
exhibits intraobserver and interobserver variation, which affects its reproducibility in multicentre and
multiscanner studies.196,221,222

Our clinical interest is in patients with LSPAF who are difficult to electrically cardiovert and maintain in
SR long enough to conduct a cardiac MRI with prospective ECG gating. Our goal in this substudy was
to use the technique of acquiring magnetic resonance images in patients who are in AF at the time and
to then develop the methodology for automatic segmentation and quantification of the scar. We then
planned to use this technique to evaluate the scar prior to and following ablation, and to compare the
results in groups based on the ablation treatment and on the heart rhythm in follow-up. Here, we
describe the multiview two-task segmentation (MVTT) technique, which is effective and efficient at
automated LA and PV segmentation combined with quantification of left atrial scar.223

Methods

Data acquisition
Cardiac MR data were acquired on a Siemens Magnetom Avanto 1.5-T scanner (Siemens Medical Systems,
Erlangen, Germany). Transverse navigator-gated 3D DE-MRI201 was performed using an inversion-prepared
segmented gradient echo sequence [TE/TR (echo time/repetition time) 2.2/5.2 milliseconds] 15 minutes
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after gadolinium administration (gadobutrol, Gadovist 0.1 mmol/kg body weight; Bayer Schering Pharma
AG, Berlin, Germany).224–226 The inversion time was set to null the signal from normal myocardium and
varied on a beat-by-beat basis (depending on the patient’s respiratory rate interval) to maintain nulling.227

Detailed scanning parameters have been reported previously.222 The navigator-restore pulse was delayed
by 100milliseconds to reduce artefactual signal in the right PVs.228 The nominal acquisition duration was
204–32 cardiac cycles assuming 100% respiratory efficiency.228

Coronal navigator-gated 3D balanced steady state-free precession (TE/TR 1/2.3 milliseconds) roadmap
data were acquired prior to contrast agent administration. Signal loss from blood arriving in the LA and
PV was minimised by using the shortest possible TE/TR.229 This was achieved by using non-selective
radiofrequency excitation.230

Segmentation

Deep-learning-based methods
Although conventional machine learning and pattern recognition-based methods, previously described
by our group,223,231 can achieve promising results for LA chamber and PV segmentation with accurate
atrial scar localisation, the requirement of additional roadmap data may be a hurdle for a reproducible
study and not all centres have roadmap data available.223 Recently, we proposed a deep-learning-based
method to tackle this limitation.231

Medical imaging analysis is an extremely important research area that combines advanced multidisciplinary
topics. Recently, deep learning-based methods showed very promising results in medical image computing,
mainly owing to the fast accumulation of medical data and graphics processing unit-powered computing
resources. Deep learning is a new ‘artificial intelligence’ trend that uses a multilayer perceptron network
that contains multiple hidden layers and is therefore called a deep-learning structure.232 According to
Shen et al.,233 in terms of input types, we can consider deep models as typical multilayer hierarchical neural
networks, which take non-structured vector formatted values as input or convolutional neural networks
(CNNs) that take structured 2D or 3D values as input. Owing to the abundant information embedded in
the neighbourhood voxels, especially for the structural medical images that normally represent anatomical
characteristics of the imaged organs, CNNs have been widely used in medical image analysis.

In this study, we have developed a combined MVTT deep-learning paradigm with recursive attention
that can work directly on 3D late gadolinium enhancement (LGE) cardiac magnetic resonance images
to segment the LA (and proximal PVs) and delineate the scar on the same data set.

Our deep-learning method imitates the inspection method of radiologists who go through 2D axial
slices to locate associated details, while still utilising complementary orthogonal views details. Thus,
we divide the volume of 3D LGE CMRI into contiguous 2D slices and conduct 2D slice segmentation.
This has two main advantages: (1) it improves abundant training data and (2) it provides greater
memory capacity in 2D convolution. Our MVTT method consists of three major subnetworks
(i.e. a multiview learning network, a dilated residual network and a dilated attention network), which
automatically and concurrently execute LA and proximal PV and left atrial scars segmentations.

The MVTT system primarily consists of a multiview learning network and a dilated concentration network.
The multiview learning network uses a sequential learning subnetwork to know the association between
2D axial slices. At the same time, in the sagittal and coronal views, two dilated residual subnetworks learn
the complementary details. Then, we combine the two forms of complementary details into the axial slice
features to get fused multiview features to accomplish the LA anatomy segmentation. Since LA wounds are
very small, the dilated attention network learns from the picture of an attention map to force our network
to concentrate on certain tiny regions and suppress background noise effect. The LA anatomy and left
atrial scars share the multiview functionality in our MVTT to manage the two segmentation functions,
which can therefore reduce the issue of error accumulation.
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Each data set was scrutinised before MVTT was applied. Acquired images were scored by a senior
cardiac MRI physicist on a Likert-type scale [i.e. 0 (non-diagnostic), 1 (poor), 2 (fair), 3 (good) and
4 (very good)] depending on the level of signal–to–noise ratio, quality of normal myocardial nulling
and the existence of navigator beam and ghost artefacts. The data sets used had to have a Likert scale
score > 2.

The quantity of scar is expressed as the percentage of surface area of the LA. The accuracy of the
automatic segmentation and scar measurement was established by comparison with the manual ground
truth model of scar quantification. We found that automatic segmentation measurements were highly
correlated with manual measurements having a mean (± SD) Dice score of 0.82 (± 0.05) (correlation
coefficient 0.902; p < 0.00001).

Statistical analysis
Descriptive statistics are used in this chapter, which is exploratory in nature.

Statistical analysis was performed using IBM SPSS Statistics version 25. Continuous variables that
followed normal distribution are presented as means and SDs, and Student’s t-test was used to assess
differences between groups. A paired-sample t-test was used to assess differences within groups from
baseline to 6 months. Non-normally distributed continuous variables are presented as medians and
IQRs, and between-group comparisons were undertaken using the Mann–Whitney U-test. Categorical
variables were compared using a chi-squared test. Hazard ratios were calculated for baseline
demographic variables using univariable Cox regression analysis to observe association with AF recurrence.

Results
Of 97 patients who were enrolled in the CASA-AF RCT at the Royal Brompton and Harefield NHS
Foundation Trust, 17 did not undergo MRI: 13 patients at baseline and four at follow-up. The reasons
were withdrawal prior to treatment (n = 3), claustrophobia (n = 2), no available slot for MRI (n = 5),
advanced renal disease or another condition precluding MRI (n = 6) and death (n = 1). We have
excluded MRI studies of seven patients who had an additional ablation in follow-up to ensure that
comparisons of scarring between ablative modalities are not compromised.

Of the remaining 73 patients, 27 did not have MRI scans of sufficient quality for analyses
(22 at baseline and five at the follow-up visit), so they too were excluded (30%).

Forty-six patients in this study had CMRI at baseline and at 6 months following ablation, and their
images were of an appropriate standard for MVVT and scar assessment, as shown in Figure 19.

The patients considered in these analyses had a mean (± SD) age of 62.4 (± 8.6) years and 36 were
male (78.3%); 27 were randomised to CA and 19 to thoracoscopic SA. Their baseline characteristics
were the same as those of the remainder of the trial participants (see Table 2).

The median time from baseline MRI to treatment was 48 days (range 34–68.5 days).

Left atrial scar measurements using MVTT are presented in Table 28.

Mean (± SD) pre-ablation left atrial scar in patients randomised to CA was 9.8 (± 4.9)% and in those
allocated to SA it was 13.4 (± 5.8)%. The difference in size between the two treatment groups appears
to be significant, as the p-value was 0.034.

Post-ablation CMRI was performed, on average, a mean (± SD) of 173 (± 45) days after ablation.
The scar area increase (Δ scar) was significant in both treatment arms following ablation: mean± SD
19.5± 8.9% in the CA arm and 16.3± 10.8% in the SA arm (p < 0.0001 for both groups).
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The proportion of scar in the LA measured at 6 months’ follow-up did not appear to differ significantly
between treatment groups (p = 0.92).

Thirty patients had AF recurrence during the follow-up period. Scar measurements at baseline
were similar in patients with AF recurrence and in those who maintained SR throughout follow-up
(mean ± SD 10.4 ± 5.6% vs. 13 ± 5.2%; p = 0.12).

At 6 months’ follow-up, there was a significant increase in the proportion of scar in patients who
maintained SR (mean ± SD Δ scar 18.2 ± 8.6%; p < 0.0001) and in those who experienced AF recurrence
(mean ± SD Δ scar 17.5 ± 10.5%; p < 0.0001). The size of the increase was similar in both groups (p = 0.8).

(a) (b)

(c) (d)

FIGURE 19 Scar distribution (green rendering) based on 3D DE-MRI scan, pre and post ablation (not the same patient). (a) Pre
ablation, posterior view; (b) pre ablation, anterior view; (c) post ablation, posterior view; and (d) post ablation, anterior view.

TABLE 28 Proportion of scar tissue in LA at baseline and 6 months after ablation based on the MVTT method

Measurement
of LA scar

Treatment arm, mean± SD (95% CI)

p-value

Group in follow-up, mean± SD
(95% CI)

p-valueCA (n= 27) SA (n= 19) SR (n= 16) AF (n= 30)

At baseline 9.8 ± 4.9
(7.9 to 11.8)

13.4 ± 5.8
(10.6 to 16.2)

0.028 13 ± 5.2
(10.3 to 15.8)

10.4 ± 5.6
(8.3 to 12.5)

0.13

At 6 months 29.4 ± 8.7
(26.5 to 34.2)

29.7 ± 11.9
(23.7 to 32.9)

0.44 31.1 ± 10
(25.2 to 35.1)

28.6 ± 10.1
(25.6 to 32.7)

0.74

Δ scar 19.5 ± 8.9
(16.0 to 23.1)

16.3 ± 10.8
(11.1 to 21.5)

0.27 18.2 ± 8.6
(13.4 to 22.9)

17.5 ± 10.5
(14.4 to 22.1)

0.98
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Univariable analysis
We used demographic and clinical variables in this subgroup of patients in univariable analyses to
identify a possible predictor of AF recurrence. In addition, we used left atrial scar measurements
(MVTT and manual) at baseline and at 6 months to establish the correlation between fibrosis and AF
recurrence. None of the variables in the univariable Cox regression analysis model appeared to achieve
a significance that meritted further testing (Table 29).

Discussion
We have developed a novel, fully automatic segmentation method to detect atrial scarring in LGE-MRI
images acquired uniquely during AF, and have validated it against manual ground truth segmentation
carried out by experienced imaging cardiologists.223,231 This methodology was applied in this study to
quantify left atrial scars prior to and after ablation in patients with LSPAF.

The main finding of this exploratory study is that the left atrial scar is significantly increased following
both ablation strategies, but we did not find it predictive of AF recurrence.

One of the key issues in left atrial scar segmentation is distinguishing the LA and the scar from the
high enhancement regions, which we successfully accomplished.223 In addition, we scanned patients
in AF by adopting MRI acquisition strategies, including beat-to-beat changes in inversion time and
navigator artefact reduction schemes. Despite these improvements, almost 30% of the acquired data
sets in our study were not of the required standard, largely owing to the suboptimal HR control in our
patients, which affected our sample size.

TABLE 29 Univariable Cox regression analyses of data from patients in MRI scar
assessment study and AF recurrence. Left atrial scar measurements using both
MVTT method and manual measurements ground truth are included for comparison

Parameter

Univariable analysis

Hazard ratio 95% CI p-value

Baseline

Age 0.99 0.95 to 1.04 0.77

Sex (male) 0.77 0.32 to 1.90 0.77

AF duration 1.00 0.99 to 1.00 0.57

BMI 1.01 0.94 to 1.08 0.65

Smoking 1.73 0.71 to 4.2 0.23

Hypertension 0.94 0.45 to 1.94 0.86

Diabetes 1.12 0.62 to 2.03 0.71

Stroke 0.70 0.10 to 5.11 0.72

Coronary artery disease 0.67 0.23 to 1.92 0.45

Respiratory disease 0.53 0.16 to 1.76 0.30

Left atrial scar MVTT 0.96 0.90 to 1.03 0.25

Left atrial scar GT 0.96 0.90 to 1.03 0.27

6 months

Left atrial scar MVTT 0.98 0.95 to 1.02 0.41

Left atrial scar GT 0.99 0.95 to 1.03 0.65

GT, ground truth.
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The multiatlas LA auto-segmentation in our study was strongly correlated with manual ground truth
delineation, as shown by a consistent Dice score of > 90.223 The development of deep-learning methods
renders the analysis of scar less time-consuming and the methodology probably represents the future
of image-related analyses. However, scar identification and assessment can change within the same
data set with different learning methods, so accuracy and reproducibility still need to be resolved.232–234

In our study, the amount of fibrosis identified at baseline with automatic segmentation was larger in
patients in the SA group, but this may be due to a type II error as our sample size was defined by the
quality of the acquired images.

Quantification of scar at baseline was < 20% of the total LA surface in our patients, so these patients
would be classified as being in stage 1 and 2 of fibrosis as defined by the investigators of the DECAAF
(Delayed Enhancement MRI Determinant of Successful Radiofrequency Catheter Ablation of Atrial
Fibrillation) study.201 In the DECAAF study, 92 patients had persistent or permanent AF, and pre-
ablation scar measurements for 61% of patients were in stage 1 (< 10%) and 2 (> 10% and < 20%).
These measurements were associated with only 15% of AF recurrence in follow-up.

Following ablation, the proportion of scar in the LA of our patients increased to around 30%, which is
largely in line with electroanatomical mapping of scar and low-voltage post ablation in patients with
chronic AF.227 This is surprising as scar estimates with electroanatomical mapping during CA are
significantly larger than those obtained with LGE-MRI.213

A number of studies reported discrepancies in scar quantification using different methodologies and,
at this point, we still lack a gold standard.218,234,235

Quantification of scar is highly influenced by the CMRI acquisition sequences and post-processing
methods, which then leads to non-generalisable results.217,235 The imaging technologies, as well
as electroanatomical mapping, most likely need further histological validation before being universally
adopted to identify and quantify scar so that it can be used in clinical decision-making.

All our patients had an ILR implanted at the end of the ablation procedure, so the artefact from the
ILR can be seen in the intrathoracic space in about one-third of the patients. It is possible that this
artefact interfered with automatic LA segmentation, although the published literature suggests
otherwise, and our own ground truth measurements were highly correlated with values from
automatic segmentation.221,235,236

Conclusions
In this study, we made significant progress by acquiring DE-MRI data sets in AF and developing a fully
automated segmentation tool for LA and PV geometry and left atrial scar delineation. This tool has
allowed us to assess the left atrial scar burden pre and post ablation, and showed that both ablative
techniques increase the scar in the LA. However, the size of the scar does not appear to be predictive
of AF recurrence, although this result has to be treated with caution owing to the small sample size.
Further work is required to refine our segmentation and left atrial scar quantification techniques.
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Chapter 8 Patient and public involvement

Our study was primarily focused on assessing the effectiveness of two different ablation
techniques to establish normal heart rhythm and alleviate patients’ symptoms related to AF.

The Royal Brompton and Harefield NHS Foundation Trust Patient Advisory Group (PAG) was heavily
involved in the study design, from advising on the suitability of the research question, the potential
benefits to AF sufferers and the practical elements of study design at the time of the grant application.
This group also informed the recruitment targets, hospital visit schedule and the overall level of
involvement that would be appropriate for a service user during the trial.

The study benefited enormously from patients’ input to the design of the study materials, including the
PIS, the consent form and the health economic questionnaire. The materials were revised to make
them easier to read, and the patients helped us decide on the appropriate level of detail to provide
regarding study treatments and the risks associated with them.

The PAG was instrumental in helping us meet our recruitment target by providing appropriate
information throughout all stages of the study.

Our trust has close links with the charitable organisation, the Arrhythmia Alliance, which helped us
develop our study materials and increase wider public awareness of the study. Its chief executive
officer is a lay member of our Trial Steering Group. The patient group at the Liverpool Heart and Chest
Hospital, one of the trial sites, was also involved with evaluating our PIS and consent form before the
study was given its research and development approval.

The feedback from the PAG was provided through group discussions either in person or by e-mail.
Our TSC included two lay members who were regularly informed of study progress and participated
in the meetings twice a year. In addition, our lay TSC members helped us design closer monitoring
procedures for the trial participants once they were discharged from the hospital following treatment
for AF. We were encouraged to telephone patients once per week for a month and found that this was
a welcome reassurance rather than a burden.

Our monthly recruitment target was ambitious, and some study participants volunteered to be
contacted by eligible patients to relay their experience with our procedures and help with recruitment.

The feedback from the lay members of the TSC and PAG helped with the conduct of the study and our
recruitment success, including a very low attrition rate in the trial (5%).

Patients with AF are interested in understanding the complexities of their condition and are enthusiastic
to help advance the knowledge and treatment of this disease. Our study participants were involved in
discussions about the merits and rationale for continuing participant follow-up in the future, and helped
us develop another funding application. They were enthusiastic about participating in the new study
based on the following:

l They considered this research important and believe that other patients would be keen to participate.
l They were happy to share their experience of trial participation with others.
l They considered that hospital visits during study participation are beneficial to them in other respects.
l They had no concerns regarding emotional, safety or ethics issues with the new study.

In discussion with our lay TSC members and the Royal Brompton PAG, we have decided to write to
each study participant to disseminate the results of the study. The contents of the letter were agreed
with the Royal Brompton PAG, as will other materials we plan to publish online to disseminate the
study results.
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Throughout the study, our research was represented at numerous events, such as the Imperial Festival
and Royal Brompton and Harefield Research open days, to promote the study and inform the public of
our research activities. These annual events were used to inspire school children into scientific careers,
encourage the public to participate in research and educate patients about interventional treatments.
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Chapter 9 Discussion

Principal findings

The CASA-AF RCT is the first multicentre RCT with continuous cardiac monitoring comparing
thoracoscopic SA and CA strategies as a first-line procedure in LSPAF patients. The main finding was
that the rates of arrhythmia recurrence and procedure-related SAEs during the 12 months’ follow-up
occurred in a similar proportion of patients in both treatment arms. Despite two decades of CA use
in the treatment of AF, outcomes in persistent and long-standing persistent AF remain suboptimal.237

The underlying substrate in LSPAF is complex and characterised by the interplay of cellular hypertrophy
and fibroblastic activation and proliferation, resulting in atrial fibrosis, which in turn leads to anisotropic
conduction properties and electrical dissociation. Electroanatomical remodelling is the ideal harbinger of
perpetuating AF, and is the reason why these patients are so difficult to treat. At present, the European
Society of Cardiology guidelines237 recommend consideration of thoracoscopic SA for symptomatic AF
when CA has failed (IIaB) or for symptomatic drug refractory persistent AF or LSPAF (IIaC).

Early thoracoscopic SA investigations showed promise in terms of arrhythmia-free outcomes,238,239 and
this was subsequently borne out by two out of three RCTs. In the first of these trials, the FAST study,33

124 patients had either SA or CA. The SA group had a significantly higher level of AF-free survival at
12 months without AADs than the CA group (65.6% vs. 36.5%, respectively; p = 0.0022), although
the adverse event rate was considerably higher in the SA group than in the CA group (34% vs. 16%,
respectively). Two-thirds of patients had an unsuccessful CA before participating in the trial and
67% had paroxysmal AF. Limitations of the trial included significant heterogeneity in lesion sets
with inconsistent verification of conduction block and the use of intermittent 7-day ambulatory ECG
monitoring to identify AF recurrence. The second RCT, by Pokushalov et al.,240 enrolled 64 patients,
again with a mixed caseload of paroxysmal and persistent AF and failed initial CA. At 12 months, SA
was superior to CA in terms of AF-free survival (81% vs. 47%, respectively; p = 0.004). AF recurrence
in this study was identified by continuous cardiac monitoring using an ILR. The third randomised study,
by Adiyaman et al.,241 was a smaller non-inferiority trial with 52 (74%) predominantly paroxysmal
patients, again, using continuous cardiac monitoring over 2 years’ follow-up. CA was not inferior to SA
in terms of freedom from arrhythmia at 2 years (56% vs. 29%, respectively; log-rank p = 0.059) and
was not associated with major complications, unlike SA, which had a 20% major complication rate.

In keeping with the majority of these trials, in our own pilot non-randomised study, 73% of participants
with LSPAF were free from AF/AT 12 months after SA, compared with 32% of participants after
CA using intermittent 7-day ambulatory ECG monitoring in follow-up.242 This current study was
subsequently designed to determine whether SA was clinically better in restoring normal heart rhythm,
and to further evaluate the effects of both procedures on patients’ quality of life and health economic
outcomes in a multicentre RCT. All our patients were diagnosed with de novo LSPAF and had their first
invasive treatment in large-volume centres using continuous cardiac monitoring to measure rhythm
outcomes. We found no difference in the proportion of patients who were arrhythmia free at the end
of the follow-up between the two treatments. Although this finding contradicts the results of our pilot
study, there are a few possible explanations for the difference in results.

First, the use of continuous cardiac monitoring is far more sensitive for detecting AF recurrence than
intermittent monitoring methods, especially in patients without any symptoms.243 Thus, intermittent
monitoring significantly overestimates the success rate of ablation procedures,55,242,244,245 and this is
likely to be the main reason for the difference in our outcomes compared with other studies.

DOI: 10.3310/eme08180 Efficacy and Mechanism Evaluation 2021 Vol. 8 No. 18

© Queen’s Printer and Controller of HMSO 2021. This work was produced by Haldar et al. under the terms of a commissioning contract issued by the Secretary of State for
Health and Social Care. This issue may be freely reproduced for the purposes of private research and study and extracts (or indeed, the full report) may be included in
professional journals provided that suitable acknowledgement is made and the reproduction is not associated with any form of advertising. Applications for commercial
reproduction should be addressed to: NIHR Journals Library, National Institute for Health Research, Evaluation, Trials and Studies Coordinating Centre, Alpha House,
University of Southampton Science Park, Southampton SO16 7NS, UK.

81



Second, in our trial, the recruited patients all had true de novo LSPAF with a mean time from persistent
AF diagnosis to ablation of just less than 2 years, and an overall AF history of approximately 3 years. It is
well known that LSPAF is resistant to different treatment approaches, and our results are in line with those
experiences. In keeping with previous reports, in this population, a single CA procedure achieves AF/AT-free
status without AADs in approximately 30% of cases.26,32,242 However, the SA results we report are in contrast
to previous studies, except that of Adiyaman et al.,241 which may be due to the different characteristics of the
study populations. The key difference is that previous studies included a large proportion of patients who
had unsuccessful prior CA procedures, hence the SA procedure was, in essence, a reverse-staged hybrid case
(CA then SA), which extended or completed previous lesion sets. Therefore, the efficacy of SA in these
studies is in fact the efficacy of two ablative procedures done in succession.

Third, although the SA operators in our study were expert cardiothoracic surgeons skilled in
thoracoscopic techniques, their experience in treating AF thoracoscopically was still relatively limited in
comparison with the larger volume of experience of the electrophysiologists delivering CA treatment.
It is therefore likely that specific procedural expertise may have played a role in the final outcomes.

Finally, the evolution of CA techniques, including the use of contact force-sensing catheters, high-density
multielectrode mapping and lesion predication algorithms, has led to incremental benefits in the durability
of lesion sets and a reduction in the potential benefit of direct application of the radiofrequency to the
myocardial tissues as performed in SA.13,246–248

Clinical outcomes

The clinical improvement, as measured by ≥ 75% reduction in time spent in AF/AT with just one
procedure and without AADs, was seen in about 70% of study participants, similar in both treatment
arms. Given that these patients were highly symptomatic (i.e. had a EHRA symptom score ≥ 3) and
had been in continuous AF for 2 years before the procedure, this reduction in AF burden provides
significant clinical benefits, as can be seen from the results of the health economic analyses.

To aid clinical management of patients with LSPAF, we suggest that the AF burden reduction is used as
a guide for outcomes, because this is more reflective of the clinical improvement that patients derive
post ablation. We also advocate the use of continuous cardiac monitoring for accurate assessment of
the burden of arrhythmia both before, if possible, and after ablation.

Safety outcomes

Despite one death occurring in the SA arm, we found no difference in the rate of SAEs (major complications)
occurring within 30 days of the ablation between arms: 10% in the CA arm and 13% in the SA arm. Rates of
SAEs over the entire 12-month follow-up period were also not significantly different between the treatment
arms, as 8 out of 60 (13.3%) people in the CA arm and 10 out of 55 (18.2%) people in the SA arm experienced
a serious procedure-related complication.

In comparison with other trials,33,240,241 our procedure-related complication rates within 30 days are
low, which reflects the considerable experience of the operators involved in the trial.

Atrial anatomy and function outcomes

Using both standard and advanced echocardiography techniques, we have shown that in LSPAF the
left atrial function does improve after either CA or SA. We see RRM in terms of reduced left atrial
volumes and also improvement in left atrial function, with improved left atrial reservoir function and
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restored atrial contraction. The degree of RRM seems to be greater in the CA group than in the
SA group, as evidenced by better left atrial strain reservoir and conduit functions at 12 months.
Furthermore, in those who maintain SR, multiple parameters (TDI and speckle-tracking strain and
strain rate) confirm an improvement in left atrial function.

From the MRI perspective, it is important to highlight that, in LSPAF patients, RRM of both the LA
and RA does occur after CA or SA. The degree of remodelling was greater in the CA group than in
the SA group, but we were unable to show a difference in the degree of RRM between patients who
maintained SR and those with AF recurrence. The right atrial size in our cohort was predictive of
success. Mechanistically, we demonstrated that it is possible to acquire good-quality images during AF,
which we used to develop a fully automatic segmentation tool for left atrial scar quantification. The
automated tool was validated against manual ground truth segmentation and showed that left atrial
scar increases post ablation, but baseline left atrial scar was not predictive of procedural success.
These anatomical and mechanistic findings in LSPAF are encouraging and support our clinical outcomes
by showing that RRM is possible in LSPAF, with significant rates of clinical success as determined by AF
burden reduction and improvement in quality of life. However, additional work is required to further
delineate thresholds for treatment using left atrial size and refine the methodology for left atrial scar
quantification to assess its clinical use as a prognostic tool.

Using both echo imaging and MRI, we have shown that the adverse remodelling associated with LSPAF is
in fact reversible, and that left atrial function can improve significantly with restoration of SR. Imaging
markers can also provide valuable predictors of success. Therefore, depending on local resources, imaging
should be considered as an integral part of the decision-making process when considering interventional
strategies for LSPAF, as well as to assess the post-ablation impact on atrial structure and function.

Quality of life and health economics

The economic evaluation was based on direct observations of health outcomes and costs over the trial
period. We found consistent improvements over time for different outcome measures, including AF
symptoms (EHRA symptom score), AF-related quality of life (AFEQT) and generic measures of quality
of life (EQ-5D VAS and index score). Improvements in the first 3 months were sustained up to the end
of follow-up at 12 months. Slightly larger improvements were measured in patients randomised to CA
than to SA. Over the year, CA was associated with a statistically significant gain of 0.069 QALYs and an
NHS cost-saving of £3534 per patient compared with SA. This translates to an INB of £4918 for CA
compared with SA at a conservative cost-effectiveness threshold of £20,000 per QALY. The estimated
probability that CA is less expensive and more effective than SA is 98.9%. Clinical results from the trial
suggest that this result would not change with extrapolation, as SA was not associated with prolonged
freedom from arrhythmia or reduction of other risks.

Limitations

There are several limitations of this study. First, the sample size does not allow for comparisons of
differences in efficacy < 30%, which was deemed clinically obtainable and relevant. Second, the study
treatments were performed in four highly specialised centres in England, which may have an impact
on generalisability. Compared with CA, thoracoscopic AF ablation is not yet an established or widely
available procedure, and as such it is performed by teams whose clinical experience is not matched
to those that deliver CA. Finally, differences in structural and functional cardiac changes between
treatment arms, where they exist, are observational only and based on a considerably reduced number
of data points because of incomplete imaging data for all patients.
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Chapter 10 Conclusion

The most important finding from this multicentre RCT was that no evidence was found to support
the original hypothesis that SA is clinically superior to CA as the first-line ablation strategy for

LSPAF patients.

Both treatments appear to offer significant clinical and symptomatic improvements with modest major
complication rates.

Surgical ablation, however, is a more invasive and more expensive procedure, and post-ablation quality-
of-life measures are poorer with SA than with CA. On this basis, we consider CA to be the first-line
treatment of choice for patients with de novo LSPAF.
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TABLE 30 Schedule of enrolment, tests and assessments in the CASA-AF trial

Tests/data collection Baseline
Treatment
allocation

Index
ablation

Blanking period: months after index ablation

1 2 3 4 5 6 7 8 9 10 11 12

Post-
operative
surveillance

First
follow-up

Second
follow-up

Third
follow-up

Fourth
follow-up

Registration (demographics) ✗

Eligibility ✗

Medical history (significant
conditions not related to LSPAF)

✗

Cardiac risk history (medical
conditions associated with AF)

✗

Cardiac risk scoring (CHA2DS2-
VASc, HAS-BLED)

✗ ✗

Concomitant medication ✗ ✗ ✗ ✗ ✗ ✗

Current anticoagulant therapy ✗ ✗ ✗ ✗ ✗ ✗

Arrhythmia characteristics
(diagnosis date, prior history
of cardioversion, other
arrhythmias, other ablations)

✗

EHRA AF classification ✗ ✗ ✗ ✗ ✗

Clinical examination (blood
pressure, HR, weight)

✗ ✗ ✗ ✗ ✗

Haematological and biochemical
assessments

✗ ✗ ✗ ✗

12-lead ECG ✗ ✗ ✗ ✗ ✗

TTE ✗ ✗ ✗

Cardiac magnetic resonance ✗ ✗

EQ-5D-5L questionnaire ✗ ✗ ✗ ✗ ✗

AFEQT questionnaire ✗ ✗ ✗ ✗ ✗
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Tests/data collection Baseline
Treatment
allocation

Index
ablation

Blanking period: months after index ablation

1 2 3 4 5 6 7 8 9 10 11 12

Post-
operative
surveillance

First
follow-up

Second
follow-up

Third
follow-up

Fourth
follow-up

Allocate to treatment ✗

Health economics questionnaire ✗ ✗ ✗ ✗

Adverse events ✗ ✗ ✗ ✗ ✗ ✗

ILR interrogation (primary
outcome)

✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

TOE ✗

CA ✗

SA ✗

Discharge ✗

DCCV (if needed) ✗ ✗ ✗ ✗ ✗ ✗

Clinical CA (if needed) ✗ ✗ ✗ ✗
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Appendix 2 Supplementary sensitivity
analyses of the heart rhythm outcomes

Outcome

Complete case in modified intention to treat

Treatment group,
raw data, n/N (%) OR RR

LR model (adjusted
for minimisation
variables)

SAa CA OR 95% CI p-value RR 95% CI
p-value
(χ2) OR 95% CI p-value

Free from AF/AT
after a single
procedure without
AADs

14/54
(26)

17/60
(28)

1.13 0.46 to
2.83

0.84 1.09 0.60 to
2.00

0.77 1.25 0.53 to
3.04

0.62

≥ 75% reduction
in AF/AT burden
after one procedure
without AADs

36/54
(67)

46/60
(77)

1.64 0.67 to
4.08

0.30 1.50 0.91 to
1.45

0.24 2.11 0.89 to
5.22

0.11

≥ 75% reduction in
AF/AT burden after
one procedure with
AADs

39/54
(72)

49/60
(82)

1.71 0.71 to
4.15

0.23 1.13 0.92 to
1.39

0.23 1.72 0.65 to
4.67

0.27

LR, logistic regression.
a SA group is the reference in all analyses.

Outcome

Treatment arm,
n/N (%)

MI for missing data

OR RR

SAa CA OR 95% CI p-value RR 95% CI
p-value
(χ2)

Free from AF/AT after a
single procedure without
AADs

60 60 1.10 0.75 to 1.49 0.80 1.08 0.80 to 1.32 0.80

≥ 75% reduction in AF/AT
burden after one procedure
without AADs

60 60 1.56 0.69 to 3.56 0.29 1.14 0.87 to 1.03 0.29

≥ 75% reduction in AF/AT
burden after one procedure
with AADs

60 60 1.64 0.78 to 2.46 0.28 0.99 0.93 to 1.20 0.28

a SA group is the reference in all analyses.
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Outcome

Treatment arm,
n/N (%)

Per-protocol analysisa

OR RR

SAb CA OR 95% CI p-value RR 95% CI
p-value
(χ2)

Free from AF/AT after a
single procedure without
AADs

11/39
(28)

17/53
(32)

1.20 0.45 to 3.32 0.82 1.14 0.60 to 2.15 0.69

≥ 75% reduction in AF/AT
burden after one procedure

33/39
(85)

46/53
(87)

1.19 0.30 to 4.58 0.77 1.03 0.81 to 1.22 0.77

a Patients had procedure as per randomisation and were not on AADs during follow-up.
b SA group is the reference in all analyses.
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Appendix 3 Supplementary tables for
echocardiographic and magnetic resonance
analyses chapters

TABLE 31 Comparison of baseline demographic characteristics and clinical data between the
CA and SA arms

Baseline characteristic

Treatment arm

CA (N= 33) SA (N= 26)

Age (years), mean± SD 61± 11 65.2 ± 8.4

Sex (male), n (%) 25 (76) 20 (77)

AF duration (days), mean (95% CI) 575 (417.5 to 858.5) 754.5 (416.5 to 905)

BMI (kg/m2), mean ± SD 31.4 ± 5.8 29.7 ± 4.1

LV EF (%), mean ± SD 55.8 ± 7.2 57± 7.7

Smoking, n (%) 3 (9) 1 (4)

Hypertension, n (%) 17 (52) 14 (54)

Diabetes, n (%) 3 (9) 1 (4)

Alcohol use, n (%) 19 (58) 12 (46)

Stroke/TIA, n (%) 0 (0) 3 (12)

Thyroid disorders, n (%) 2 (6) 2 (8)

Coronary artery disease, n (%) 4 (12) 3 (11.5)

Renal disease, n (%) 4 (12) 1 (4)

Respiratory disease, n (%) 3 (9) 6 (23)

Medication, n (%)

Beta-blocker 29 (88) 22 (85)

Digoxin 10 (30) 3 (12)

Calcium channel blocker 4 (12) 4 (15)

ACE/ARB 16 (49) 11 (42)

Diuretic 8 (24) 9 (35)

AADs 4 (12) 3 (12)

Statin 13 (39) 14 (54)

ACE, angiotensin-converting enzyme; ARB, angiotensin-receptor blocker.
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TABLE 32 Baseline characteristics of patients in the CA and SA arms included in strain and
strain rate analyses

Baseline characteristic

Treatment arm

CA (N= 29) SA (N= 25)

Age (years), mean± SD 60 ± 10.2 65± 8.5

Sex (male), n (%) 24 (82.8) 19 (76)

BMI (kg/m2), mean ± SD 31.6 ± 6 29.6 ± 4.1

Smoking, n (%) 1 (3.4) 1 (4.2)

Hypertension, n (%) 16 (55.2) 13 (52)

Diabetes, n (%) 3 (10.3) 1 (4.2)

Stroke, n (%) 0 (0) 3 (12)

Coronary artery disease, n (%) 4 (13.8) 2 (8)

Renal disease, n (%) 4 (13.8) 1 (4.2)

Respiratory disease, n (%) 3 (10.3) 6 (24)

Thyroid disorders, n (%) 2 (6.9) 2 (8)

Alcohol use, n (%) 17 (58.6) 12 (48)

Medication, n (%)

Beta-blocker 26 (90) 21 (84)

Digoxin 7 (24.1) 3 (12)

Calcium channel blocker 3 (10.3) 4 (16)

ACE/ARB 15 (51.7) 10 (40)

Diuretic 7 (24.1) 9 (36)

AADs 4 (13.8) 3 (12)

Statin 11 (37.9) 13 (52)

ACE, angiotensin-converting enzyme; ARB, angiotensin-receptor blocker.

TABLE 33 Baseline characteristics of study participants in TDI analysis

Baseline characteristic

Treatment arm

CA (N= 26) SA (N= 26)

Age (years), mean ±SD 64 ± 8.9 67.4 ± 8.3

Sex (male), n (%) 20 (76.9%) 20 (76.9%)

BMI (kg/m2), mean ± SD 30.8 ± 4.6 29.5 ± 4.6

Smoking, n (%) 2 (7.7) 0 (0)

Hypertension, n (%) 10 (38.5) 17 (65.4)

Diabetes, n (%) 2 (7.7) 2 (7.7)

Stroke, n (%) 0 (0) 2 (7.7)

Coronary artery disease, n (%) 5 (19.2) 4 (15.4)

Renal disease, n (%) 3 (11.5) 1 (3.8)

Respiratory disease, n (%) 4 (15.4) 4 (15.4)

Thyroid disorders, n (%) 1 (3.8) 3 (11.5)

Alcohol use, n (%) 15 (57.7) 12 (46.2)
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TABLE 33 Baseline characteristics of study participants in TDI analysis (continued )

Baseline characteristic

Treatment arm

CA (N= 26) SA (N= 26)

Medication, n (%)

Beta-blocker 21 (80.8) 21 (80.8)

Digoxin 9 (34.6) 3 (11.5)

Calcium channel blocker 3 (11.5) 3 (11.5)

ACE/ARB 12 (46.2) 13 (50)

Diuretic 6 (23) 11 (42.3)

AADs 1 (3.8) 1 (3.8)

Statin 16 (61.5) 14 (53.9)

ACE, angiotensin-converting enzyme; ARB, angiotensin-receptor blocker.

TABLE 34 Regional wall TDI measurements: comparison of CA and SA treatment arms

Location Parameter Time point

Treatment arm, mean± SD

p-valueCA (n= 26) SA (n= 26)

Septum S′ (cm/second) Baseline 6.6± 2.7 7.8 ± 2.2 0.08

3 months 6.8± 2 7.1 ± 2.3 0.57

12 months 8.2± 2.9 8.2 ± 2.7 0.96

Reservoir (%) Baseline 5.3± 1.5 5.6 ± 1.4 0.56

3 months 6± 1.3 5.7 ± 1.8 0.52

12 months 6.5± 2.1 6.3 ± 2.3 0.67

Conduit (%) Baseline 7.4± 2.2 7.6 ± 2.6 0.76

3 months 6.9± 2.1 6.3 ± 2.1 0.3

12 months 6.3± 2.3 6.5 ± 2.2 0.75

Booster (%) Baseline – –

3 months 6.1± 1.9 6 ± 1.9 0.86

12 months 6.5± 2.1 6 ± 1.9 0.37

Lateral S′ (cm/second) Baseline 6.9± 2.7 7.9 ± 2.8 0.21

3 months 6± 2.1 5.9 ± 1.9 0.8

12 months 6.7± 2.6 6.3 ± 2.7 0.65

Reservoir (%) Baseline 6.7± 1.8 7.1 ± 2.2 0.53

3 months 7.1± 1.6 7.1 ± 2 0.97

12 months 7.5± 2.1 7.9 ± 2.1 0.56

Conduit (%) Baseline 10.6± 2.6 11.2 ± 4.3 0.55

3 months 8.5± 1.3 9.9 ± 3.8 0.07

12 months 8.7± 1.5 10.3 ± 3.2 0.03

Booster (%) Baseline – –

3 months 5.7± 2.4 5.2 ± 1.7 0.45

12 months 6.2± 2.8 4.8 ± 1.7 0.05
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TABLE 34 Regional wall TDI measurements: comparison of CA and SA treatment arms (continued )

Location Parameter Time point

Treatment arm, mean± SD

p-valueCA (n= 26) SA (n= 26)

Anterior S′ (cm/second) Baseline 7.1± 2 8.2 ± 2.5 0.09

3 months 6.7± 2.3 5.7 ± 2.2 0.11

12 months 7.5± 2.9 6.1 ± 2.3 0.05

Reservoir (%) Baseline 6.6± 2 7.1 ± 1.8 0.40

3 months 6.8± 2.1 7.3 ± 1.5 0.33

12 months 7.7± 1.6 7.4 ± 2 0.52

Conduit (%) Baseline 10.7± 2.8 12.2 ± 4.4 0.16

3 months 8.4± 2.7 8.7 ± 2.5 0.65

12 months 8.7± 1.7 8.6 ± 2.3 0.84

Booster (%) Baseline – –

3 months 6.4± 2.5 5.8 ± 2.2 0.41

12 months 7.1± 2.4 5.5 ± 2.3 0.02

Inferior S′ (cm/second) Baseline 8.1± 3.2 8.4 ± 2.9 0.67

3 months 7.3± 2.6 7.6 ± 2.7 0.63

12 months 8.3± 2.9 8.3 ± 2.1 0.92

Reservoir (%) Baseline 5.9± 1.4 6.4 ± 1.6 0.31

3 months 6.5± 1.8 6.5 ± 1.8 1

12 months 7.4± 1.9 7.3 ± 2.1 0.82

Conduit (%) Baseline 8.3± 2.2 9.5 ± 3.2 0.11

3 months 6.8± 1.7 7.3 ± 2.3 0.44

12 months 7.3± 2.1 7.1 ± 2.2 0.81

Booster (%) Baseline – –

3 months 6.8± 2.1 7.2 ± 2.2 0.49

12 months 7.4± 1.9 7.1 ± 2.7 0.66

TABLE 35 Regional left atrial walls TDI measurements contrasting groups in AF and SR

Location Parameter Time point

Treatment arm, mean± SD

p-valueAF (n= 35) SR (n= 17)

Septum S′ (cm/second) Baseline 7.4± 2.8 6.8 ± 1.7 0.35

3 months 7± 2.2 7± 2.1 0.95

12 months 8.3± 2.9 8± 2.6 0.78

Reservoir (%) Baseline 5.5± 1.6 5.4 ± 1.1 0.79

3 months 5.7± 1.7 6.2 ± 1.3 0.24

12 months 6.1± 1.9 7± 2 0.14

Conduit (%) Baseline 7.3± 2.5 7.9 ± 2.1 0.36

3 months 6.7± 2.2 6.4 ± 1.8 0.66

12 months 6.4± 2.1 6.5 ± 2.6 0.82

Booster (%) Baseline – –

3 months 5.6± 1.9 6.9 ± 1.7 0.07

12 months 5.9± 1.8 7.2 ± 2.3 0.1
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TABLE 35 Regional left atrial walls TDI measurements contrasting groups in AF and SR (continued )

Location Parameter Time point

Treatment arm, mean± SD

p-valueAF (n= 35) SR (n= 17)

Lateral S′ (cm/second) Baseline 7.6± 2.5 6.8± 3.2 0.34

3 months 6± 2.1 5.9± 1.9 0.93

12 months 6.7± 2.9 6.2± 2.1 0.53

Reservoir (%) Baseline 7± 2.2 6.8± 1.6 0.79

3 months 6.8± 1.8 7.7± 1.5 0.07

12 months 7.6± 2.2 8± 1.8 0.41

Conduit (%) Baseline 11.1± 3.7 10.4 ± 3.1 0.5

3 months 8.9± 2.8 9.9± 3 0.26

12 months 9.6± 2.5 9.5± 3 0.89

Booster (%) Baseline – –

3 months 4.6± 1.6 7.1± 2.1 0.0002

12 months 5.1± 1.8 6.9± 2.9 0.08

Anterior S′ (cm/second) Baseline 8.2± 2.3 6.4± 1.7 0.003

3 months 6.6± 2.4 5.5± 1.9 0.08

12 months 6.8± 2.8 6.9± 2.6 0.86

Reservoir (%) Baseline 7.1± 2 6.4± 1.6 0.19

3 months 6.9± 2 7.5± 1.5 0.28

12 months 7.3± 1.8 8.1± 1.7 0.19

Conduit (%) Baseline 12± 3.6 10.2 ± 3.8 0.13

3 months 8.5± 2.8 8.9± 2.1 0.75

12 months 8.6± 2.1 8.9± 2 0.78

Booster (%) Baseline – – –

3 months 4.6± 1.6 7.8± 2.3 0.001

12 months 5.1± 1.8 7.8± 2.5 0.004

Inferior S′ (cm/second) Baseline 8.8± 3.1 7.1± 2.4 0.04

3 months 7.5± 2.8 7.6± 2.4 0.97

12 months 8.4± 2.5 8.2± 2.7 0.77

Reservoir (%) Baseline 6.1± 1.6 6.3± 1.4 0.67

3 months 6.3± 1.8 6.9± 1.6 0.21

12 months 6.9± 2.1 8.2± 1.2 0.008

Conduit (%) Baseline 9± 2.4 8.7± 3.5 0.72

3 months 7± 2.2 7.1± 1.3 0.83

12 months 7± 2.1 7.4± 1.9 0.91

Booster (%) Baseline – – –

3 months 6.5± 2.2 7.8± 2 0.06

12 months 6.9± 2.4 8.2± 2 0.07

DOI: 10.3310/eme08180 Efficacy and Mechanism Evaluation 2021 Vol. 8 No. 18

© Queen’s Printer and Controller of HMSO 2021. This work was produced by Haldar et al. under the terms of a commissioning contract issued by the Secretary of State for
Health and Social Care. This issue may be freely reproduced for the purposes of private research and study and extracts (or indeed, the full report) may be included in
professional journals provided that suitable acknowledgement is made and the reproduction is not associated with any form of advertising. Applications for commercial
reproduction should be addressed to: NIHR Journals Library, National Institute for Health Research, Evaluation, Trials and Studies Coordinating Centre, Alpha House,
University of Southampton Science Park, Southampton SO16 7NS, UK.

121



TABLE 36 Demographic data of CASA-AF participants included in MRI analyses

Baseline characteristic

Treatment arm

CA (n= 45) SA (n= 38)

Age (years), mean± SD 62.3 ± 10.1 63.1 ± 9.8

Sex (male), n (%) 33 (73.3) 28 (73.6)

AF duration (days), mean (95% CI) 575 (429 to 848) 686 (495 to 1053)

BMI (kg/m2), mean ± SD 30.7 ± 4.9 29.6 ± 4.1

Smoking, n (%) 3 (6.7) 4 (10.5)

Hypertension, n (%) 21 (46.7) 20 (52.6)

Diabetes, n (%) 4 (8.9) 4 (10.5)

Stroke, n (%) 0 (0) 2 (5.3)

Coronary artery disease, n (%) 7 (15.6) 4 (10.5)

Respiratory disease, n (%) 4 (8.9) 10 (26.3)

Medication, n (%)

Beta-blocker 38 (84.4) 29 (76.3)

Digoxin 14 (31.1) 7 (18.4)

Calcium channel blocker 4 (8.9) 7 (18.4)

ACE/ARB 23 (51.1) 18 (47.4)

Diuretic 12 (26.7) 12 (31.6)

AADs 5 (11.1) 6 (15.8)

ACE, angiotensin-converting enzyme; ARB, angiotensin-receptor blocker.

APPENDIX 3

NIHR Journals Library www.journalslibrary.nihr.ac.uk

122





EME
HS&DR
HTA
PGfAR
PHR
Part of the NIHR Journals Library
www.journalslibrary.nihr.ac.uk

This report presents independent research funded by the National Institute for Health Research (NIHR).  
The views expressed are those of the author(s) and not necessarily those of the NHS, the NIHR or the  
Department of Health and Social Care

Published by the NIHR Journals Library


	Efficacy and Mechanism Evaluation 2021; Vol. 8; No. 18
	List of tables
	List of figures
	List of boxes
	Glossary
	List of abbreviations
	Plain English summary
	Scientific summary
	Chapter 1 Introduction
	Background
	Methods/design
	Outcomes of the study
	Primary
	Secondary
	Characteristics of participants
	CASA-AF trial schedule


	Chapter 2 Analysis
	Statistical analysis
	Missing data

	Health economic analysis
	Data sources
	Resource use

	Costing
	Analysis set
	Missing data and imputation
	Non-parametric bootstrap

	Clinical end-points verification
	Heart rhythm data (implanted loop recorder)

	Adverse events

	Chapter 3 Recruitment, treatment and follow-up
	Ablation characteristics

	Chapter 4 Efficacy and safety outcomes
	Efficacy
	Safety

	Chapter 5 Quality of life and health economic analyses
	Health effects
	Health-related quality of life
	Quality-adjusted life-years

	Health-care costs
	Cost of the index admission
	Post-discharge health-care use and costs
	Total cost
	Incremental analysis
	Non-parametric bootstrap
	Validation checks

	Discussion

	Chapter 6 Left atrial structure and function assessed by advanced echocardiography
	Background
	Methods
	Population
	Echocardiography

	Statistical analyses
	Results
	Left atrial volumes and volume-derived function in catheter ablation and surgical ablation groups
	Left atrial function using two-dimensional speckle-tracking echocardiography for left atrial strain and strain rate
	Tissue Doppler imaging data

	Discussion
	Ablation and left atrial volumes
	Atrial fibrillation recurrence and left atrial function
	Predictors of atrial fibrillation recurrence

	Limitations
	Conclusion

	Chapter 7 Cardiac magnetic resonance imaging data analyses
	Volumetric, structural and functional changes of the left atrium following ablation
	Background
	Methods
	Results
	Discussion
	Limitations
	Conclusions

	Cardiac magnetic resonance evaluation and quantification of left atrial scar
	Background
	Methods
	Segmentation
	Results
	Univariable analysis
	Discussion
	Conclusions


	Chapter 8 Patient and public involvement
	Chapter 9 Discussion
	Principal findings
	Clinical outcomes
	Safety outcomes
	Atrial anatomy and function outcomes
	Quality of life and health economics
	Limitations

	Chapter 10 Conclusion
	Acknowledgements
	References
	Appendix 1 Schedule of enrolment
	Appendix 2 Supplementary sensitivity analyses of the heart rhythm outcomes
	Appendix 3 Supplementary tables for echocardiographic and magnetic resonance analyses chapters



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /ArialUnicodeMS
    /GillSansMT
    /GillSansMT-Bold
    /GillSansMT-BoldItalic
    /GillSansMT-Italic
    /Helvetica
    /Helvetica-Black
    /Helvetica-BlackOblique
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Compressed
    /Helvetica-Condensed
    /Helvetica-Condensed-Black
    /Helvetica-Condensed-BlackObl
    /Helvetica-Condensed-Bold
    /Helvetica-Condensed-BoldObl
    /Helvetica-Condensed-Light
    /Helvetica-Condensed-LightObl
    /Helvetica-Condensed-Oblique
    /Helvetica-ExtraCompressed
    /Helvetica-Fraction
    /Helvetica-FractionBold
    /HelveticaInserat-Roman
    /Helvetica-Light
    /Helvetica-LightOblique
    /Helvetica-Narrow
    /Helvetica-Narrow-Bold
    /Helvetica-Narrow-BoldOblique
    /Helvetica-Narrow-Oblique
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 100
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 100
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 300
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on 'PREPRESS_WEB\(No Down Sampling of Images\)'] Web PDFs for NIHR Journals Library article text. RGB colour, low-resolution images, bookmarks and hyperlinks included.)
  >>
  /ExportLayers /ExportVisiblePrintableLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads true
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


	Crossmark 2: 
	Page 1: 



