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Chapter 1 Introduction 

 

1.1 Epidemiology of atrial fibrillation 
Atrial fibrillation is the most common arrhythmia with an increasing prevalence in an aging 

population and significant public health implications. AF is currently affecting more than 3 
million people in the United States and approximately 34 million around the world.1, 2 AF 
prevalence is about to double in the next 30 years and exceed 14-17 million in Europe alone with 
one in four middle-aged adults developing AF.3 This increase in AF prevalence can be partially 
attributed to a better ability to diagnose AF, but also due to the improved medical treatment that 
allows for longer survival of patients.4, 5 

Despite improvement in the management of AF patients, this arrhythmia remains one of the 
major causes of stroke, heart failure, sudden death, and cardiovascular morbidity in the world.6 
Death due to stroke can largely be mitigated by anticoagulation, but other cardiovascular events 
remain common even in patients treated according to current guidelines.7 Additionally, cognitive 
impairment, decreased quality of life and depressed mood are more common in AF patients.8-10 
Since the AF epidemic poses a significant burden on public health, identification of surrogates 
associated with AF pathophysiology that could improve treatment of patients is very important. 
 

1.2 Pathophysiology 
The pathophysiology of AF is multifactorial including both genetic predisposition and 

electromechanical and structural remodeling of the atria. A few young AF patients suffer from 
inherited disease-causing mutations, but up to one-third of AF patients carry common genetic 
variants that predispose to atrial remodeling and AF, albeit with a relatively low added risk.11, 12 
Although the principal clinical determinant of susceptibility to AF is age, potent adjuvants 
include external stressors such as hypertension, heart failure, structural heart disease, obesity, 
diabetes, respiratory obstructive disease, ventricular dysfunction, but also AF itself. These 
determinants are unified by their tendency to increase atrial pressure and volume; resulting in 
structural remodeling with dilatation and chronic elevation in atrial wall stress that elicits an 
adverse biological response, culminating in the AF substrate i.e. fibrosis and scarring.13, 14 In 
addition, atrial fatty infiltration, inflammation, myocyte hypertrophy, necrosis, and amyloidosis 
are concomitant precipitating factors.15, 16 Structural remodeling results in electrical dissociation 
between muscle bundles and local conduction heterogeneities,17 facilitating re-entry and 
perpetuation of the arrhythmia.18 Since the structural remodeling occurs in many cases before the 
onset of AF,19 and progresses to an irreversible state, early treatment initiation seems desirable.20 

Additionally, the functional and structural changes in atrial myocardium and the stasis of blood, 
especially in the left atrial appendage (LAA) amplify thrombus formation. AF could cause 
endothelial damage and expression of prothrombotic factors, which together activated platelets 
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and inflammatory cells contribute to a thrombotic milieu.21 The activation of local and systemic 
coagulation could explain the long-term stroke risk and deserves further evaluation. 
 

1.3 Therapy of atrial fibrillation 
The therapy of AF provides prognostic impact and symptomatic relief. Therapies with 

prognostic importance include the prevention of thromboembolic events by means of 
anticoagulation or LAA elimination and the treatment of comorbidities that aggravate AF, like 
hypertension, heart failure, diabetes, coronary or valvular disease. On the other hand, rate and 
rhythm control by means of drug therapy or catheter ablation can provide symptomatic relief. 
Both medical and invasive therapies are associated with potential risks and thus selection of 
patients is crucial in order to individualize therapy, maximize benefits and minimize harms. In 
this sense prediction of outcomes is very important for patient-tailored therapeutic decisions. 

 
Stroke prevention 

The cornerstone for prevention of thromboembolic events in AF patients is oral anticoagulation 
(OAC). OAC therapy can prevent the majority of ischemic strokes; improve survival and quality 
of life.22 However, OAC therapy in specific subgroups of patients with very low stroke risk 
remains troublesome and underuse or OAC termination due to bleeding is still common.23, 24 The 
considerable stroke risk without OAC though often exceeds the bleeding risk on OAC, even in 
elderly patients, with cognitive dysfunction or with frequent falls.25, 26 

The decision for OAC therapy in AF patients has been simplified by stroke risk-stratification 
schemes that have been validated in large populations. The most widespread risk-score is the 
CHA2DS2-VASc score that accounts for the following risk factors: congestive heart failure (C), 
hypertension (H), age (A), diabetes (D), stroke history (S), vascular disease (V) and female sex 
(S).27 Accordingly, patients without clinical stroke risk factors do not need antithrombotic 
therapy, while patients with stroke risk factors (i.e. CHA2DS2-VASc score of 1 or more for men, 
and 2 or more for women) are likely to benefit from OAC. Alternatively, LAA elimination can 
reduce embolic and bleeding risk, but is associated with risk for (4%) complications and warrants 
further studies.28-32 Recently, this increased attention for the LAA anatomy has helped to better 
identify patients that may suffer thromboembolic events despite low clinical risk score.33, 34  

Although the LAA is regarded as the primary source of thrombus formation, it is not included 
in the above stratification models. Di Biase et al.35 reported different LAA morphologies and 
found that an anatomy without bends (non-Chicken-Wing) is associated with a 3-fold risk of 
prior thromboembolic event (TE). The current work further elaborates on the role of LAA 
anatomy for post- (Chapter 2), peri-interventional (Chapter 4) or baseline risk in AF patients 
with clinically low thromboembolic risk (Chapter 3).36-38 
 
Catheter ablation of atrial fibrillation 

Catheter ablation is a safe and effective therapy for drug-refractory symptomatic AF patients. 
Since the description of AF initiated by triggers in the pulmonary veins (PV),39 PV isolation 
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(PVI) with catheter ablation has developed into an established therapy with better results and less 
side effects than drugs.40 Although most of the patients achieve long-term rhythm stability, some 
patients require more than one procedure or additional ablation of the atrial substrate to avoid 
arrhythmia recurrence.41 Additional targets beyond PVI may include linear lesions along the LA 
roof, the septum or between the pulmonary veins and the mitral annulus,42, 43 low-voltage areas or 
MRI-detected fibrosis, 44-46 but their clinical value remains to be further evaluated.47 Dominant 
frequencies and sites with fractionated electrograms or spiral-circuits have been targeted too, but 
with no clear benefit.48 Thus, the optimal ablation strategy remains an ongoing research subject.  

Accordingly, identification of predictors of success after AF ablation could help identify 
patients, who need additional attention and probably modified treatment or follow-up. Common 
predictors like age, AF type and burden, structural or valvular disease and ventricular impairment 
share a common pathway of atrial remodeling.49, 50 This could explain why LA enlargement 
repeatedly emerges as an important predictor of cardiovascular endpoints or rhythm stability.51-54 
Consequently, current guidelines recommend an assessment of the LA for all AF patients.55 Since 
echocardiography can not reliably represent the true size of the rather asymmetrical LA dilation 
in the limited space between the sternum and spine,56 we aimed to examine the characterization 
and prognostic value of the three-dimensional left atrial remodeling. 

1.4 Aims and structure of this thesis 
The general aim of this thesis is to unravel the role of pre-procedural imaging concerning the 

relationship between anatomical characteristics and the clinical outcomes in AF patients, 
especially thromboembolic events (Chapters 2-4) and rhythm outcomes after catheter ablation 
therapy (Chapter 5-9). We used tomography (CT) or magnetic resonance imaging (MRI) data to 
evaluate 3D changes and elaborate the following aspects: 

 
Part I: Atrial anatomy and thromboembolic risk 
1. What is the prevalence of thromboembolic events after AF ablation (Chapter 2)? 
2. Is LAA anatomy associated with thromboembolic events after AF ablation (Chapter 2)?  
3. What is the role of LAA anatomy in patients with low CHADS-VASc score (Chapter 3)? 
4. What is the prevalence of peri-procedural thromboembolic events (Chapter 4)? 
5. Are peri-procedural thromboembolic events related to the LAA anatomy (Chapter 4)? 
 
Part II: Atrial remodeling and atrial fibrillation ablation 
6. What are the characteristics of atrial remodeling in different AF types (Chapter 5)? 
7. Can the remodeling of atrial anatomy predict long-term success after AF ablation (Chapter 6)? 
8. Could atrial anatomy be used to improve patient selection and ablation outcomes (Chapter 7)? 
9. Is atrial remodeling related to left ventricular diastolic dysfunction (Chapter 8)? 
10. What is the association between atrial remodeling and plasma markers (Chapter 9)? 
11. Is there an association between anatomical atrial remodeling and AF substrate (Chapter 10)? 
  
   Finally, the thesis is concluded with a general discussion (Chapter 11) in which the main 
findings are discussed in a more integrative manner.  
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Abstract 

 
Background:  
   In patients with atrial fibrillation (AF), left atrial appendage (LAA) morphology has been 
suggested to modify risk for thromboembolic events (TE). In this study we tested the hypothesis 
that TE after AF catheter ablation (CA) is associated with LAA characteristics. 
 
Methods:  
   Of 2,069 patients form the Leipzig Heart Center AF Ablation Registry, 15 suffered TE 
(excluding events within 30 days) during follow-up (i.e. 3.078 patient-years). Those patients were 
matched for CHA2DS2-VASc criteria with 115 TE-free patients and CT (n=120) or MRI (n=10) 
data were compared. LAA volume, morphology (Cactus, Chicken-Wing, Windsock, Cauliflower) 
and takeoff in relation (higher/lower) to the adjacent pulmonary vein (PV) were determined. 
 
Results:  
   After 24 months (median), 67% of the patients remained in sinus rhythm. Patients with TE had 
a higher AF recurrence rate (73% vs. 28%, p=0.001), and a higher incidence of superior LAA 
takeoff (i.e. higher than the left superior PV; 80% vs. 37%, p=0.002), while the LAA 
morphologies and other LAA characteristics were similar between groups. Multivariable cox-
regression analysis revealed AF recurrence (HR: 6.2, 95% CI: 2.0-19.6, p=0.002) and superior 
LAA takeoff (HR: 4.9, 95% CI: 1.4-17.4, p=0.014) as TE predictors. There was a negative 
correlation between heart rate and LAA flow (r=-0.22 cm/s pro bpm, p=0.016), that was even 
more pronounced for the superior LAA takeoff (r=-0.28 cm/s pro bpm, p=0.045). 
 
Conclusion:  
   AF recurrence and higher LAA takeoff are associated with thromboembolism after AF ablation, 
while LAA morphology is not. These results may have an implication for improved post-ablation 
management. 
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Introduction 
   The left atrial appendage (LAA) plays a major role as a thromboembolic source in patients with 
atrial fibrillation (AF). The LAA anatomy with different shapes, lobes and trabeculations has 
been regarded as the primary source of stasis and thrombus formation.1-3 Left atrial (LA) ablation 
and LAA occlusion procedures for AF patients have drawn more attention to this structure.4-7  
Recently, Di Biase et al.8 reported 4 different LAA morphologies (Cactus, Chicken-Wing, 
Windsock, Cauliflower) and found that the non-Chicken-Wing morphologies were associated 
with a 3-fold risk of prior thromboembolic events (TE). Although some concern was raised about 
the actual causation,9 these findings were supplemented by following studies10-12 and were found 
useful for the prediction of TE in low-risk AF patients.12 However, the impact of LAA 
morphology on TE risk after CA is unknown. 
   Therefore, the main objective of the present study was to examine LAA characteristics in AF 
patients undergoing catheter ablation in order to identify their association with thromboembolic 
events during follow-up, using a case-control study. 

Methods 
   Of 2,069 patients included prospectively (2007-2011) in our institutional AF ablation registry, 
31 (1.5%) had a TE: stroke, transient ischemic attack (TIA) or systemic embolism during follow-
up. Ischemic stroke was a clinical diagnosis based on typical symptoms lasting ≥24 hours. A TIA 
was defined as sudden-onset focal neurological deficit of <24 hours. Systemic embolism was 
defined as TE events that occurred in peripheral organs or extremities. Brain imaging was 
available in the vast majority of patients and other embolic sources (e.g. valvular or vascular) 
were excluded. 
   Peri-interventional events within the first 30 days were excluded, so that the final study 
population comprised 15 (0.7%) patients. Those patients were matched for the CHA2DS2-VASc 
criteria with 115 TE-free patients and CT (n=120) or MRI (n=10) data were compared. Renal 
function was assessed by the estimated glomerular filtration rate (eGFR) using the Cockroft-
Gault equation. AF type and oral anticoagulation were defined and used according to current 
guidelines. All patients gave written informed consent according to the Declaration of Helsinki. 
Table 1 shows the patients’ characteristics.  
 
Computed tomography 
Cardiac-CT was performed with a multidetector 64-row helical system (Brilliance 64, Philips 
Medical Systems, The Netherlands). Image acquisition was electrogram-gated when possible and 
the parameters included: 70-120 KV, 850 mAs, 0.6 mm beam collimation, 0.625-1.25 mm 
thickness and 20-30 cm field-of-view. During an end-inspiratory breath-hold of 20 seconds, and 
following a timing bolus-chase injection (20 mL, 5 mL/s), 90 mL of an iodinated contrast 
medium (Ultravist 370, Bayer Vital, Germany) was administered. Finally end-systolic imaging 
data were used for three-dimensional (3D) reconstruction.  
 
Magnetic resonance imaging 
   Contrast-enhanced MRI of the LA was performed with a 1.5T MRI scanner (Intera CV, Philips 
Healthcare, Best, the Netherlands) and a 5-channel phased array surface cardiac coil. After bolus 
tracking technique with gadopentetate dimeglumine (0.2 mmol/kg/body weight, Magnevist, 
Bayer HealthCare Pharmaceuticals, Berlin, Germany) images of 8 mm thickness were acquired. 
Breath hold standard cine steady-state free precession sequences in short-axis 4-chamber view 
were acquired covering the whole heart gapless from the apex to the base. To provide T1-
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weighting and minimize artifacts, echo time was 1.8 ms, repetition time 3.6 ms, flip angle 15-20° 
and in-plane resolution was 1.7×1.8 mm. Electrocardiogram-gating was used when possible. 
 
LAA measurements and classification 
   Imaging data were reviewed using multiplanar 3D reconstruction in a specialized processing 
software (EnSite Verismo, SJM, MN). LAA volume, ostium-diameters (antero-posterior and 
supero-inefrior) and total length (adjusted for bends) were measured. The takeoff of the superior 
or inferior LAA edge in relation (higher or lower) to the respective superior takeoff of the 
adjacent pulmonary vein (PV) was determined similarly to a previously described method 
(Figure 2.1).7, 12 Two physicians experienced with cardiac imaging and blinded to the clinical 
data, analyzed LAA morphology. In case of disagreement, a decision was made based on 
common consent with a third expert physician.  
   The LAA morphology was classified as previously defined (Figure 2.2):8  
1. The Cactus LAA, with a dominant central lobe and secondary lobes extending in both superior 
and inferior directions. 
2. The Chicken-Wing LAA, with an obvious bend of the dominant lobe, or folding back on itself 
at some distance from the ostium, with or without secondary lobes. 
3. The Windsock LAA, with a dominant lobe of sufficient length as the primary structure. 
Variations of this type with different location and number of smaller secondary or tertiary lobes 
were included here.  
4. The Cauliflower LAA, with limited overall length and more complex internal characteristics. 
Variations of ostium and a variable number of lobes, without a dominant lobe, fall into this type. 
 

 
 
Figure 2.1. Classification of the “takeoff” a. of the superior LAA ostium in relation to the left 
superior pulmonary vein (PV) and b. the inferior LAA portion in relation to the left inferior PV. 
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Figure 2.2. LAA morphologies classified as previously described: a. Cactus, b. Chicken-Wing, c. 
Windsock and d. Cauliflower LAA. 
 
Ablation procedure and follow-up 
   Catheter ablation was performed as previously described.13 Trans-oesophageal 
echocardiography was used to exclude LAA thrombi and register outflow profiles (5-10 cycles) 
together with the heart rate. Transseptal access and catheter navigation were performed with a 
steerable sheath (Agilis, St. Jude Medical, St. Paul, MN, USA) and electroanatomic mapping 
systems (EnSite™ NavXTM, St. Jude Medical; or CARTOTM, Biosense Webster, Diamond Bar, 
CA, USA), after integration of CT image datasets. All patients received circumferential ablation 
lines around the antrum of the ipsilateral pulmonary veins (irrigated tip catheter, temperature of 
≤48°C, power of 30-45W). Complete pulmonary vein isolation was verified with a multipolar 
circular mapping catheter. In patients with persistent AF, additional linear lesions were added 
between the circular lesions, at the mitral isthmus and the posterior LA wall to create a “box” 
lesion. 
   Rhythm follow-up was performed with repeated 7-day-holter ECG recordings (Lifecard CF, 
Delmar-Reynolds Medical Inc, Irvine, CA, USA) immediately after the procedure and during 6, 
12, 24 and 36 months of follow-up. Patients with symptomatic episodes were encouraged to refer 
to a physician. Recurrence was defined as any documented atrial tachycardia or fibrillation 
episodes lasting more than 30 seconds. Recurrences within the 3 months blanking period were 
classified as early recurrences. 
   All patients were already on or were placed on anticoagulation with vitamin K antagonists right 
after the ablation procedure and continued the regimen according to CHADS2 or CHA2DS2-
VASc score after 6 months. Class I and III antiarrhythmic drugs were discontinued after the 
ablation procedure and the medication was adapted on an individual basis in case of AF 
recurrence.  
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Statistical analysis 
   Continuous variables are expressed as mean and standard deviation (SD) when normally 
distributed (positive Kolmogorov-Smirnoff test) or as median and interquartile range (IQR). 
Categorical variables are reported as frequencies and percentage. Parametric variables were 
compered by means of paired Student’s t-test and non-parametric variables by Wilcoxon-test or 
chi-square test. Comparison of ≥2 groups was performed with ANOVA analysis and post-hoc 
Bonferoni test for parametric variables and with Kruskal-Wallis test for non-parametric variables. 
Cohen’s kappa (κ) coefficient was used as a statistical measure of inter-rater agreement. A good 
level of agreement was defined as κ>0.61.14 
   To determine independent associations with TE events, logistic regression analysis was 
performed. Variables with a p-value ≤0.1 in univariate analysis were then included in the 
multivariate cox-regression analysis for the determination of hazard ratio (HR) and its 95% 
confidence interval (CI). With the observed 15 events and a 1:7 case-control ratio, a 35% 
difference in LAA morphology distribution (as previously reported)12 was detectable with 80% 
power and P-value <0.05. A two-tailed P-value less than 0.05 was considered statistically 
significant. Analysis was performed with SPSS v20.0 (SPSS Inc., Chicago, USA). 
 
 

Results 
Patient population 
   Study patients (64±10 years, 61% male) were followed regularly for a median time of 24 
months (IQR: 14-38). At the end of follow-up and after 1.4±0.7 ablations, 67% of the patients 
remained in sinus rhythm (cumulative success). The percentage of patients with antiarrhythmic 
drug treatment was similar between the study and the control group (Table 2.1). 
The clinical characteristics of patients with TE during follow-up are shown in Table 2.2. The 
median time to event was 11 (IQR: 6-19) months. All patients with TE were anticoagulated at the 
time of the event. The mean INR for the TE cohort was 1.5±0.5 at discharge and 2.37±0.75 at the 
time of the TE. The rest of the patients without TE during follow-up retained anticoagulation 
throughout the study. There were few patients (5%) with novel anticoagulants equally distributed 
in both groups (Table 2.1). 
   In the entire population, LAA had a volume of 8±4 ml, a length of 36±11 mm and an ostium of 
22±6 mm. The superior LAA-takeoff was higher than the left superior pulmonary vein (LSPV) in 
42% of the patients, and the inferior LAA-takeoff was higher than the left inferior pulmonary 
vein (LIPV) in 56% of the patients. A higher superior LAA-takeoff was associated with a higher 
inferior LAA-takeoff in the total population (44% frequency in combination, p=0.001). 
   The prevalence of Cactus, Chicken-Wing, Windsock, and Cauliflower types was 23%, 20%, 
19%, and 38% respectively. Peripheral vascular disease was more prevalent in patients with a 
Cactus-LAA compared to a non-Cactus-LAA. There were no other significant differences among 
the LAA morphologies in respect to other characteristics (Table 2.3). No statistically significant 
difference was noted in the rates of agreement in classifying LAA morphology (kappa 0.70; 95% 
CI: 0.39-0.92, p<0.001). 
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Table 2.1. Characteristics of 15 patients with thromboembolic events (TE) during follow-up and 
115 event-free patients, matched for the CHA2DS2-VASc score criteria. 
 
 All patients TE after AF ablation  
 (n=130) Yes (n=15) No (n=115) P 
Age, years 64±10 64±11 65±10 0.82 
Female, n (%) 50 (39%) 6 (40%) 44 (38%) 1.00 
Paroxysmal AF, n (%) 66 (51%) 8 (53%) 58 (50%) 1.00 
Persistent AF, n (%) 64 (49%) 7 (47%) 57 (50%) 1.00 
BMI, kg/m2 29±3 28±2 29±3 0.97 
eGFR, ml/min/1.73 m2 89±27 89±28 88±25 0.83 
Hypertension, n (%) 113 (87%) 13 (87%) 100 (87%) 1.00 
Diabetes mellitus, n (%) 37 (29%) 6 (40%) 31 (27%) 0.36 
Prior stroke/TIA, n (%) 31 (26%) 4 (27%) 27 (26%) 1.00 
Coronary artery disease, n (%) 36 (28%) 6 (40%) 30 (26%) 0.36 
Dilated cardiomyopathy, n (%) 10 (8%) 2 (13%) 8 (7%) 0.32 
Heart failure, n (%) 22 (17%) 4 (27%) 18 (16%) 0.47 
Peripheral vascular disease, n (%) 17 (13%) 2 (13%) 15 (13%) 1.00 
CHADS2 score, n 1.9±1.1 2.2±1.0 1.9±1.2 0.35 
CHA2DS2-VASc score, n 2.9±1.3 3.1±1.4 2.9±1.3 0.48 
Novel anticoagulants, n (%) 5 (4%) 1 (6%) 4 (3%) 0.56 
Follow-up time, months (median, IQR) 24 (14-38) 24 (13-37) 24 (14-39) 0.58 
Antiarrhythmic drug use, n (%) 16 (12%) 2 (13%) 14 (12%) 0.82 
Re-ablation, n (%) 32 (25%) 3 (20%) 29 (25%) 0.78 
AF recurrence rate, n (%) 43 (33%) 11 (73%) 32 (28%) 0.001 
Imaging parameters     
   Left ventricular ejection fraction, % 57±10 53±15 58±9 0.28 

Left atrial diameter, mm 44±6 46±5 43±6 0.15 
Left ventricular ed. Diameter, mm 49±8 53±9 48±8 0.042 
Interventricular septum diameter, mm 12±3 11±2 12±3 0.55 

   LAA flow velocity, cm/sec 47±19 39±18 49±21 0.07 
LAA volume, ml 8±4 7±3 8±4 0.35 
LAA length, mm 36±11 37±12 35±11 0.61 
LAA diameter antero-posterior, mm 22±6 21±4 23±6 0.27 
LAA diameter supero-inferior, mm 22±6 22±4 23±6 0.45 
Superior LAA-takeoff over LSPV, n (%) 54 (42%) 12 (80%) 42 (37%) 0.002 
Inferior LAA-takeoff over LIPV, n (%) 73 (56%) 11 (73%) 62 (54%) 0.97 

LAA morphologies    0.90 
Cactus LAA  30 (23%) 4 (27%) 26 (23%)  
Chicken-Wing LAA 26 (20%) 3 (20%) 23 (20%)  
Windsock LAA 25 (19%) 3 (20%) 22 (19%)  
 Cauliflower LAA 49 (38%) 5 (33%) 44 (38%)  

 
BMI= body mass index; eGFR= estimated glomerular filtration rate; LAA= left atrial appendage; 
IQR= interquartile range. 
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Table 2.2. Characteristics of patients with postinterventional thromboembolic (TE) events. 
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#1 Female 32 1 1 80 Stroke 2 Aspirin, 
Clopidogrel, 
LMWH* 

No Yes 

#2 Male 55 1 1 120 Stroke 37 Warfarin No Yes 
#3 Female 54 3 3 69 Stroke 11 LMWH Yes No 
#4 Female 58 4 5 139 Stroke 24 Warfarin Yes Yes 
#5 Male 59 2 2 100 Stroke 16 Warfarin Yes Yes 
#6 Male 64 3 3 124 Stroke 5 Aspirin, 

Clopidogrel 
No Yes 

#7 Male 64 0 0 75 TIA 9 Dabigatran Yes Yes 
#8 Male 66 4 6 59 A. 

� opliteal 
Embolism 

40 Warfarin Yes Yes 

#9 Female 69 3 3 88 TIA 6 Warfarin Yes No 
#10 Female 68 1 1 77 TIA 15 Warfarin Yes Yes 
#11 Male 71 4 4 93 TIA 5 Warfarin Yes Yes 
#12 Male 72 1 1 97 TIA 11 Warfarin Yes No 
#13 Male 74 1 1 58 TIA 3 Warfarin No Yes 
#14 Male 76 2 2 55 Stroke 10 Warfarin Yes Yes 
#15 Female 77 2 2 82 TIA 17 Warfarin Yes Yes 

 

AF= atrial fibrillation, eGFR= estimated glomerular filtration rate, LMWH= low molecular 
weight heparin, OAC= oral anticoagulation, TIA= transient ischemic attack 
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Table 2.3. Characteristics and LAA measurements according to LAA morphology. 
 

 LAA morphology  
 Cactus Chicken-Wing Windsock Cauliflower P 
Patients, n (%) 30 (25%) 26 (20%) 25 (20%) 49 (35%)  
Age, years 67±10 64±10 64±7 63±12 0.60 
Female, n (%) 11 (40%) 9 (38%) 10 (40%) 20 (37%) 0.97 
Paroxysmal atrial fibrillation, n (%) 18 (60%) 12 (46%) 12 (48%) 24 (49%) 0.71 
Persistent atrial fibrillation, n (%) 12 (40%) 14 (54%) 13 (52%) 25 (51%) 0.71 
BMI, kg/m2 28±2 29±3 28±4 29±2 0.46 
eGFR, ml/min/1.73 m2 89±28 88±27 94±26 89±28 0.84 
Hypertension, n (%) 26 (87%) 23 (89%) 23 (92%) 41 (84%) 0.78 
Diabetes mellitus, n (%) 8 (25%) 6 (23%) 9 (35%) 14 (31%) 0.75 
Prior stroke/TIA, n (%) 4 (15%) 6 (26%) 5 (22%) 16 (33%) 0.50 
Stroke/TIA during follow-up, n (%) 4 (13%) 3 (12%) 3 (12%) 5  (10%) 0.98 
Coronary artery disease, n (%) 7 (23%) 10 (39%) 6 (24%) 13 (27%) 0.57 
Dilated cardiomyopathy, n (%) 2 (7%) 2 (8%) 2 (8%) 4 (8%) 0.99 
Heart failure, n (%) 4 (13%) 5 (19%) 7 (28%) 7 (14%) 0.45 
Peripheral vascular disease, n (%) 9 (30%)* 2 (8%) 2 (8%) 4 (9%) 0.03 
CHADS2 score, n 1.8±1.1 1.9±1.1 2.0±1.0 1.9±1.2 0.70 
CHA2DS2-VASc score, n 2.7±1.6 2.8±1.3 2.9±1.2 3.0±1.3 0.76 
Novel anticoagulants, n (%) 1 (3%) 1 (4%) 1 (4%) 2 (4%) 0.77 
Follow-up time, months (median, IQR) 22 (14-36) 25 (13-39) 26 (14-38) 24 (12-37) 0.66 
Antiarrhythmic drug use, n (%) 4 (13%) 4 (15%) 3 (12%) 5 (10%) 0.74 
Re-ablation, n (%) 7 (23%) 6 (24%) 6 (23%) 13 (27%) 0.65 
AF recurrence rate, n (%) 11 (37%) 7 (27%) 10 (40%) 15 (31%) 0.73 
Imaging parameters      
Left ventricular ejection fraction, % 57±10 57±8 54±12 58±10 0.45 
Left atrial diameter, mm 46±5 43±6 44±5 42±7 0.07 
Left ventricular ed. Diameter, mm 48±8 49±6 49±8 50±8 0.81 
Interventricular septum diameter, mm 13±2 11±8 12±2 12±3 0.32 
LAA flow velocity, cm/sec 50±19 47±18 44±18 47±20 0.77 
LAA volume, ml 7±3 9±4 8±4 8±4 0.60 
LAA length, mm 35±6 40±16 35±12 34±9 0.32 
LAA diameter antero-posterior, mm 22±5 27±5 22±5 23±6 0.32 
LAA diameter supero-inferior, mm 22±6 28±6 24±6 23±6 0.26 
Superior LAA-takeoff over LSPV, n (%) 11 (37%) 10 (39%) 13 (52%) 20 (43%) 0.68 
Inferior LAA-takeoff over LIPV, n (%) 17 (57%) 15 (58%) 16 (64%) 25 (51%) 0.38 

 
BMI= body mass index; LAA= left atrial appendage; LSPV= left superior pulmonary vein; 
LIPV= left inferior pulmonary vein; eGFR= estimated glomerular filtration rate; IQR= 
interquartile range, * statistically significant. 
 
LAA characteristics and thromboembolism during follow-up 
   Clinical characteristics and LAA measurements according to the occurrence of a TE are 
presented in Table 2.2. Patients that suffered a TE during follow-up time had a higher AF 
recurrence rate (73% vs. 28%, p=0.001) and a higher incidence of superior LAA-takeoff (i.e. 
higher than the left superior PV; 80% vs. 37%, p=0.002) in comparison to the control group. TE 
during follow-up was thus more prevalent in patients with AF recurrence (26% vs. 4%, p=0.001) 
or a higher superior LAA-takeoff (80% vs. 4%, p=0.002). Further comparison between study and 
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control group revealed a higher left ventricular end-diastolic diameter (53±9 vs. 48±8 mm, 
p=0.042) and a tendency for reduced LAA flow (39±18 vs. 49±21 cm/sec, p=0.07). 
   In contrast, the prevalence of LAA types was similar between the study and the control group: 
27% Cactus, 20% Chicken-Wing, 20% Windsock, 33% Cauliflower vs. 23%, 20%, 19%, 38% 
respectively (p=0.98). No further differences were found in the prevalence of an inferior LAA-
takeoff, clinical TE scores or other LAA measurements.  
   Multivariable analysis including AF recurrence, superior takeoff of LAA, LAA flow and left 
ventricular end-diastolic diameter in a forward, stepwise model, showed that patients with TE 
after CA were more likely to have AF recurrence (HR: 6.2, 95% CI: 2.0-19.6, p=0.002) and 
superior LAA takeoff (HR: 4.9, 95% CI: 1.4-17.4, p=0.014). In sub-analysis of patients with AF 
recurrence during follow-up, a superior LAA-takeoff was more prevalent in TE patients (82% vs. 
28%, p=0.004) and thus independently associated with a higher risk of an embolic event (HR: 
5.6, 95% CI: 1.2-25.7, p=0.029). Analysis of the relationship between heart rate and LAA flow 
(Figure 2.3) revealed a negative correlation (r=-0.22 cm/s pro bpm, p=0.016), that was more 
pronounced for the superior LAA takeoff (r=-0.28, p=0.045) and did not reach statistical 
significance for the lower LAA takeoff (r=-0.18, p=0.141). 
 

 

Figure 2.3. Correlation between heart rate and left atrial appendage (LAA) flow in patients with 
higher (blue: r=-0.28, p=0.045) and lower (green: r=-0.18, p=0.141) superior takeoff. 
 

Discussion 
Main findings  
   This study illuminates the role of AF recurrence and the LAA anatomy for TE after AF catheter 
ablation by comparing two CHA2DS2-VASc matched patient-groups, which were closely 
followed over a median period of 24 months. We found that the occurrence of a TE after AF-CA 
is associated with AF recurrence and a higher position of the superior LAA-takeoff, above the 
respective left superior pulmonary vein (LSPV). The thromboembolic risk during follow-up 
increases six times if the patient experiences an AF recurrence and almost five times if the LAA 
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has a superior takeoff over the LSPV. In patients with AF recurrence, superior LAA takeoff 
means almost six-fold higher TE risk. In contrast, LAA morphology was not associated with TE 
after AF ablation.  
 
TE predictors after AF ablation  
   Thromboembolic risk is significantly reduced in AF patients undergoing an ablation procedure, 
but still remains a significant clinical issue.15, 16 Previous studies have identified CHADS or 
CHA2DS2-VASc scores,17-19 and AF recurrence19, 20 as predictors of embolic events after AF 
ablation. This study aimed to eliminate the effect of CHA2DS2-VASc factors in order to clarify 
the role of rhythm maintenance and LAA anatomy for TE after AF ablation. 
 
AF recurrence 
   The results of this and previous studies indicate that AF recurrence is independently associated 
with embolic events after AF ablation.19, 20 We found that in this case, AF reappearance was 
associated with a six times higher embolic risk. This highlights the importance of sinus rhythm 
maintenance and the significant role of AF in thrombogenesis, despite the continuation of 
anticoagulation. Considering these results, patients with AF recurrence after an ablative 
procedure must be followed very closely for adequate anticoagulation and timely recognition or 
treatment of TE. 
 
Anatomical and functional aspects 
   Embolic events in AF patients derive mainly from reduced blood flow and thrombus formation 
in LAA that could be prevented by anticoagulation or obliteration.3-5 In accordance with previous 
studies, we found that an increased heart rate reduces the LAA peak flow velocity and promotes 
blood stasis.21, 22 However, we found that this mechanism is more pronounced in patients with a 
higher LAA takeoff, remote to the mitral valve. Therefore, this kind of LAA anatomy is 
susceptible to thrombogenic flow during increased heart rate. A possible explanation of this 
observation would be a strong dependence of the hemodynamic LAA profile on the distance from 
the mitral annulus and the underlying arrhythmia and deserves further investigation. Our findings 
imply a possible tachycardia-mediated thrombogenic risk for these patients that can be assessed 
by LAA location (Figure 2.4). 
   Previous studies have associated a larger LAA23-25 or a narrow ostium11, 26 with an increased 
thromboembolic risk in AF patients. In our patient cohort though, there was no significant 
correlation between LAA dimensions and TE after CA (Table 1). Similarly, three recent studies 
found no significant correlation between LAA size and the prevalence of TE prior to CA.8, 10, 12 
Recently, the morphology of non-Chicken-Wing LAA8 or Cauliflower-LAA have been related 
with an increased thromboembolic risk.10-12 In our study though, LAA morphology was not 
associated with embolic events after AF-CA. A possible explanation may be the difference of the 
analyzed patients. In comparison to the study of Di Biase et al.,8 patients in our cohort had a 
higher prevalence of prior TE (26% vs. 8%) along with higher CHADS2 score (≥2: 79% vs. 14%) 
and a higher prevalence of non-Chicken-Wing LAA (80% vs. 52%). In comparison to the study 
of Kimura et al.,12 patients in our cohort had also a higher CHADS2 score (≥2: 79% vs. 13%) and 
a higher prevalence of non-Chicken-Wing LAA (80% vs. 60%). In fact, since the prevalence of 
non-Chicken-Wing morphology was higher in our patient population, our findings could support 
the observation that these patients have increased embolic risk as expressed by clinical risk-
scores. However, when it comes to post-interventional thromboembolic risk, we found that it is 
not the LAA morphology but a tachycardia-mediated thrombogenic flow of a higher LAA take 
off that matters. 



 24 

 
 

Figure 2.4. Example of a. a low and b. a high superior LAA takeoff in relation to the pulmonary 
vein. A higher takeoff is associated with reduced LAA flow (blue arrow) on higher heart rates. 
 
   Indeed, TE was more prevalent in patients with a higher LAA-takeoff. After adjusting for 
confounding factors, follow-up time and AF recurrence, a higher LAA-takeoff was independently 
associated with thromboembolism after AF ablation. To date, there are no further data correlating 
the various LAA positions with TE risk in patients with AF. A thorough examination of LAA 
anatomy in relation to flow-velocity and heart rate in previous studies might have drawn a 
different picture. Our results though reveal a tachycardia-associated thrombogenic flow as a 
possible pathophysiological mechanism for the increased TE risk of a higher LAA position. Since 
LAA orientation increases TE risk especially in case of a tachyarrhythmic recurrence, these 
patients warrant a closer follow-up for appropriate therapy adjustment and timely AF treatment. 

Limitations 
   The present study is a single-center study with the inherent limitations of a post-hoc analysis. 
Imaging was based mainly on CT and MRI use was similar between groups (7% vs. 8%, p=0.8), 
so that imaging bias was limited. The incidence of manifested events was low and silent cerebral 
strokes were not examined. However, patients had meticulous medical records and were followed 
closely, allowing the collection of fairly complete data. In addition, our data refer to a selected 
population of patients undergoing AF ablation and further studies are needed to prove if these 
findings can be extended to other AF patients undergoing a different rhythm maintaining therapy. 
We were not able to retrieve the quality of anticoagulation in terms of individual time spent 
within target range. We included though a homogenous patient cohort, the majority of which 
were treated with vitamin K antagonists throughout the study. The limited use of novel 
anticoagulants in this study prohibits analysing their effect on TE. AF recurrence is not a baseline 
characteristic and the analysis implies a novel mechanistic insight rather than a predictive value. 
Despite these limitations, statistical relation between embolic risk, AF recurrence and LAA 
position remains significant and reveals a plausible association. Therefore, future studies 
assessing TE risk in AF patients should evaluate both LAA position and flow velocity in relation 
to heart rate, in order to examine the effect of a higher LAA takeoff. 
 

Conclusion 
   Atrial fibrillation recurrence and higher takeoff of the left atrial appendage are associated with 
thromboembolic risk after catheter ablation, while LAA morphology is not. If confirmed, these 
findings may have implications for an appropriate post-ablation clinical and anticoagulation 
management. 
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Abstract 

 
Background:  
   In patients with atrial fibrillation (AF), LAA morphology has been suggested to modify 
thromboembolic event (TE) risk. We tested the hypothesis that TE in low-risk patients is 
associated with LAA characteristics. 
 
Methods:  
   Of 2069 patients who underwent AF ablation, 25 (1.2%) had a prior TE and a low CHA2DS2-
VASc score (≤1). Those patients were matched for the CHA2DS2-VASc criteria with 75 
event-free patients and CT data were compared. LAA measurements, morphology (Cactus, 
Chicken-Wing, Windsock, Cauliflower) and takeoff of the superior and inferior edge in relation 
(higher or lower) to the respective takeoff of the adjacent pulmonary vein (PV) were determined.  
LAA flow in relation to heart rate was also compared. 
 
Results:  
   Univariate analysis showed that TE-patients had a higher incidence of superior LAA takeoff 
(i.e. higher than the left superior PV; 28% vs. 4%, p=0.002) and a higher incidence of 
hyperlipidemia (40% vs. 17%, p=0.028), while LAA morphologies, inferior takeoff and other 
LAA characteristics were similar between groups. Logistic regression revealed that a superior 
LAA takeoff (OR: 9.1, 95% CI: 2.1 to 38.6, p=0.003) was the only independent predictor of TE. 
There was a negative correlation between heart rate and LAA flow (r=-0.2 cm/s pro bpm, 
p=0.048), that was even more pronounced for the superior LAA takeoff (r=-0.67 cm/s pro bpm, 
p=0.035).  
 
Conclusion:  
   A higher LAA takeoff is associated with a tachycardia-mediated thrombogenic flow and an 
increased thromboembolic risk. These findings may have implications for anticoagulation 
management of AF patients with low CHA2DS2-VASc scores and higher LAA takeoff. 
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Introduction 
   Atrial fibrillation (AF) is one of the most common causes of cardiogenic strokes, associated 
with an enormous health and economic burden. AF associated strokes are usually severe and 
confer an increased risk of morbidity and poor functional outcome. Validated stratification 
models, like CHADS2 and CHA2DS2-VASc score, have helped identify individuals with high risk 
and guide anticoagulation therapy.1, 2 However, stratification and anticoagulation of low-risk 
patients remains a hurdle. 
   The left atrial appendage (LAA) is regarded as the primary source of thrombus formation, but is 
not included in the above stratification models. Di Biase et al.3 reported 4 different LAA 
morphologies (Cactus, Chicken-Wing, Windsock, Cauliflower) and found that the non-Chicken-
Wing morphology is associated with a 3-fold risk of prior thromboembolic event (TE). Recent 
data have supplemented these findings, revealed the significance of LAA orientation for TE after 
AF ablation and found LAA anatomy useful for TE prediction in patients with low CHADS2 
score.4-8 In clinical use though, the CHA2DS2-VASc score that gives a better low-risk 
stratification has superseded the CHADS2 score.2 Therefore, the role of LAA anatomy in patients 
with low CHA2DS2-VASc scores remains to be clarified. 
   The main objective of the present study was to analyze the morphology and other LAA 
characteristics in AF patients with low CHA2DS2-VASc score (≤1) in order to identify their 
association with prior thromboembolic events, using a case-control study.  
 

Methods 
   Of 2,069 patients included prospectively between 2007 and 2011 in our institutional AF 
catheter ablation registry, 25 (1.2%) had a prior TE (12 strokes, 13 transient ischemic attacks) 
and a low CHA2DS2-VASc score at the time of the event. Ischemic stroke was a clinical 
diagnosis based on typical symptoms lasting ≥24 hours. A transient schemic attack was defined 
as a sudden-onset focal neurological deficit of <24 hours’ duration. Brain imaging was available 
in the vast majority of patients, and other embolic sources (eg, valvular or vascular) were 
excluded. Those patients were matched (1:3) for the CHA2DS2-VASc criteria with 75 event-free 
patients and CT data were compared. There were no patients with significant kidney disease. All 
patients gave written informed consent according to the Declaration of Helsinki and the 
institutional research committee approved the study. AF type and oral anticoagulation were 
defined and used according to current guidelines. Table 1 summarizes the characteristics of the 
patients. 

Echocardiographic measurements  
   Transthoracic echocardiography was performed before ablation (2±1 days) at a designated 
laboratory (Vivid-9 General Electric Vingmed, Milwaukee, WI) by a team of certified 
echocardiographers. Transesophageal echocardiography was performed on fasting patients after 
sedation with midazolam when necessary. A longitudinal section of the LAA was imaged by 
systematic multiplane views (30-90°). The Doppler sample volume was placed in the proximal 
third of the LAA for measurement of the end-diastolic outflow velocity. The outflow profiles 
were recorded and the values of 3 cycles were averaged and heart rate during LAA flow 
measurement was registered. Antiarrhythmic drugs (except amiodarone and beta-blocker) were 
withheld from all patients two days prior to AF ablation.  
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Computed tomography 
   Cardiac-CT was performed with a multidetector 64-row helical system (Brilliance 64, Philips 
Medical Systems, Best, The Netherlands). Image acquisition was electrogram-gated when 
possible and the parameters included: 70-120 KV, 850 mAs, 0.6 mm beam collimation, 0.625-
1.25 mm thickness and 20-30 cm field-of-view. During an end-inspiratory breath-hold of 20 
seconds, and following a timing bolus-chase injection (20 mL, 5 mL/s), 90 mL of an iodinated 
contrast medium (Ultravist 370, Bayer Vital, Cologne, Germany) was administered. Finally end-
systolic imaging data were used for three-dimensional (3D) reconstruction.  
 
LAA measurements and classification 
   CT data were reviewed using 3D volume rendering (EnSite Verismo, SJM, MN). LAA volume, 
ostium-diameters (antero-posterior and supero-inferior) and total length (adjusted for bends) were 
measured. Ostium surface area and circumference were then calculated. The takeoff of the 
superior and inferior LAA edge in relation (higher or lower) to the respective superior takeoff of 
the adjacent pulmonary vein (PV) was determined similarly to a previously described method 
(see Figure 2.1) on a standardized postero-anterior view.9 Two physicians experienced with 
imaging and blinded to the data of the patients, analyzed LAA morphology. In case of 
disagreement, a third expert physician was consulted and a decision was made based on common 
consent. The LAA (see Figure 2.1) was classified as previously described.3 
1. The Cactus LAA, with a dominant central lobe and secondary lobes extending in superior and 
inferior directions.  
2. The Chicken-Wing LAA, with an obvious bend of the dominant lobe, or folding back of the 
anatomy on itself, with or without secondary lobes. 
3. The Windsock LAA, with a dominant lobe of sufficient length as the primary structure. 
Variations of this type location and number of smaller lobes were included here.  
4. The Cauliflower LAA, with limited overall length and more complex internal characteristics. 
Variations of ostium and a variable number of lobes, without a dominant lobe, fall into this type. 
 
Statistical analysis 
   Continuous variables are expressed as mean and standard deviation (SD) when normally 
distributed (positive Kolmogorov-Smirnoff test). Categorical variables are reported as 
frequencies and percentage. Parametric variables were compared by means of paired Student’s t-
test and non-parametric variables by Wilcoxon-test or chi-square test. Comparison of more than 
two groups was performed with ANOVA analysis and post-hoc Bonferoni test for parametric 
variables and with Kruskal-Wallis test for non-parametric variables. Cohen's κ coefficient was 
used as a statistical measure of inter-rater agreement and a good level was defined as κ>0.61. 
To determine independent associations with TE events, univariate logistic regression analysis 
was performed. Variables with a p-value ≤0.1 were then included in the multivariate analysis for 
the determination of odds ratio (OR) and its 95% confidence intervals (CI).  With the observed 25 
events and a 1:3 case-control ratio, a 35% difference in LAA morphology distribution (as 
reported previously)5 was detectable with 75% power and p-value <0.05. A two-tailed p≤0.05 
was considered statistically significant. Analysis was performed with SPSS v20.0 (SPSS Inc., 
Chicago, USA). 
 

Results 
 
Patient population 
   Clinical characteristics and LAA measurements are summarized in Table 3.1.  
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Table 3.1. Characteristics of 25 patients with low CHA2DS2-VASc score (≤1) at the time of a 
prior thromboembolic event and 75 matched event-free patients as control group. 
 

 Total Prior TE Control P 
Patients, n 100 25 75 NA 
Age, years 55±9 57±9 55±9 1.00 
Age >65, n (%) 15 (15) 4 (16) 11 (15) 0.55 
Female, n (%) 12 (12) 3 (12) 9 (12) 1.00 
Paroxysmal AF, n (%) 69 (69) 18 (72) 51 (68) 1.00 
Persistent AF, n (%) 31 (31) 7 (28) 24 (32)  
BMI, kg/m2 27±7 27±6 27±9 0.97 
Hypertension, n (%) 46 (46) 11 (44) 35 (47) 1.00 
Coronary artery disease, n (%) 2 (2) 0 2 (3) 1.00 
Peripheral vascular disease, n (%) 3 (3) 0 3 (4) 0.57 
Hyperlipidemia, n (%) 23 (23) 10 (40%) 13 (17) 0.028 
CHADS2 score, n 0.45±0.5 0.44±0.5 0.47±0.5 0.35 
CHA2DS2-VASc score, n 0.76±0.43 0.72±0.46 0.77±0.42 0.59 
Echocardiography     
   Left ventricular ejection fraction, % 60±7 60±8 60±7 0.68 
   Left ventricular ed. Diameter, mm 48±6 49±6 48±6 0.35 

Interventricular septum diameter, mm 12±2 12±2 11±1 0.11 
Left atrial diameter, mm 41±3 44±6 42±8 0.18 
Mitral valve regurgitation 1-2°, n (%) 59 (59) 49 (65) 15 (60) 0.58 
Aortic valve regurgitation 1-2°, n (%) 17 (17) 13 (17) 4 (16) 0.19 
Aortic valve stenosis 1-2°, n (%) 2 (2) 2 (8) 0 0.06 
LAA flow, cm/sec 55±20 50±17 56±21 0.92 
Heart rate by flow measurement, bpm 77±23 78±29 77±21 0.93 
Spontaneous echo contrast, n (%) 1 (1) 1 (4) 0 0.25 
Sinus rhythm during TEE, n (%) 46 (46) 14 (56) 32 (43) 0.26 
Anticoagulation during TEE, n (%) 72 (72) 25 (100) 47 (63) 0.14 

Imaging parameters     
Left atrial volume, ml 129±43 132±50 127±43 0.63 
LAA volume, ml 8±4 9±5 8±3 0.24 
LAA length, mm 43±15 45±12 42±15 0.42 
LAA diameter antero-posterior, mm 19±4 20±5 19±4 0.29 
LAA diameter supero-inferior, mm 22±6 21±7 22±5 0.57 
LAA ostium circumference, mm 65±15 65±16 65±14 0.98 
LAA ostium area, cm2 0.35±0.16 0.35±0.18 0.35±0.15 0.94 
Superior LAA-takeoff over LSPV, n (%) 10 (10) 7 (28) 3 (4) 0.002 
Inferior LAA-takeoff over LIPV, n (%) 43 (43) 9 (36) 34 (75) 0.49 

LAA morphologies, n (%)    0.97 
Cactus LAA  18 (18) 5 (16) 13 (17)  

   Chicken-Wing LAA 32 (32) 6 (32) 26 (35)  
 Windsock LAA 10 (10) 3 (8) 7 (9)  
 Cauliflower LAA 40 (40) 11 (44) 29 (39)  

 

BMI=body mass index; LAA=left atrial appendage; LSPV=left superior/LIPV=left inferior pulmonary vein 
 
   Patients were of 55±9 years with low TE scores. No patient had an age ≥75 years, heart failure, 
diabetes, a stroke or a transient ischemic attack. The superior LAA-takeoff was higher than the 
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left superior pulmonary vein (LSPV) in 10% of the patients, and the inferior LAA-takeoff was 
higher than the left inferior pulmonary vein (LIPV) in 43% of the patients (Table 3.2).  
 
Table 3.2. Characteristics and measurements according to superior LAA takeoff. 
 

Superior LAA-takeoff in relation to LSPV Higher Lower P 
Patients, n 10 90 NA 
Age, years 56±9 55±9 0.67 
Age >65, n (%) 1 (10) 14 (16) 0.54 
Female, n (%) 1 (10) 11 (12) 1.00 
Paroxysmal AF, n (%) 10 (100) 59 (66) 0.09 
Persistent AF, n (%) 0 30 (34)  
BMI, kg/m2 27±6 27±9 0.97 
Hypertension, n (%) 6 (60) 40 (44) 0.50 
Prior stroke/TIA, n (%) 7 (70) 18 (20) 0.002 
Coronary artery disease, n (%) 0 2 (1) 1.00 
Peripheral vascular disease, n (%) 0 3 (3) 1.00 
Hyperlipidemia, n (%) 4 (40) 19 (21) 0.23 
CHADS2 score, n 0.60±0.5 0.44±0.5 0.35 
CHA2DS2-VASc score, n 0.80±0.42 0.76±0.43 0.76 
Echocardiography    
   Left ventricular ejection fraction, % 59±10 60±7 0.73 
   Left ventricular ed. diameter, mm 47±3 48±6 0.72 

Interventricular septum diameter, mm 13±2 12±1 0.42 
Left atrial diameter, mm 41±3 43±7 0.55 
Mitral valve regurgitation 1-2°, n (%) 8 (80) 56 (63) 0.48 
Aortic valve regurgitation 1-2°, n (%) 3 (30) 14 (16) 0.44 
Aortic valve stenosis 1-2°, n (%) 1 (10) 1 (1) 0.19 
LAA flow, cm/sec 51±15 55±21 0.60 
Heart rate by flow measurement, bpm 66±21 78±23 0.12 
Spontaneous echo contrast, n (%) 1 (10) 0 0.10 
Sinus rhythm during TEE, n (%) 7 (70) 39 (43) 0.06 
Anticoagulation during TEE, n (%) 8 (80) 59 (66) 0.49 

Imaging parameters    
Left atrial volume, ml 131±35 129±44 0.89 
LAA volume, ml 10±5 8±4 0.17 
LAA length, mm 38±12 43±15 0.27 
LAA diameter antero-posterior, mm 18±4 19±4 0.28 
LAA diameter supero-inferior, mm 22±5 22±6 0.78 
LAA ostium circumference, mm 68±18 65±14 0.48 
LAA ostium area, cm2 0.39±0.22 0.34±0.15 0.42 
Inferior LAA-takeoff over LIPV, n (%) 9 (90)* 34 (38%) 0.002 

LAA morphologies   0.04 
Cactus LAA  1 (10) 17 (19)  

   Chicken-Wing LAA 0 (0)* 32 (36)  
Windsock LAA 1 (10) 9 (10)  
Cauliflower LAA 8 (80)* 32 (36)  

 

BMI=body mass index; LAA=left atrial appendage; LSPV=left superior/LIPV=left inferior pulmonary vein, 
*statistically significant. 



 33 

   A higher superior LAA-takeoff was more prevalent in patients with Cauliflower LAA (80% vs. 
36%, p=0.04) and was associated with an inferior LAA-takeoff over the LIPV (90% vs. 38%, 
p=0.002). Therefore a higher ostium was more common in patients with Cauliflower LAA.  
Table 3.2 shows the prevalence of different LAA morphology types. Patients with Cactus LAA 
had greater LA volume (157±65 vs. 123±35 ml, p=0.047) and higher incidence of persistent AF 
(61% vs. 23%, p=0.005). Patients with Chicken-Wing LAA had significantly longer LAA (56±16 
vs. 37±9 mm, p<0.001). Patients with Cauliflower LAA were younger (51±10 vs. 58±8 years, 
p=0.012), had a higher incidence of higher superior takeoff (20% vs. 3%, p=0.01) and greater 
LAA volume (9±4 vs. 7±3 ml, p=0.001). LAA flow was higher (63±21 vs. 49±18 cm/s, p<0.001) 
and heart rate was lower (71±21 vs. 82±24 bpm, p=0.02) in those patients (Table 3.3).  
 

Table 3.3. Characteristics and measurements according to LAA morphology. 
 

LAA morphology Cactus Chicken-Wing Windsock Cauliflower p 
Patients, n (%) 18 32 10 40  
Age, years 57±6 57±9 61±7 51±10* 0.005 
Age >65, n (%) 2 (11) 5 (16) 4 (40) 4 (10) 0.12 
Female, n (%) 1 (6) 6 (19) 1 (11) 4 (10) 0.52 
Paroxysmal atrial fibrillation, n (%) 7 (39) 25 (78) 6 (67) 31 (76) 0.038 
Persistent atrial fibrillation, n (%) 11 (61)* 7 (22) 3 (33) 9 (23) 0.03 
BMI, kg/m2 27±6 27±8 27±7 27±9 0.46 
Hypertension, n (%) 12 (67) 11 (34) 4 (40) 19 (48) 0.17 
Prior stroke/TIA, n (%) 5 (28) 6 (19) 3 (30) 11 (28) 0.79 
Coronary artery disease, n (%) 0 2 (6) 0 0 0.23 
Peripheral vascular disease, n (%) 0 3 (9) 0 0 0.09 
CHADS2 score, n 0.8±0.4 0.8±0.4 0.9±0.3 0.7±0.5 0.17 
CHA2DS2-VASc score, n 0.7±0.5 0.3±0.5 0.4±0.5 0.5±0.5 0.36 
Echocardiography      
Left ventricular ejection fraction, % 60±10 60±6 59±5 60±7 0.96 
Left ventricular ed. diameter, mm 50±6 46±6 44±6 42±6 0.81 
Interventricular septum diameter, mm 13±3 12±2 12±1 12±1 0.49 
Left atrial diameter, mm 42±11 41±5 44±6 42±6 0.94 
Mitral valve regurgitation 1-2°, n (%) 10 (56) 24 (75) 6 (60) 24 (60) 0.35 
Aortic valve regurgitation 1-2°, n (%) 2 (11) 9 (28) 1 (10) 5 (13) 0.38 
Aortic valve stenosis 1-2°, n (%) 0 0 1 (10) 1 (3) .24 
LAA flow, cm/sec 48±18 49±19 49±19 63±21* 0.004 
Heart rate by flow measurement, bpm 89±25 81±24 69±17* 71±21* 0.014 
Spontaneous echo contrast, n (%) 0 0 0 1 (3) 0.67 
Sinus rhythm during examination, n (%) 3 (17) * 15 (47) 6 (60) 22 (55) 0.04 
Anticoagulation during TEE, n (%) 15 (83) 19 (59) 9 (90) 24 (60) 0.10 
Imaging parameters      
Left atrial volume, ml 157±65* 124±32 134±43 119±35 0.017 
LAA volume, ml 6±3 8±3 6±3 9±4* 0.005 
LAA length, mm 32±10 56±16* 35±6 39±8 <0.001 
LAA diameter antero-posterior, mm 21±4 20±4 18±4 19±5 0.32 
LAA diameter supero-inferior, mm 23±6 22±5 20±5 23±6 0.26 
LAA ostium circumference, mm 63±15 66±14 72±22 63±12 0.14 
LAA ostium area, cm2 0.32±0.15 0.36±0.15 0.45±0.28 0.35±0.16 0.27 
Superior LAA-takeoff over LSPV, n (%) 1 (6) 0 1 (10) 8 (20)* 0.04 
Inferior LAA-takeoff over LIPV, n (%) 6 (33) 12 (38) 3 (30) 22 (55) 0.25 

 

BMI = body mass index; LAA = left atrial appendage; LSPV=left superior/LIPV=left inferior pulmonary vein, 
*statistically significant. 
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The rate of agreement in LAA classification was good (kappa=0.7; 95% CI: 0.39-0.92, p<0.001). 
 
LAA characteristics and thromboembolic risk 
   Detailed characteristics of the TE patients are presented in Table 3.4. At the TE time, 17 (68%) 
patients had no anticoagulation, 3 (12%) were on aspirin, 2 (8%) on warfarin, 1 (4%) in both 
warfarin and aspirin and 1 (4%) on clopidogrel. Palpitations or AF were already known in 16 
(64%) of the patients, 6 (24%) patients were diagnosed with AF at the time of the event and 2 
(8%) afterwards. 
 
Table 3.4. Clinical characteristics, palpitations and atrial fibrillation history (in months) as well 
as previous cardioversions and anticoagulation status of the patients at the time of the 
thromboembolic event, in relation to the superior LAA takeoff. AF burden was calculated 
according to the history of the patient as low (short but frequent episodes, up to several minutes), 
moderate (longer episodes up to several hours) or high (≥48 hours duration).  
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#1 Male 57 0 0 60 0 Low - Stroke None Low 
#2 Male 51 0 0 160 48 High 5 2xTIA Aspirin Low 
#3 Female 64 0 1 106 106 Moderate - 2xTIA Clopidogrel High 
#4 Female 45 0 1 - -* High - Stroke None Low 
#5 Male 57 1 1 0 0 High - Stroke None High 
#6 Male 53 1 1 24 12 High 3 TIA Warfarin Low 
#7 Male 69 0 1 72 24 Moderate - TIA Aspirin Low 
#8 Male 63 0 0 12 0 High - Stroke None Low 
#9 Male 59 1 1 0 0 Moderate - TIA None Low 
#10 Male 55 1 1 24 18 Moderate - TIA Aspirin Low 
#11 Male 47 1 1 84 84 Moderate - Stroke None High 
#12 Male 67 0 1 0 0 Moderate - TIA None Low 
#13 Male 55 1 1 - -* Moderate - Stroke None Low 
#14 Female 61 0 1 2 2 High - TIA Warfarin Low 
#15 Male 45 0 0 - 0 NA - TIA None Low 
#16 Male 52 1 1 NA NA NA - TIA NA Low 
#17 Male 55 1 1 12 0 Moderate - Stroke None Low 
#18 Male 51 0 0 0 0 Moderate - Stroke None High 
#19 Male 64 1 1 - 0 High - Stroke None High 

#20 Male 69 0 1 48 48 High 1 TIA Aspirin, 
Warfarin High 

#21 Male 62 0 0 - 36 High 3 TIA None High 
#22 Male 70 0 1 12 36 Moderate - TIA None Low 
#23 Male 56 1 1 84 12 Moderate - Stroke None Low 
#24 Male 54 1 1 60 70 High - TIA None Low 
#25 Male 33 0 0 - 62 High 9 Stroke None Low 

 

AF= atrial fibrillation; CV= cardioversion; OAC= oral anticoagulation; TE= thromboembolic 
event; TIA= transient ischemic attack, * first AF diagnosis after the TE. 
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   Patients with prior TE are compared with the control group in Table 3.1. Patients with a prior 
TE had a higher incidence of superior LAA takeoff (28% vs. 4%, p=0.002), higher incidence of 
hyperlipidemia (40% vs. 17%, p=0.028) and a tendency for higher incidence of aortic valve 
stenosis (8% vs. 0%, p=0.06). Spontaneous echo contrast was present in one patient with a prior 
TE and a higher LAA takeoff. The prevalence of LAA types was similar between groups and no 
further differences were found in other LAA measurements or clinical characteristics.  
Multivariable analysis including superior LAA-takeoff, hyperlipidaemia and aortic valve stenosis 
in a forward, stepwise model, showed that a high superior LAA-takeoff (OR: 9.1, 95% CI: 2.1 to 
38.6, p=0.003) was the only independent predictor of thromboembolic events. Adjusting for LA 
size, rhythm or anticoagulation status during the TEE examination did not significantly change 
the above results. Analysis of the relationship between heart rate and LAA flow (Figure 3.1) 
revealed a negative correlation (r=-0.2 cm/s pro bpm, p=0.048) that was even more pronounced 
for the superior LAA takeoff (r=-0.67 cm/s pro bpm, p=0.035), but not significant for the inferior 
LAA takeoff (r=-0.18, p=0.1). 
 

 
 
Figure 3.1. Correlation between heart rate and left atrial appendage (LAA) flow in patients A. 
with (blue) or without (green) previous stroke and B. higher (blue) or lower (green) superior 
takeoff. 
 

Discussion 
Main findings 
   This study illuminates the role of the left atrial appendage in the occurrence of thromboembolic 
events in patients with low CHA2DS2-VASc score (≤1). Systematic analysis of the characteristics 
and quantitative parameters of LAA in low-risk patients with and without TE allowed us to 
carefully assess the impact of LAA anatomy. Despite the limitations of this small case-control 
study, we found that a high superior LAA-takeoff is associated with a nine-fold higher risk of 
thrombogenesis. Therefore the LAA anatomy might be useful for predicting strokes and guide 
anticoagulation management of patients with AF and low CHA2DS2-VASc score.  
 
Clinical implications 
   Currently anticoagulation therapy for TE prevention is based on validated clinical scores like 
CHADS2 and CHA2DS2-VASc. Although the last one has refined differentiation of low-risk 
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patients, severe and disabling TEs still remain a problem for relatively young and healthy 
patients. Most of the patients (n=17, 68%) had no anticoagulation at the TE time, although half of 
them (n=9, 53%) had a CHADS2 or CHA2DS2-VASc score of 1. Using the CHA2DS2-VASc 
score would reclassify 7 patients, of which 3 would be female. Therefore, one-third of the TE 
group (n=7, 28%) would have a score of 0 and 12% (n=3) a score of 1 due to female sex. These 
patients would be classified as ‘truly low risk’, and thus no antithrombotic therapy would be 
prescribed.10 The results of this study though show that a high LAA takeoff is associated with a 
higher stroke-risk despite conventionally clinical low stroke-risk. This could have implications 
for the anticoagulation management of these patients.  
 
Anatomical and functional aspects 
   Thromboembolic risk in AF patients is driven by reduced blood flow and can be reduced by 
anticoagulation or obliteration.11 An increased heart rate reduces the LAA peak flow velocity and 
promotes blood stasis in patients with non-valvular AF.12 Recent data comparing patients with 
TE after AF ablation and matched control patients (for the CHA2DS2-VASc criteria), revealed 
that this mechanism is more pronounced in patients with higher LAA takeoff and leads to a 
higher TE risk especially in a case of an AF recurrence.7 In accordance with these findings we 
found that this mechanism also accounts for the thrombogenic flow during increased heart rate in 
patients with low CHA2DS2-VASc score. This could be explained by a reduction in LAA flow 
driven by the distance from the mitral annulus and the concomitant arrhythmia (Figure 3.2). This 
mechanism is more pronounced in case of a higher LAA takeoff and correlates with a 
tachycardia-mediated TE risk. Therefore, the LAA location might predict strokes in patients who 
cannot be discriminated by the CHA2DS2-VASc score and deserves further investigation. 
 

 
 
Figure 3.2. Example illustrating though a cutting view a. a low and b. a high superior LAA 
takeoff in relation to the left superior pulmonary vein. A higher LAA takeoff is associated with 
reduced LAA flow (arrow) during increased heart rate. 
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   Previous studies have associated ostium6, 13 or LAA size14-16 with an increased thromboembolic 
risk in AF patients. In our patient cohort though and in more recent studies,3-5 there was no 
significant correlation between LAA dimensions and thromboembolic risk.  
Recently, the LAA morphology with extended trabeculations like in Cauliflower-LAA has been 
related to an increased thromboembolic risk.4-6 Kimura et al. found that in a cohort of 80 patients 
with low CHADS2 score, this LAA type is associated with a three-fold increase of the TE risk. In 
our patient cohort though, LAA morphology was not associated with embolic events. This could 
be explained by the difference of the analyzed patients and the inclusion criteria that have been 
more sensitive (for TE risk) in the present study. However, we found that Cauliflower-LAA was 
associated with higher LAA-takeoff (80% vs. 36%, p=0.04), which could support the observation 
that these patients have increased embolic risk not only because of the LAA anatomy, but also 
through a different anatomical position. In accordance to that we found no Chicken-Wing LAA 
with a high superior LAA-takeoff. 
   Indeed, after adjusting for confounding factors, a superior LAA-takeoff over the LSPV was the 
only factor associated with a nine-fold increased stroke risk. A higher LAA-takeoff comes 
together with a reduced blood-flow during tachycardia, implying an underlying mechanism that 
was also confirmed for patients with TE after AF ablation.7 Therefore, a detailed study of LAA 
anatomy in relation to flow-velocity and heart rate is very important for the understanding of the 
association between LAA function and anatomy and might have led to different conclusions in 
previous studies. Our findings reveal a possible pathophysiological mechanism for the impact of 
a higher LAA position on TE risk and warrant further examination. Since LAA orientation 
increases TE risk especially in case of tachyarrhythmia, these patients warrant a more aggressive 
anticoagulation and rhythm/rate control.  
 
Limitations 
   This is a single-center study with the limitations of a post-hoc analysis. The number of TE 
patients was small because we included AF patients that survived a cardiogenic stroke, which is 
usually associated with serious symptoms and a poor prognosis. The restriction of the study in 
patients with CHADS-VASc ≤1 limited the power of the study but allowed for an association 
with LAA anatomy. We were not able to retrieve the quality of anticoagulation (compliance, time 
in target) at the time of the event, although we know that 68% of the patients had initially no 
anticoagulation. Rate control data at the time of the event are not available and HR at the time of 
TEE (partially under sedation) could underestimate the real impact of HR. Similarly, analysis of 
rhythm control is hampered by temporal changes and the low number of TE patients. Finally, 
despite the tendency for more spontaneous echo in case of higher LAA take-off, its low incidence 
and the use of anticoagulation during TEE prohibit analysis of its significance. Despite these 
limitations, these findings support the association of a higher LAA position with a tachycardia-
related thrombogenic flow and thus with a higher thromboembolic risk. Since data for patients 
with low clinical TE risk are scarce, these preliminary data should be seen as hypothesis 
generating. They supplement previous observations that may also apply to higher risk patients or 
prove useful to plan pharmacologic or device based therapies for those who cannot tolerate oral 
anticoagulants.7 Certainly, future studies should evaluate both LAA position and flow velocity in 
relation to heart rate, in order to examine the effect and the significance of a higher LAA takeoff. 

Conclusion 
   A higher LAA takeoff is associated with a tachycardia-mediated thrombogenic flow and an 
increased thromboembolic risk. These findings may have implications for anticoagulation 
management of AF patients with low CHA2DS2-VASc scores and higher LAA takeoff. 
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Abstract 

 
Background:  
   Very recently, left atrial appendage (LAA) morphology has been suggested to influence 
thromboembolic risk in patients with atrial fibrillation (AF). To examine the impact of LAA 
morphology on peri-interventional thromboembolic events in patients undergoing AF catheter 
ablation. 
 
Methods:  
   Of 2,570 consecutive patients undergoing AF ablation, 17 patients with cerebral 
thromboembolic events within 30 days after AF ablation were selected and matched for 
CHA2DS2VASc score, peri-interventional anticoagulation and procedural characteristics with 68 
event-free patients. The LAA morphology was visualized by means of cardiac CT and classified 
in four types (cactus, chicken wing, windsock, cauliflower).  
 
Results:  
   The baseline, echocardiographic and procedural characteristics of both patient groups were 
similar. Patients with embolic complications had a significantly higher incidence of chicken wing 
morphology compared to event-free controls (65% chicken wing, 18% cactus, 12% windsock, 
5% cauliflower vs. 21%, 24%, 13%, 42% respectively, p<0.001) what translates into more than 7 
time higher risk when compared to other morphologies (OR 7.2, CI 95% 1.353-38.328, p=0.021) 
when adjusted for possible confounders associated with chicken wing morphology.  
 
Conclusion:  
   The LAA chicken wing morphology is associated with higher peri-procedural thromboembolic 
risk in patients undergoing AF ablation. Further studies are needed to illuminate the mechanisms 
and possible implications of this observation.  
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Introduction 
   Atrial fibrillation (AF) is generally acknowledged as one of the most important causes of 
cerebral thromboembolic events.1 Multiple risk factors and different risk assessment models have 
been proposed,2, 3 but the predictive value of those schemes is still limited when applied to real 
world populations 4 or so called low-risk patient groups.5  
   Since the left atrial appendage (LAA) plays a major role as a thromboembolic source6 in 
patients with AF its impact on thromboembolic risk has been addressed. Very recently, LAA 
morphology classified into four types, i.e. cactus, chicken wing, windsock, cauliflower, has been 
suggested to influence the thromboembolic risk in AF patients7-9 and to give additional value for 
the prediction of thromboembolic events in low-risk patient group.10 
   The risk of thromboembolic events is also present or even increased during and early after AF 
catheter ablation.11, 12 Although different pathophysiological mechanisms and anatomical 
predispositions may determine the risk of such an event in this specific setting, the role of the 
LAA and its morphology has not been taken into account.  
   Therefore, the aim of this case-control study was to examine the impact of LAA morphology on 
peri-interventional thromboembolic risk in patients undergoing AF catheter ablation. 
 

Methods 
Patients 
   Of 2,570 patients undergoing AF ablation between 2007 and 2012 at our institution, 17 
consecutive patients with cerebral thromboembolic events within 30 days after AF ablation were 
selected and matched for CHA2DS2VASc score criteria (Congestive heart failure, Hypertension, 
Age, Diabetes mellitus, prior Stroke/TIA and vascular disease), peri-interventional 
anticoagulation and procedural characteristics with randomly chosen 68 event-free patients (1:4 
ratio). Table 4.1 shows the baseline characteristics of both patients groups.  
   Stroke (n=9) was defined as a neurologic deficit lasting more than 24 hours or with imaging 
study showing new infarction. Transient ischemic attack (TIA, n=8) was defined as a deficit 
lasting less than 24 hours and without documented infarction, with the diagnosis made by an 
experienced competent physician (usually a neurologist). Haemorrhagic stroke was ruled out by 
computer tomography. CHADS2 and CHA2DS2-VASc were calculated as previously defined.2, 3 
 
Echocardiography 
   Patients underwent a comprehensive transthoracic echocardiographic exam before the catheter 
ablation according to the recommendations of the American Society of Echocardiography.13 Prior 
to the ablation, the presence of intracardiac thrombi was ruled out by transesophagal 
echocardiography (TEE) in all patients. The LAA flow was measured by a pulsed-wave Doppler 
placed in LAA as recommended by guidelines.14 
 
Computed tomography 
   Cardiac CT imaging was performed with a multidetector 64-row helical system (Brilliance 64, 
Philips Medical Systems, The Netherlands). Image acquisition thickness ranged from 0.625 to 
1.25 mm and was electrogram-gated when possible. Imaging parameters included: 70-120 KV, 
850 mAs, 0.6 mm beam collimation, image acquisition thickness of 0.625 to 1.25 mm and field-
of-view 20-30 cm. During an end-inspiratory breath-hold of approximately 20 seconds, and 
following a timing bolus-chase injection (20 mL, 5 mL/s), 90 mL of an iodinated contrast 
medium (Ultravist 370, Bayer Vital, Germany) was administered. Finally end-systolic imaging 
data were recorded and used for 3D cardiac reconstruction and further image processing.  
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Table 4.1. Characteristics of patients with peri-interventional TE and matched TE-free patients. 
 
 Thromboembolic event (TE)  
 No (n=68) Yes (n=17) P 
Age, (years) 64 ± 11 64 ± 11 0.972 
Males, n (%)  40 (59) 10 (59) 1.000 
Body mass index, (kg/m2) 28 ± 4 28 ± 4 0.796 
Persistent AF, n (%) 24 (36) 9 (53) 0.197 
Hypertension, n (%) 53 (78) 10 (65) 0.258 
Diabetes, n (%) 17 (25) 2 (12) 0.241 
Congestive heart failure, n (%) 5 (7) 2 (12) 0.554 
History of stroke/TIA, n (%) 19 (28) 4 (24) 0.714 
Peripheral vascular disease, n (%) 9 (13) 4 (24) 0.292 
Coronary artery disease, n (%) 20 (29) 4 (24) 0.630 
CHA2DS2-VASc, median (IQR) 3 (2-4) 3 (2-4) 0.357 
ACE inhibitors, n (%) 42 (62) 12 (71) 0.499 
Beta-blockers, n (%) 54 (79) 12 (71) 0.435 
Statins, n (%) 27 (39) 6 (35) 0.738 
Cardiac glycoside, n (%) 12 (18) 6 (35) 0.111 
Systolic blood pressure, (mmHg) 137 ± 20 134 ± 24 0.694 
Diastolic blood pressure, (mmHg) 84 ± 14 74 ± 13 0.978 
Resting heart rate, (bpm) 81 ± 27 85 ± 25 0.567 
Bridging with heparin, n (%) 47 (69) 14 (82) 0.278 
Mean INR  1.4 ± 0.4 1.3 ± 0.3 0.338 
Procedure duration, (min) 173 ± 54 170 ± 41 0.604 
Total RF time, (min) 43 ± 24 51 ± 19 0.187 
Mean procedural ACT (sec) 264 ± 34 258 ± 25 0.613 
Left ventricular ejection fraction, (%)  57 ± 12 51 ± 14 0.202 
Left atrial diameter, (mm) 44 ± 7 46 ± 4 0.244 
LAA flow, (m/s) 0.5 ± 0.2 0.4 ± 0.2 0.111 
LAA volume, (ml) 9 ± 4 10  ± 4 0.138 
LAA-morphology   <0.001 
  Chicken Wing, n (%) 14 (21) 11 (65)  
  Cactus, n (%) 16 (24) 3 (18)  
  Windsock, n (%) 9 (13) 2 (12)  
  Cauliflower, n (%) 29 (42) 1 (5)  

 
LAA measurements and classification 
   CT data were reviewed using multiplanar reconstruction, maximum intensity projection, and 
3D volume rendering in a specialized image processing software (EnSite Verosimo, SJM, MN, 
USA). LAA volume was measured. Three physicians experienced with cardiac imaging and 
blinded to the clinical data of the patients, analyzed LAA morphology. In case of disagreement, 
further expert physician was consulted and a decision was made based on common consent. The 
LAA morphology was classified in 4 types, as previously defined (see Figure 2.2):7  
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1. The Cactus LAA, with a dominant central lobe and secondary lobes extending in superior and 
inferior directions.  
2. The Chicken-Wing LAA, with an obvious bend of the dominant lobe, or folding back of the 
anatomy on itself, with or without secondary lobes. 
3. The Windsock LAA, with a dominant lobe of sufficient length as the primary structure. 
Variations of this type location and number of smaller lobes were included here.  
4. The Cauliflower LAA, with limited overall length and more complex internal characteristics. 
Variations of ostium and a variable number of lobes, without a dominant lobe, fall into this type. 
 
Catheter ablation 
   Left atrial catheter ablation was performed using a previously described approach.15 In brief, 
patients were studied under deep propofol sedation with continuous invasive monitoring of 
arterial blood pressure and oxygen saturation. Non-fluoroscopic 3D catheter orientation, CT 
image integration, and tagging of the ablation sites were performed using Ensite NavX, Ensite 
Velocity (St. Jude Medical, St. Paul, MN, USA) or CARTO 3 (Biosense Webster, Diamond Bar, 
CA, USA). Trans-septal access and catheter navigation were performed with a steerable sheath 
(Agilis, St. Jude Medical., St. Paul, MN, USA). In all patients circumferential left atrial ablation 
lines were placed around the antrum of the ipsilateral pulmonary veins (irrigated tip catheter, pre-
selected tip temperature of 48°C, and maximum power of 30 – 50 W). In patients with persistent 
AF, additional linear lesions were added at the left atrial roof, the basal posterior wall and the left 
atrial isthmus. Ablation of complex fractionated electrograms was not performed.  
   After circumferential line placement, voltage and pace mapping along the ablation line were 
used to identify and close gaps. The isolation of all pulmonary veins with bidirectional block was 
verified with a multipolar circular mapping catheter and was defined as the procedural endpoint. 
 
Peri-interventional anticoagulation management 
   Pre-procedural anticoagulation management changed over the study period from discontinued 
warfarin bridged with heparin to uninterrupted warfarin according to guideline recommendations 
valid at the time of ablation. During the procedure a weight-adjusted dose of intravenous heparin 
was administered immediately after the first transseptal access to target an activated clotting time 
(ACT) of 300 s before starting ablation to obtain homogeneous levels of anticoagulation during 
ablation. ACT levels were measured every 30 minutes with a target ACT of 300–350 seconds. 
Transseptal sheaths were continuously perfused with heparinized saline solution to avoid clot 
formation or air embolism. On the first postprocedural day oral anticoagulation was resumed 
and/or heparin-bridging initiated till the target INR was reached. The anticoagulation was 
continued for at least 3 months with a target INR of 2-3.  Since the events occurred after a mean 
time of 24h [IQR 0-96h] a detailed analysis of periinterventional anticoagulation management 
including periprocedural INR and heparin bridging was conducted. 
 
Statistical analysis 
   Continuous variables are reported as mean ± one standard deviation and categoric variables are 
reported as frequencies. Comparisons of categorical data were performed using a Chi-square test 
and normally distributed continuous data with Student t-test. Nonparametric continues date were 
analysed with Mann-Whitney test. For comparison of four different LAA morphologies an 
ANOVA test and Bonferroni post hoc analysis were used. Cohen's kappa (κ) coefficient was used 
as a statistical measure of inter-rater agreement and bootstrapping was performed to calculate 
confidence intervals. A good level of agreement was defined as κ > 0.61. The multivariate 
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logistic regression analysis was performed in order to detect independent predictors of 
thromboembolic events. In order to eliminate potential confounders the multivariate model was 
adjusted for potential confounders associated with chicken-wing morphology (Table 4.2). With 
the observed 17 events and an 1:4 case-control ratio, a 35% difference in LAA morphology 
distribution was detectable with 80% power and p value<0.05. A two-tailed P-value less than 
0.05 was considered statistically significant. Analysis was performed with SPSS v 20.0 (SPSS 
Inc., Chicago, USA). 
 
Table 4.2. Characteristics of patients with chicken wing and non-chicken wing LAA morphology 
 
Chicken wing No (n=60) Yes (n=25) P 
Age, (years) 64 ± 11 64 ± 11 0.751 
Males, n (%)  35 (58) 15 (60) 0.887 
Body mass index, (kg/m2) 28 ± 4 28 ± 4 0.827 
Persistent AF, n (%) 24 (36) 9 (53) 0.197 
Hypertension, n (%) 49 (82) 15 (60) 0.035 
Diabetes, n (%) 16 (27) 3 (12) 0.139 
Congestive heart failure, n (%) 6 (10) 1 (4) 0.359 
History of stroke/TIA, n (%) 18 (30) 5 (20) 0.344 
Peripheral vascular disease, n (%) 7 (12) 6 (24) 0.150 
Coronary artery disease, n (%) 18 (30) 6 (24) 0.576 
CHA2DS2-VASc, median (IQR) 3 (2-4) 2 (1-5) 0.204 
ACE inhibitors, n (%) 35 (58) 19 (76) 0.123 
Beta-blockers, n (%) 47 (78) 19 (76) 0.814 
Statins, n (%) 24 (40) 9 (36) 0.730 
Cardiac glycoside, n (%) 14 (23) 4 (16) 0.451 
Systolic blood pressure, (mmHg) 134 ± 18 139 ± 25 0.411 
Diastolic blood pressure, (mmHg) 84 ± 14 74 ± 13 0.459 
Resting heart rate, (bpm) 84 ± 27 76 ± 23 0.236 
Bridging with heparin, n (%) 43 (72) 18 (72) 0.975 
Mean INR 1.4 ± 0.3 1.4 ± 0.5 0.873 
Procedure duration, (min) 168 ± 48 191 ± 55 0.078 
Total RF time, (min) 44 ± 23 45 ± 24 0.884 
Mean procedural ACT (sec) 261 ± 30 268 ± 41 0.482 
Left ventricular ejection fraction, (%)  57 ± 12 56 ± 14 0.963 
Left atrial diameter, (mm) 43 ± 6 48 ± 6 0.045 
LAA flow, (m/s) 0.5 ± 0.2 0.5 ± 0.2 0.952 
LAA volume, (ml) 9 ± 4 9 ± 3 0.654 
Peri-interventional stroke/TIA, n (%) 6 (10) 11 (44) <0.001 

 
Results 

Patient characteristics in different LAA morphologies  
   In the whole population the following distribution of four morphology types was observed: 19 
patients (22%) had cactus morphology, 25 patients (29%) chicken wing, 11 patients (13%) 
windsock and 30 patients (35%) cauliflower. Satisfactory level of inter-observer agreements was 
reached (kappa 0,70; 95% CI: 0.38-0.90, p<0.001). 
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   The baseline characteristics, medication and procedural data were not significantly different in 
patients with different LAA types (Table 4.3). However, the prevalence of previous 
thromboembolic events was higher in patients with LAA cauliflower type (n=13, 57%) compared 
to chicken wing morphology (n=5, 22%, cactus (n=4, 17%), or windsock (n=1, 4 %; p=0.062). 
This resulted in more than three times greater likelihood of a history of stroke or TIA in patients 
with cauliflower compared to non-cauliflower morphologies (OR 3.441, CI 95% 1.272-9.312, 
p=0.013).  
 
Table 4.3. Patient characteristics according to LAA morphology. 
 
 LAA-morphology  
 Chicken wing Cactus Windsock Cauliflower P 
Count, n 25 19 11 30  
Age, (years) 64 ± 11 64 ± 9 63 ± 7 64 ± 13 0.962 
Males, n (%)  15 (60) 14 (74) 4 (36) 17 (57) 0.474 
Body mass index, (kg/m2) 28 ± 4 27 ± 4 30 ± 5 27 ± 3 0.225 
Persistent AF, n (%) 9 (53) 9 (53) 9 (53) 9 (53) 0.197 
Hypertension, n (%) 15 (60) 15 (79) 9 (82) 25 (83) 0.059 
Diabetes, n (%) 3 (12) 5 (26) 4 (36) 7 (23) 0.326 
Congestive heart failure, n (%) 1 (4) 4 (16) 1 (9) 2 (7) 0.947 
History of stroke/TIA, n (%) 5 (20) 4 (21) 1 (9) 13 (43) 0.062 
Peripheral vascular disease, n (%) 6 (24) 3 (16) 0 (0) 4 (13) 0.225 
Coronary artery disease, n (%) 6 (24) 7 (37) 4 (36) 7 (23) 0.849 
CHA2DS2-VASc, median (IQR) 2 (1-5) 3 (2-4) 3 (2-4) 4 (2-5) 0.353 
ACE inhibitors, n (%) 19 (76) 8 (42) 7 (64) 20 (67) 0.825 
Beta-blockers, n (%) 19 (76) 14 (74) 11 (100) 30 (27) 0.953 
Statins, n (%) 9 (36) 6 (32) 7 (63) 11 (37) 0.703 
Cardiac glycoside, n (%) 4 (16) 3 (16) 3 (27) 8 (27) 0.264 
Systolic blood pressure (mmHg) 139 ± 25 130 ± 13 132 ± 19 138 ± 19 0.493 
Diastolic blood pressure (mmHg) 82 ± 11 84 ± 18 85 ± 13 84 ± 13 0.895 
Resting heart rate (bpm) 76 ± 23 74 ± 18 81 ± 21 84 ± 13 0.142 
Bridging with heparin, n (%) 18 (72) 11 (58) 8 (73) 24 (80) 0.336 
Mean INR 1.4 ± 0.5 1.4 ± 0.3 1.4 ± 0.4 1.4 ± 0.3 0.920 
Procedure duration, (min) 191 ± 55 153 ± 37 180 ± 53 172 ± 41 0.108 
Total RF time, (min) 45  ± 24 41 ± 19 51 ± 28 43 ± 25 0.812 
Mean procedural ACT (sec) 268 ± 41 241 ± 13 271 ± 24 269 ± 33 0.110 
Left ventricular ejection fraction (%) 56 ± 14 54 ± 11 52 ± 14 58 ± 12 0.627 
Left atrial diameter (mm) 48 ± 6 46 ± 4 45 ± 7 41 ± 6 0.014 
LAA flow (m/s) 0.5 ± 0.2 0.4 ± 0.2 0.5  ± 0.2 0.5  ± 0.2 0.111 
LAA volume (ml) 9  ± 3 10  ± 4 9  ± 5 9  ± 4 0.855 
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Impact of LAA morphology on peri-interventional thromboembolic risk 
   No significant differences in baseline characteristics, medication, or thromboembolic risk 
defined as CHA2DS2-VASc score were observed between patients with and without peri-
interventional events. The analysis of procedural data did not show significant differences in 
procedural settings and techniques (i.e. ACT, procedure duration, ablation time, use of 
cardioversion, mapping system, ablation catheter, operator's experience or rhythm prior ablation) 
between the groups. 
   The chicken wing morphology was the most frequently observed type among patients with 
peri-interventional events (11 patients). When compared with distribution in event-free patients 
(65% chicken wing, 18% cactus, 12% windsock, 5% cauliflower vs. 21%, 24%, 13%, 42% 
respectively) a significant difference was detected (p<0.001). This difference translated into more 
than 7 time higher peri-interventional risk in patients with chicken wing morphology when 
compared to all other types (OR 7.071, CI 95% 2.227-22.454, p<0.001).  
   There were no significant differences with respect to LAA morphology between 9 patients with 
lasting stroke and 8 patients without sequelae (TIA): 44% chicken wing, 33% cactus, 22% 
windsock, 0% cauliflower vs. 87%, 0%, 0%, 13% respectively (p=0.378. Table 4.4.) 
 

Table 4.4. Characteristics of patients with peri-interventional thromboembolic events.  
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female 68 3 TIA unbridged VKA 2.0 7  VKA 2.7 
male 61 2 Stroke bridged with LMWH 1.2 2 VKA+LMWH 1.4 
female 71 2 Stroke bridged with LMWH 1.0 4 VKA+LMWH 1.0 
male 32 0 TIA none 1.0 4 VKA 1.9 
female 67 2 TIA bridged with LMWH 1.2 1 VKA 2.0 
female 70 2 TIA bridged with LMWH 1.1 2 VKA 3.3 
male 48 1 TIA bridged with LMWH 1.1 Wake-up event - - 
male 62 2 Stroke bridged with LMWH 1.0 Wake-up event - - 
female 72 5 Stroke bridged with heparin 1.0 Wake-up event - - 
female 69 4 Stroke bridged with heparin 1.1 5 VKA+heparin 1.0 
male 61 3 Stroke bridged with heparin 1.4 Wake-up event - - 
male 63 1 Stroke bridged with LMWH 1.0 Wake-up event - - 
male 79 3 Stroke unbridged VKA 1.8 1 VKA 2.0 
male 68 3 Stroke bridged with heparin 1.8 1 VKA 1.8 
male 54 4 TIA bridged with LMWH 1.5 1 VKA+LMWH 1.3 
female 74 5 TIA bridged with LMWH 1.5 5 VKA+LMWH 1.7 
male 70 5 TIA bridged with LMWH 1.7 Wake-up event - - 

 

LMWH – low-molecular-weight heparin; VKA vitamin K antagonist  
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   The characteristics of patients with chicken wing and non-chicken wing morphologies were not 
significantly different with the exception of a larger LA diameter, less hypertension and a trend to 
longer procedure time (Table 4.2). In a multivariate model including these factors as potential 
confounders, chicken wing morphology remained an independent predictor of peri-interventional 
event (OR 7.2, CI 95% 1.352-38.328, p=0.021) (Figure 4.1). Furthermore, adding the mean 
procedural ACT to the logistic model did not influence the impact of chicken wing morphology 
on peri-interventional risk (OR 7.2, CI 95% 1.353-38.328, p=0.022).  
 

 

Figure 4.1. Multivariate model of predictors of peri-interventional thromboembolic events. 
 

Discussion 
Main findings 
   To the best of our knowledge this is the first study illustrating the impact of LAA-morphology 
on peri-interventional thromboembolic risk associated with catheter ablation of AF. In this case 
control study we observed chicken wing morphology to be associated with seven time higher risk 
of peri-interventional thromboembolic event. This association remained significant after 
adjustment for possible confounders associated with chicken wing morphology. 
 
Influence of LAA morphology on peri-interventional thromboembolic risk 
   Several independent groups have recently presented the impact of different LAA morphologies 
on thromboembolic risk prior AF ablation. In their study, Kimura et al.10 found that the 
prevalence of prior thromboembolic events in patients with low CHA2DS2-VASc score was the 
highest in patients with cauliflower morphology. These results have been in agreement with an 
other larger trial7 describing the correlation of cauliflower morphology and eight times higher 
risk when compared to “protective” chicken wing morphology. In our study we have also 
observed more than three times increased likelihood of prior stroke or TIA in patients with 
cauliflower LAA morphology. Therefore, our results also support this thesis and are in agreement 
with previous reports. Moreover, the unity of these results reassures us about the validity of our 
findings and the correctness of our methodology. 
   However, those results and risk factors cannot be translated into the interventional setting for 
prediction of peri-procedural thromboembolic events. In contrast to the previous studies, the 
chicken wing morphology, which was described as protective, turned out to be the most 
dangerous one, when it comes to thromboembolic risk after AF ablation. 
   The fact that acknowledged echocardiographic parameters like LAA volume and LAA flow 
velocity did not differ significantly between LAA morphologies or between event and event-free 
patients, suggests that the peri-procedural thrombus formation and triggering of thromboembolic 
events have different mechanisms and different predictors.  
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   In our opinion, the conventional criteria like LAA volume have no implication in peri-
interventional risk stratification. It is probably the distribution of that volume into different 
shapes, partly modulating also the LAA hemodynamics, which is of great importance. Similarly, 
Di Biase et al. also found no significant correlation between LAA size and the prevalence of 
previous stroke/TIA.7 
   The elongated, stretched and curved shape of a chicken wing LAA might be protective against 
spontaneous thromboembolic events by preventing uninhibited release of prominent, large 
thrombi into the circulation and enhancing the resolution or adhesion of minor ones. However, 
this protective three-dimensional configuration might act just the opposite during AF ablation: it 
might become a reservoir for microthrombi generated at the catheter tip or on fresh lesions and 
flashed into LAA by the flow of nowadays universally used catheter irrigation. When considering 
the spatial relationship to the LA ridge, frequently requiring intensive and extended ablation, this 
hypothesis becomes persuasive. The load of loose thrombogeneous material might afterwards 
become the source of thromboembolism itself or start a cascade of solid thrombus formation.   
   Further possible mechanisms mediating this phenomenon could be the differences in 
concentration of coagulations plasma markers, endothelial function or platelet activation 
potentially related to LAA-morphology and function. However since this is the first such analysis 
no sufficient data to support this thesis are available at this moment. Nevertheless, such fundings 
would be of great clinical benefit as they can guide the suitable periprocedural anticoagulation or 
the needed ACT level during ablation as shown in patients with spontaneous echo contrast.16  
   However, at this point, no presumptions can be made and further studies are necessary to 
illuminate the pathophysiological mechanisms and clinical implications in order to improve the 
safety of patients undergoing AF ablation.   
 
Limitations 
   The study is based on a single-center registry and reflects results of a highly specialized tertiary 
care hospital. Since we only used radiofrequency energy, our findings cannot be extrapolated to 
other energy sources. Although for the purpose of this study we have analysed data of 2,570 
patients undergoing over 3,300 procedures the study is limited by a low incidence of manifest 
thromboembolic events. The incidence of silent cerebral was not examined in this study. 
Although in the multivariate model adjusted for LA dimension and procedural time the LAA-
morphology remained a single independent predictor, both those parameters could become 
relevant in a larger cohort. Finally, the study was designed to examine the impact of LAA-
morphologies on peri-interventional risk and the employed statistical method did not enable the 
identification of further risk factors.  However, given the very high incidence (65%) of chicken-
wing morphology in the event group it is to expect that the results would remain significant after 
adjustment for further confounders.  
 

Conclusion 
   The chicken wing morphology of LAA is associated with higher peri-procedural 
thromboembolic risk in patients undergoing AF ablation. Further studies are needed to illuminate 
the pathophysiological mechanisms and clinical implications of this phenomenon.  
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Abstract 

 
Introduction: 
   Atrial fibrillation (AF) is associated with electroanatomical remodeling of the left atrium (LA), 
especially with LA dilatation. However, little is known about the changes of the three-
dimensional structure of the LA in different AF types and their prognostic value after an ablative 
treatment.  
 
Methods: 
   One hundred fifteen patients (72 males, 59 ± 11 years) with an indication for AF ablation were 
prospectively included. Preoperatively, all patients underwent cardiac computed tomography 
(CCT). A reconstruction of the LA and the pulmonary veins (PV) was made from CCT data using 
specialized software (EP Navigator, Philips, The Netherlands). Left atrial volume (LAV) after 
exclusion of the atrial appendage (LAA) and the PV was determined. The LA was then arbitrarily 
divided by a cutting plane, between the anterior segment of the PV ostia and the atrial appendage 
and parallel to the posterior wall, to anterior- (LA-Ant.) and posterior-LA (LA-Post.). The ratio 
LA- Ant./LAV was defined as asymmetry index (ASI). The cardiac CT data, of 25 patients (11 
women, 47 ± 11 years) without organic heart disease, were similarly studied for the same 
parameters, as a control group.  
 
Results: 
   Patients with paroxysmal AF (n = 63) had significantly higher LAV (131 ± 31 vs. 95 ± 18 ml, p 
< 0.001) and higher ASI (61±6 % vs. 57±4, p=0.002) than the control group. Patients with 
persistent AF (n = 34) in comparison with paroxysmal AF showed significantly larger volumes 
(154 ± 44 vs. 131 ± 31 ml, p = 0.007) but no difference in the ASI (60 ± 8% vs. 61 ± 6%, p = 
0.63). Finally, patients with long-standing persistent AF (n = 18) showed a bigger asymmetry 
index than patients with persistent AF (64 ± 5% vs. 60 ± 8%, p = 0.06) but no significant 
difference in volumes (161 ± 21 vs. 154 ± 44 ml, p = 0.49). LAA and partial LA volumes had a 
dilatation pattern similar to LAV. During a follow-up of over 25 ± 7 months, AF recurred in 31 
(27%) patients. Multivariate analysis showed that ASI and LAV were the only two significant 
predictors of AF recurrence after ablative treatment. Independent of LAV, an ASI over 60% 
predicted AF recurrence with 74% sensitivity and 73% specificity.  
 
Conclusion: 
   Characteristic differences of both left atrial volume and geometry exist between the different 
forms of atrial fibrillation (paroxysmal, persistent and long-standing persistent). The asymmetry 
index is a simple parameter derived from cardiac CT data that reflects these changes of LA 
geometry and predicts the outcome after the PV isolation.  
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Introduction 
   Atrial fibrillation (AF) is the most common arrhythmia with an increasing prevalence and 
incidence, mainly due to ageing of the population, higher prevalence of chronic heart disease and 
more emphasis on early diagnosis.1 Percutaneous catheter ablation with pulmonary vein isolation 
(PVI) has emerged as an important treatment and becomes increasingly prevalent, as a rising 
number of specialized centers and physicians offer this option to patients with symptomatic, 
drug-refractory AF.2  
   However, the success rates are highly variable as different techniques and follow-up protocols 
are applied in a large and heterogeneous population.1 In the pursuit of better results, several 
studies have identified predictors of success after an ablation (age, left atrial (LA) size, mitral 
valve disease, cardiomyopathy, AF type and burden, BMI, sleep apnea).3-10 These factors could 
help identify patients with higher recurrence rate, who need additional attention and probably 
modified treatment or follow-up.  
   LA enlargement is known to be associated with advanced AF disease.11 This enlargement, 
termed atrial remodeling, corresponds to the presence of an arrhythmia promoting substrate12-15 
and may be reversed with rhythm control.16-20 Based on these facts, LA size soon became a 
common diagnostic criterion for patient selection before PVI7 and many trials restricted patient 
enrolment to those with LA diameter less than 5 cm in echocardiography. Newer imaging 
modalities though, revealed that this measurement has poor correlation with LA volume21 and 
provided a better understanding of the LA structure22 and its significance.5 However, to date, 
little is known about the characteristic changes of the LA in terms of size and symmetry 
associated with the progression of atrial fibrillation from paroxysmal to persistent and long-
standing persistent.  
   The present study had two aims: (1) to identify characteristic changes of the left atrial geometry 
in patients with different types of atrial fibrillation (paroxysmal, persistent, long-standing 
persistent) as compared to healthy subjects, (2) to explore whether such changes have any 
influence on the outcome of atrial fibrillation ablation.  
 

Methods 
Patient characteristics  
   This study prospectively enrolled, from January 2007 to June 2009, a total of 115 patients (72 
males, mean age of 59 ± 11 years) with indication for an AF ablation. All patients underwent pre-
procedural CCT and pre-procedural transesophageal echocardiography to exclude atrial thrombi. 
Patients with advanced mitral valve disease (grade > II), impaired renal function (GFR < 90 
ml/min) or iodine allergy were excluded from the study. Patients were divided into three groups 
according to their AF type, based on the clinical classification of the current guidelines.23 AF was 
defined as paroxysmal if it self-terminated in less than 7 days; when sustained beyond 7 days, AF 
was defined as persistent. AF with duration of more than 12 months was classified as long-
standing persistent.  
   Twenty-five individuals (14 males, mean age of 47± 11 years) from the same time period, with 
no AF history and without evidence for organic heart disease were used as a control group. The 
local Institutional Review Board approved the study protocol and all patients gave written 
informed consent prior to every procedure. 
 
Pre-procedural cardiac CT evaluation  
   All patients underwent contrast-enhanced CCT using a dual source, 64 multi-slice scanner 
(Somatom Definition, Siemens Inc., Germany). Image acquisition was performed during end- 
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inspiratory breath-hold and a contrast injection of 100 ml iodinated contrast (Imeron 400, Altana 
Pharma, Wesel, Germany), at a rate of 5 ml/s, following a timing bolus- chase injection (20 ml, 5 
ml/s). Scanning was performed gated to the cardiac cycle in cranio-caudal direction from the 
aortic arch to the diaphragm. Imaging parameters included: 120 KV, 850 mAs, 0.6 mm beam 
collimation and 0.32 s rotation time. Reconstructed image slice thickness was 0.76 mm and field- 
of-view was 20 cm.  
   Ten phases over one cardiac cycle were extracted and transferred to specialized software (EP 
PreNavigator, Philips, The Netherlands). A 3D reconstruction of the LA and the pulmonary veins 
(PV) was performed on a 512 × 512 pixel matrix. In patients with sinus rhythm, the end-systolic 
phase corresponding to the atrial end-diastole, just before mitral valve opening, was selected for 
evaluation. Respectively, in patients with AF, the phase with the maximal LA volume was 
selected and assessed.  
   The maximum LA volume of the left atrium (LAV), after exclusion of the atrial appendage 
(LAA) and the PV, was calculated by an automated algorithm from the segmented 3D 
reconstruction. The LAA volume was not included in LA volume, because in some patients, 
contrast filled the append- age poorly, attenuating the delineation accuracy. The LA was then 
arbitrarily divided by a cutting plane, between the anterior segment of the PV ostia and the atrial 
appendage and parallel to the posterior wall. The partial volumes of LA, the anterior (LA-Ant.) 
and the posterior (LA-Post.) were calculated and the ratio LA-Ant./LAV was defined as an index 
of asymmetry (ASI). The same parameters were similarly studied from the cardiac CT data of the 
control group.  
   Measurements were obtained by a single blinded operator and then compared with 
measurements of 20 random patients made 4 weeks later, by the same investigator and a second 
independent reviewer in a blinded fashion. 
 
Ablation procedure  
   Oral anticoagulation was stopped 3–7 days before the scheduled ablation, and when INR fell 
below 1.8, the patient was started on low-molecular heparin subcutaneously until the day before 
the procedure.  
   Ablation procedure was performed during sedation with propofol, respiratory and circulatory 
monitoring, as previously described.24 In brief, a quadripolar catheter (Josephson type, Bard, 
Lowell, MA, USA) was inserted through the femoral vein and placed at a stable position on the 
right ventricular apex. A diagnostic decapolar catheter (Inquiry, St. Jude Medical, St.Paul, MN, 
USA) was inserted into the coronary sinus, and two transseptal punctures were performed. 
Intravenous heparin was then administered to maintain the clotting time at about 300 s. After 
rotational angiography and 3D reconstruction of the LA-PVs.’ Anatomy,24, 25 an irrigated 3.5 mm 
tip ablation catheter (Navistar Thermocool, Biosense Web- ster) and a decapolar mapping 
catheter (Lasso, Biosense Webster, Diamond Bar, CA, USA) were inserted into the LA and the 
respective PV, to facilitate ostial ablation. The endpoint of the procedure was the electrical 
isolation of all pulmonary veins defined as both entrance block (elimination of PV potentials at 
the Lasso catheter) and exit block (no LA capture during pacing at all poles of Lasso catheter).  
 
Follow-up  
   The patients were seen in our outpatient clinic 4 weeks, 3 months, 6 months and then every 6 
months after the ablation procedure. Anti-arrhythmic drug therapy was continued for 1 month in 
patients with history of paroxysmal and for 3 months in patients with persistent and long-standing 
persistent AF. All patients were asked to keep a log of the duration and frequency of their 
symptoms. During each follow-up visit, 24 h ECG monitoring was performed. AF recurrence was 
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defined as any documented AF episode with duration of more than 30 s. The first 3 months 
following ablation was a blanking period during which AF recurrences were not evaluated. In 
cases when symptoms occurred outside the recording periods, patients were advised to contact 
our institution or the referring physician to obtain ECG documentation. At 3 months, a cardiac 
magnetic resonance imaging was performed for documentation of any PV stenosis. 
 
Statistical analysis 
   Data were expressed as mean ± standard deviation for continuous variables and percentage of 
frequency for categorical variables. Distribution of data was assessed by Levene's, Kolmogorov–
Smirnov or Shapiro–Wilk test. Comparative analysis of continuous variables was performed with 
Student’s t test for two groups and with one-way ANOVA for more than two groups, in order to 
minimize type I errors. Post hoc analysis revealed differences between subgroups. Fisher's exact 
test or chi-squared (χ2) was used to compare categorical variables. Intra-observer and inter- 
observer variability was expressed with the correlation coefficient (r) between measurements. 
How well LAV or ASI differentiated patients with and without recurrence of AF was assessed by 
means of the area under the receiver operating characteristic curve, which ranged from 0 to 1, 
with 0.5 corresponding to no discrimination (i.e., random performance) and 1.0 to perfect 
discrimination.  
   Clinical variables were evaluated with univariate analysis to determine a significant association 
with the dependent variable. Variables selected by univariate analysis were then incorporated into 
multivariable binary regression analysis and fitted by a forward stepwise selection procedure 
(probability values for entry and removal 0.05 and 0.10, respectively). Stepwise multivariable 
regression analysis was performed to determine which independent variables were significantly 
associated with recurrence of AF. All statistical analyses were performed using SPSS 17.0 
(SPSS, Chicago, IL, USA).  
 

Results 
   The patients’ baseline characteristics are summarized in Table 5.1. The majority of patients 
were males (72 pts., 63%) with a mean age of 59 ± 11 years. Left ventricular ejection fraction 
was 64 ± 8%. LAD and LAV were 45 ± 7 mm and 134±38 ml, respectively.  
 
Table 5.1. Baseline characteristics for the control group and the AF patients. 
 
Group: Control Paroxysmal AF Persistent AF Long-standing AF P 
Patients, n 25 63 34 18  
Men, n (%) 14(56%) 39 (62%) 19 (56%) 14 (78%) 0.43 
Age, years 47±11* 58±11 61±11 60±10 0.04* 
BMI, kg/m2 27±5 28±3 27±4 29±3 0.12 
Obesity, n (%) 7 (28%) 16 (25%) 9 (27%) 4 (22%) 0.93 
Hypertension, n (%) 12 (48%) 33 (52%) 18 (53%) 11 (56%) 0.96 
Diabetes, n (%) 3 (12%) 5 (8%)  2 (6%) 2 (11%) 0.08 
CAD, n (%) 0* 9 (14%) 8 (24%) 6 (33%) 0.02* 
LV-EF, % 65±9 65±8 62±11 63±10 0.95 
LAD, mm 38±8 43±8 47±7 49±6 0.02 
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   Patients from the control group had similar characteristics, but had no CAD (p=0.02) and were 
younger (p≤0.04) than the patients with atrial fibrillation (AF). CAD (p≥0.29) and age (p≥0.2) 
between the AF groups was not significantly different * Statistically significant difference 
 
Intra- and inter-observer variability  
   The intra-observer correlation coefficients among 20 randomly selected patients were 0.94, 
0.90, 0.89 and 0.93 for the measurement of the LAV, LA-Ant., LA-Post. and LAA volumes, 
respectively. The respective inter-observer correlation coefficients were 0.93, 0.89, 0.90 and 0.92.  
3.2 Outcome of catheter ablation  
   Mean follow-up was 25±7 months (range 12–32 months); 102 (89%) patients attended all 
scheduled follow-up visits, six (5%) patients missed one follow-up visit and four (3%) patients 
two follow-up visits. Three patients were lost to follow-up. A second procedure was performed in 
40 patients (35 %) because of recurrences of AF 126±32 days after the first intervention. Eighty-
four patients (73%) remained in sinus rhythm during follow-up (22 of them on previously 
ineffective antiarrhythmic medication). The respective success rates for the three different AF 
types were as follows: 86% for paroxysmal AF, 72% for persistent AF and 36% for long-standing 
persistent AF. A cardiac magnetic resonance examination was performed 3 months after AF 
ablation in 104 (90%) patients excluded a significant (>50% lumen reduction) PV stenosis.  
3.3 Left atrial volume and asymmetry index  
   Compared to the control group, patients with paroxysmal AF had significantly higher LAV 
(131±31 vs. 95±18 ml, p<0.001) and ASI (61±6% vs. 57±4%, p=0.001). The difference of the 
partial volumes between the two groups was also statistically significant (LA-Ant. 81±21 vs. 
54±11 ml, p<0.001 and LA-Post. 49±14 vs. 40±9 ml, p = 0.007).  
Patients with persistent AF had larger LAV compared to paroxysmal AF (154±44 vs. 131±31 ml, 
p=0.007). The difference of the partial volumes between the two groups was also statistically 
significant (LA-Ant. 94±20 vs. 81± 21 ml, p=0.01 and LA-Post. 59±23 vs. 49±14 ml, p= 0.01). 
However, there was no significant difference of the ASI between patients with persistent AF and 
paroxysmal AF (60±8 vs. 61±6 %, p=0.63; Table 5.2).  
 
Table 5.2. The volumes and the asymmetry index in the control group and in the different 
subgroups of paroxysmal (Py), persistent (Ps) or long-standing persistent (LT-PS) AF patients.  

 
 
   LAV of patients with long-standing persistent AF did not differ significantly from LAV of 
patients with persistent AF (161±22 vs. 154±44 ml, p=0.57). The same was also true for the 
partial volumes (LA-Ant 103 ± 16 vs. 94 ± 29 ml, p = 0.24 and LA-Post. 54±18 vs. 59±23 ml, 
p=0.45). ASI in long-standing persistent AF was tendentially higher than ASI in persistent AF, 
but this did not reach statistical significance (64±6% vs. 60±8%, p=0.06; Figure 5.1). ASI and 
LAV correlated poorly with each other (r=0.23, p=0.002).  
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Figure 5.1. The mean LA volumes in circle graphs (a) and the mean asymmetry index (b), in 
controls and patients with paroxysmal (Py-AF), persistent (Ps-AF) and long-standing persistent 
(LT-Ps-AF) atrial fibrillation. Blue represents the anterior LA and red the posterior LA volume  
 
   The LAA volume in patients with paroxysmal AF was significantly larger than in the control 
group (8 ± 3 vs. 6 ± 2 ml, p = 0.004) but significantly smaller than in the patients with persistent 
AF (10 ± 5 vs. 8 ± 3 ml, p = 0.047). Between persistent and long-standing persistent AF groups, 
there was no significant difference in LAA volume (11 ± 4 vs. 10±5 ml, p=0.62; Figure 5.2).  
 

 
 

Figure 5.2. The LA structure and symmetry in a patient without organic heart disease (a), in 
comparison with a patient with paroxysmal (b), persistent (c) and long-standing persistent (d) AF. 
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Predictors of recurrence of atrial fibrillation  
   Univariate analysis was performed for the following varia- bles: age, gender, BMI, arterial 
hypertension, structural heart disease, duration of AF, LA diameter, LAA volume, ASI, and 
LAV. Predictors of AF recurrence following catheter ablation with univariate analysis included 
LA diameter (p = 0.01), LAA volume (p = 0.02), ASI (p = 0.01), and LAV (p = 0.001). At 
multivariate analysis, the only two predictors that remained significant were LAV (OR 0.970, 
95% confidence interval 0.947–0.993, p = 0.015) and ASI (OR 0.890, 95% confidence interval 
0.801–0.989, p = 0.010). At discrimination analysis, an ASI of more than 60% predicted 
recurrence of AF with a sensitivity of 74% and specificity of 73%. 
 

Discussion 
   This study has two main findings: between patients with paroxysmal, persistent and long-
standing persistent AF exist structural differences that involve besides volume also the three-
dimensional shape of LA. Secondly, ASI is together with a LAV a significant predictor of 
outcome after pulmonary vein isolation.  
   Compared to normal individuals, patients with paroxysmal AF tend to have larger volumes and 
also higher ASI of the LA. This reflects a comparatively higher increase of the anterior LA 
compared to the whole LA. Patients with persistent AF have higher LA volumes than patients 
with paroxysmal AF, without any significant difference in ASI. Thus, it seems that progression 
from paroxysmal to persistent AF associates with further LA enlargement while the relation of 
the anterior LA to LAV remains relatively stable. Finally, patients with long-standing persistent 
AF have similar LAV but a significantly higher ASI than patients with persistent AF. This 
provides evidence for a further increase of the anterior LA during progression from persistent to 
long-standing persistent AF, while LAV remains relatively stable.  
   In accordance to other studies,26, 27 we have shown that success rates after PVI are significantly 
reduced from paroxysmal to persistent and long-standing persistent AF. Besides the duration of 
AF itself, left atrial volume plays a central role as predictor of outcome. In this study, we have 
shown that ASI is another significant factor that influences outcome after PVI. Independent of 
duration of AF and LAV, an ASI of more than 60% is associated with low success rates after AF 
ablation.  
We have shown that persistent AF is characterized mainly by LA enlargement as compared to 
paroxysmal AF. Long-standing persistent AF is characterized by an increase of LA asymmetry 
compared to persistent AF without significant differences in LA volume. This irregular LA 
dilatation could reflect the physical constraints of the spine and the sternum28 and the changing of 
the LA wall properties. LA enlargement29 and LA wall thickening30 is known to be related with 
the domestication of chronic AF. The posterior LA wall though is thinner than the anterior,31 has 
a higher wall stress and provides the main substrate for the arrhythmia.32, 33 The thicker anterior 
wall has a minor role in AF,34, 35 but as shown in this study, it undergoes continuous expansion 
during progression from paroxysmal to persistent and long-standing persistent AF.  
   Identifying predictors of success after PVI may improve patient selection, reduce health care 
costs and avoid exposing patients to unnecessary procedures or related complications. Prior 
studies emphasized the pre-procedural evaluation of the LA volume for patient selection and 
treatment modification.3-5 To the best of our knowledge, this study is the first to show that ASI is 
an equally important prognostic parameter as LAV. According to the odds ratio, a 10 ml increase 
of the LAV or a 3% increase of the asymmetry index could lead to 24% or 30% reduction of the 
PVI success rate, respectively. Independent of LAV, an ASI over 60% predicts recurrence of AF 
with a sensitivity of 75% and specificity of 78%.  
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   Finally, our study suggests that in patients with persistent/long-standing persistent AF, enlarged 
left atria and increased ASI, PVI is not effective as single ablative treatment. PVI in these 
patients should rather be considered as the first step of an ablative strategy that includes 
additional targets after PVI has been achieved.  
 
Limitations  
   This study has several limitations. Firstly, the number of patients was relatively small. Larger 
patient cohorts with follow-up data are needed in order to confirm the characteristic changes of 
LAV and ASI described here, as well as their potential influence on the AF ablation outcome. 
Secondly, classification of patients according to AF types was based on symptoms, Holter 
monitoring and 12 lead ECG. Considering the progressive and partially silent nature of the 
disease, the total time since the first diagnosis of AF and the exact AF burden (real time in AF) 
were difficult to assess and were not included in the study. Since long-term imaging data of one 
cohort over time are difficult to gather, these findings build upon differences between AF types 
as surrogates of different times in the natural AF history. Data from further observational trials 
are needed to confirm our results. Finally, no data about changes of LAV and ASI during follow-
up are available and for that reason it remains unclear whether these changes reverse after 
restoration of a stable sinus rhythm. 
 

Conclusion 
   Characteristic differences of both left atrial volume and geometry exist between the different 
forms of atrial fibrillation (paroxysmal, persistent and long-standing persistent). Asymmetry 
index is a simple parameter derived from volumetric CT data that reflects geometrical changes of 
LA and predicts outcome after pulmonary vein isolation.  
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Abstract 

 
Background:  
   Left atrium (LA) size is a common predictor of ablation-outcomes in atrial fibrillation (AF), but 
different LA diameters have not been adequately studied yet. We aimed to find the best predictor 
of ablation outcomes using single-linear LA dimensions by computed tomography (CT) or 
echocardiography. 
 
Methods:  
   Patients (n=103, 72 males, 59±9 years) undergoing AF ablation were analyzed. LA diameter 
(LA-D) was measured by transthoracic echocardiography (parasternal long-axis). After 3D 
reconstruction of CT data (EnSite Verismo, SJM, MN), maximal LA dimensions were measured 
on a coronal plane (superior-inferior, SI and transversal, TV) and a sagittal plane (anterior-
posterior, AP). Volume (LAV) was rendered after LA appendage and pulmonary vein exclusion. 
 
Results:  
   Patients with persistent AF (n=40) had significantly larger LA size than those with paroxysmal 
AF (n=63). After 26±14 months, 31 (30%) patients had AF recurrence. Univariate cox-regression 
analysis revealed that LA-D, LA-SI, LA-TV, LAV and LAV-index (LAV/body surface area) 
were associated with AF recurrence. Multivariate cox-regression analysis revealed that LAV was 
the strongest independent predictor of AF-recurrence (HR=1.011 per ml, 95% CI: 1.003-1.020, 
p=0.002). LA-TV had the best correlation with LAV (r=0.69, p<0.01) and was the strongest 
single-linear predictor (HR=1.07 per mm, 95% CI: 1.022-1.121, p=0.004). Independent of LA-D, 
an LA-TV>74.5 mm predicted AF-recurrence similarly to LAV>126 ml. 
 
Conclusions:  
   LA dilatation, especially on the coronal plane, is associated with reduced long-term success 
after catheter ablation. LA-TV is the best linear predictor of AF recurrence, stronger than the 
commonly used LA-D. 
 
 
 
 



 69 

Introduction 
   The assessment of the left atrial (LA) size is important, since LA enlargement has been 
associated with cardiovascular outcomes and the success of atrial fibrillation (AF) therapy.1-4 
Accordingly, current guidelines recommend the assessment of the LA size and function by 
standard two-dimensional echocardiography in the clinical work-up of all AF patients.5 
   There are many different imaging modalities to assess the LA size, but echocardiography is the 
most frequently used, because it is widely available, cheap and harmless. The anterior-posterior 
LA diameter (LA-D), either from M-mode tracings or two-dimensional images has been 
extensively used in clinical routine and research work as a simple and representative indicator of 
LA size. However, it is now clear that this diameter cannot reliably reflect the true size of an 
asymmetric LA shape. This is particularly relevant in pathological LA, when due to constriction 
between the sternum and the spine LA enlargement occurs non-uniformly, mainly along the 
superior-inferior and medial-lateral directions and less in anterior-posterior direction.6 This 
asymmetric dilatation correlates with AF progression and reduced success after AF ablation.7 
   Computed tomography (CT) is another modality that has been increasingly used to obtain 3D 
data and image integration for AF ablation procedures. The widespread application of CT has 
provided new insights on the LA shape and volume, which have been proved to be better 
predictors of AF recurrence after LA ablation in comparison to the anterior-posterior LA-D.7-9 
Although the LA volume has low correlation with the LA-D and a closer relationship with 
cardiovascular outcomes,10 the relationship of volume and the importance of other LA diameters 
have not been adequately studied yet. 
   The aim of this study was to analyze the value of different LA dimensions derived from CT or 
echocardiography data, as predictors of long-term success after catheter ablation of AF and to 
identify the best predictive single-linear dimension. 
 

Methods 
Patient characteristics 
   Patients referred for the first catheter ablation of symptomatic AF refractory to medical 
management, were included prospectively in the registry of our institution. We retrospectively 
analyzed CT data of 103 consecutive patients, acquired one day prior to the ablation procedure. 
AF type and oral anticoagulation were determined according to current guidelines. Written 
informed consent has been obtained from all patients according to the Declaration of Helsinki.  
 
Echocardiography 
   Echocardiography was performed on all patients (2±1 days) before the procedure at a 
designated laboratory and intracardiac thrombi were ruled out. Images were acquired with the 
patients in the left lateral decubitus position (Vivid-7/9 General Electric Vingmed, Milwaukee, 
WI, USA). Standard M-mode and 2D images, including color Doppler data from 3 consecutive 
heartbeats, were obtained according to the recommendations of the American Society of 
Echocardiography.11 The anteroposterior diameter of the left atrium was measured at end-systole 
on the M-mode images from the parasternal long-axis view. Left ventricular end-diastolic 
diameters, as well as interventricular septum, were measured from the parasternal short-axis 
view. Left ventricular end-diastolic and end-systolic volumes were assessed from the apical 2- 
and 4-chamber images, and LV-EF was calculated according to the Simpson method. 
Echocardiographic LA volume (LAVe) was calculated according to the area-length method when 
available. 
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Computed tomography 
   Cardiac-CT imaging was performed with a multidetector 64-row helical system (Brilliance 64, 
Philips Medical Systems, Best, Netherlands). Image acquisition was electrogram-gated when 
possible and the parameters included: 70-120 KV, 850 mAs, 0.6 mm beam collimation, 0.625-
1.25 mm thickness and 20-30 cm field-of-view. During an end-inspiratory breath-hold of 
approximately 20 seconds, and following a timing bolus-chase injection (20 mL, 5 mL/s), 90 mL 
of an iodinated contrast medium (Ultravist 370, Bayer, Cologne, Germany) was administrated. 
Finally end-systolic imaging data were used for three-dimensional (3D) reconstruction. 
   Image analysis was performed offline by an experienced single observer blinded to the results 
of the procedure and the patient's follow-up. Initial measurements of 20 random patients were 
repeated 4 weeks later by the same investigator and a second reviewer in a blinded fashion. 
   CT data was reviewed using multiplanar reconstruction, maximum intensity projection, and 3D 
volume rendering, with a specialized image processing software (EnSite Verismo, SJM, MN). 
The left atrial volume (LAV) after exclusion of the atrial appendage (LAA) and the pulmonary 
veins (PV) was determined by LA area summation. The LA was then centered on all three cutting 
planes and the maximal LA dimensions were measured from superior to inferior (SI) and 
transversal (TV) on the coronal plane and from anterior to posterior (AP) on the sagittal plane. 
Figure 6.1 illustrates the measurement of LA diameters.  
 

 
 

Figure 6.1. Left atrial diameters measured from CT-data by Ensite Verismo: A. supero-inferior 
and B. transversal diameter on a coronal plane, C. antero-posterior on a saggital plane and D. on 
the three-dimensional reconstruction model.  
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   In order to adjust for the different body type, indexed parameters corrected for the body surface 
area (BSA) were calculated as follows: LA-D-index = LA-D/BSA, LA-AP-index=LA-AP/BSA, 
LA-SI-index=LA-SI/BSA, LA-TV-index=LA-TV/BSA and LAV-index = LAV/BSA 12.  
 
Ablation procedure and follow-up 
   LA catheter ablation was performed as previously described.13 Transseptal access and catheter 
navigation were performed with a steerable sheath (Agilis, St. Jude Medical, St. Paul, MN, USA) 
and electroanatomic mapping systems (EnSite™ NavXTM, St. Jude Medical; or CARTOTM, 
Biosense Webster, Diamond Bar, CA, USA), after integration of CT image datasets. All patients 
received circumferential ablation lines around the antrum of the ipsilateral pulmonary veins 
(irrigated tip catheter, pre-selected tip temperature of ≤48°C, and power of 30-45W). Complete 
pulmonary vein isolation was verified with a multipolar circular mapping catheter. In patients 
with persistent AF, additional linear lesions were added between the circular lesions, at the mitral 
isthmus and the posterior LA wall to create a “box” lesion. 
   Follow-up was performed with repeated 7-day-holter ECG recordings (Lifecard CF, Delmar-
Reynolds Medical Inc, Irvine, CA, USA) at 6, 12, 24 and 36 months of follow-up. Recurrence 
was defined as a ECG-documented AF episode or organized LA tachycardia of ≥30 seconds. 
Episodes occurring during a 3 months blanking period after the ablation were not included in the 
analysis. Class I and III antiarrhythmic drugs were discontinued and in case of AF recurrence, the 
medication was adapted on an individual basis. 
 
Statistical analysis 
   Continuous variables are expressed as mean and standard deviation (SD). Categorical variables 
are reported as frequencies and percentage. Kolmogorov-Smirnoff test was used to analyse the 
distribution of continuous variables. On that basis, parametric variables were compared by means 
of paired Student’s t-test and non-parametric variables by Wilcoxon-test or chi-square test. Intra-
observer and inter- observer variability was expressed with the correlation coefficient (r) between 
measurements. How well LAV or each LA diameter differentiated patients with and without 
recurrence of AF was assessed by means of the area under the receiver operating curve (AUC, 
ranging 0-1), with 0.5 corresponding to no discrimination and 1.0 to perfect discrimination. The 
association between LAV and LA diameters was expressed with Pearson’s correlation coefficient 
(r). Comparison between ROC curves was performed with DeLong’s method. 
   Clinical variables and LA measurements were evaluated with univariate Cox-regression 
analysis to determine their association with AF recurrence. Variables with a p<0.1 in univariate 
analysis were included in the multivariate cox-regression analysis by a forward stepwise selection 
procedure and the hazard ratio (HR) with 95% confidence interval (CI) was determined. A model 
was used to evaluate the predictive value of LAV without LA diameters and a second model was 
used to evaluate LA diameters without LAV. A two-tailed P-value <0.05 was considered 
significant. Analysis was performed with R-statistics and SPSS 20.0 (SPSS Inc., Chicago, USA).  
 

Results 
Patient characteristics  
   Baseline characteristics of the patients are summarized in Table 6.1. The majority of patients 
were males (n=72, 70%) with a mean age of 59±9 years. Left ventricular ejection fraction was 
61±7%. LA-D was 45±6 mm (range: 30-59 mm), LA-AP 45±9 mm (range: 25-72 mm), LA-SI 
59±8 mm (range: 19-75), LA-TV 74±8 mm (range: 54-94 mm) and LAV 127±35 ml (range: 66-
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240) respectively.  There was a significant correlation of LA-D (r=0.43, p <0.001), LA-AP 
(r=0.60, p<0.001), LA-SI (r=0.58, p<0.001) and LA-TV (r=0.69, p<0.001) with LA volume. This 
correlation remained significant for indexed values of LA diameters in relation to LAV-index. 
Patients with persistent AF (n=40) had significantly larger LAV and LAV-index, LA-AP, LA-SI 
and LA-TV than those with paroxysmal AF (n=63). LAVe was available in 51 (50%) patients 
and had a good correlation with LAV (r=0.65, p<0.001). The prevalence of AF type in these 
patients was similar to the total cohort (paroxysmal: 54% vs. 61%, p=0.48). LAVe was 
significantly lower than LAV (103±48 vs. 132±42 ml, p<0.001) and was similar between 
paroxysmal and persistent AF (96±44 vs. 110±52 ml, p=0.31).  
 
Table 6.1. Clinical characteristics and measurements according to atrial fibrillation (AF) type.  
 
Variables Total Paroxysmal AF Persistent AF P 
Number, n (%) 103 63 (61%) 40 (39%)  
Age, years 59±10 58±10 60±9 0.45 
Male, n (%) 72 (70%) 41 (65%) 31(76%) 0.19 
Height, cm 176±9 175±10 177±8 0.31 
Weight, kg 89±15 87±15 92±14 0.13 
Body mass index, kg/m2 28±5 28±5 29±4 0.31 
Body surface area, m2 2±0.2 2±0.2 2±0.2 0.13 
Hypertension, n (%) 63 (62%) 40 (64%) 23 (56%) 0.68 
Diabetes mellitus, n (%) 18 (18%) 13 (21%) 5 (13%) 0.43 
Previous stroke/TIA, n (%) 6 (6%) 6 (10%) 0 (0%) 0.08 
Coronary artery disease, n (%) 13 (13%) 8 (13%) 5 (13%) 1.00 
Dilated cardiomyopathy, n (%) 4 (4%) 1 (2%) 3 (7%) 0.30 
Heart failure, n (%) 7 (7%) 5 (8%) 3 (7%) 1.00 
CHADS2-VASc score 1.4±1.1 1.5±1.2 1.3±0.9 0.29 
CHA2DS2-VASc score 1.4±1.1 1.9±1.4 1.5±1.1 0.13 
AF recurrence, n (%) 31 (30%) 13 (21%) 18 (45%) 0.02 
Imaging parameters     
Left ventricular ejection fraction, % 61±7 62±6 59±9 0.13 
Left ventricular ed. diameter, mm 50±7 49±6 50±7 0.62 
LA-D by echocardiography, mm 43±6 42±6 43±7 0.22 
LA-AP,* mm 45±9 43±9 47±9 0.02 
LA-SI,* mm 59±9 58±9 61±7 0.04 
LA-TV,* mm 74±8 72±8 78±7 <0.001 
LAV,* ml 127±35 116±27 144±39 <0.001 
LAA volume,* ml 6±3 6±2 6±3 0.39 
LA-D-index,* mm/m2 21±3 21±3 21±3 0.92 
LA-AP-index,* mm/m2 22±5 21±5 22±5 0.16 
LA-SI-index,* mm/m2 29±5 28±6 29±4 0.50 
LA-TV-index,* mm/m2 36±5 35±4 37±5 0.06 
LAV-index,* ml/m2 62±17 57±14 69±20 0.002 

 
AP= antero-posterior, D= diameter, LA= left atrial, LAA= LA appendage, SI= supero-inferior, 
TV= transversal, * by computed tomography. 
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   There was no other difference between persistent and paroxysmal AF. Patients with sinus 
rhythm during CT scan had similar measurements and clinical characteristics when compared 
with patients in AF both in the paroxysmal and in the persistent AF group. 
 
Intra- and inter-observer variability 
   The intra-observer correlation coefficients among 20 random patients were 0.91, 0.89, 0.92, 
0.94 and 0.95 for the measurement of the LA-D, LA-AP, LA-SI, LA-TV and LAV respectively. 
The respective inter-observer correlation coefficients were 0.92, 0.89, 0.91, 0.95 and 0.96.  
 
Outcome of catheter ablation 
   During a mean follow-up of 26±14 months, 95 (92%) patients attended all scheduled follow-up 
visits, four (4%) patients missed one follow-up visit and four (4%) patients two follow-up visits. 
A second procedure was performed in 27 patients (27%) because of recurrences of AF 20±13 
months (interquartile range 9-29) after the first intervention. Seventy-two patients (70%) 
remained in sinus rhythm during follow-up (18 of them on previously ineffective antiarrhythmic 
medication) and 31 (30%) patients experienced a recurrence. AF recurrence was 45% for patients 
with persistent AF and significantly lower (21%) for paroxysmal-AF (p=0.02). There was one 
major complication with a pericardial tamponade requiring subxiphoidal puncture and one 
femoral pseudoaneurysm requiring ultrasound-guided compression.  
 
Predictors of AF recurrence 
   Patients with recurring AF had a higher incidence of persistent AF (58% vs. 30%, p=0.02) and 
heart failure (16% vs. 4%, p=0.05), a larger LA-D (45±7 mm vs. 42±6 mm, p=0.02), LA-TV 
(78±8 mm vs. 73±8 mm, p=0.002) and LA-SI (62±7 mm vs. 58±9 mm, p=0.04). There was no 
significant difference in LA-AP (46±9 mm vs. 44±9 mm, p=0.31) or in clinical characteristics 
(Table 6.2). Receiver operating curve (ROC) analysis revealed that the value of differentiating 
patients with and without recurrence of AF was comparable (p=0.779) between LAV (AUC 
0.684, 95% CI: 0.571-0.798) and LA-TV (AUC 0.697, 95% CI: 0.583-0.811). 
   Although LATVi, AF and heart failure had a p value <0.1 in direct group comparison (Table 
6.2) they did not reach significance when compared with cox-regression analysis (Table 6.3), so 
that variables analyzed in the multivariate models were only: LA-D, LA-SI, LA-TV, LAV and 
LAV-index with p<0.1 in univariable cox-regression analysis. 
   Using Cox-regression analysis, first in a model including all significant variables except LA 
diameters, we showed that that LAV was the strongest independent predictor of AF-recurrence 
(HR=1.011 per ml, 95% CI: 1.003-1.020, p=0.002). Choosing between single-linear dimension 
measurements, Cox-regression analysis in a second model without LAV revealed that LA-TV 
was the strongest independent predictor for AF recurrence (HR=1.07 per mm, 95% CI: 1.022-
1.121, p=0.004). Independent of LA-D, an LA-TV over 74.5 mm predicts AF recurrence with the 
highest combination of sensitivity (65%) and specificity (64%). This was similar to the best cut-
off value of 126 ml for LAV. Patients with LA-TV over 74.5 mm (n=46) or LAV over 126 ml 
(n=46) had significantly higher rate of AF recurrence (65% vs. 36%, p=0.01). Both LA-TV and 
LAV had a positive predictive value of 43% and a negative predictive value of 81%. Among 
patients with LAV>126 ml those with LA-TV<74.5 mm (n=14, 30%) had a tendency for less AF 
recurrence (21% vs. 53%, p=0.06) in comparison to the rest of the patients with LAV>126 ml. 
Figure 6.2 depicts the predicted proportion of patients with AF recurrence in relation to LAV or 
LA-TV, based on these two regression models, in the total population or according to AF type.  
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Table 6.2. Patient characteristics according to the maintenance of sinus rhythm or atrial 
fibrillation (AF) recurrence. 
 
Variables Sinus rhythm AF recurrence P 
Number, n (%) 72 (70%) 31 (30%)  
Age, years 60±10 57±10 0.25 
Male, n (%) 51 (71%) 21 (68%) 0.81 
Paroxysmal AF, n (%) 50 (79%) 13 (21%) 0.02 
Persistent AF, n (%) 22 (55%) 18 (45%)  
Height, cm 176±9 176±10 0.68 
Weight, kg 87±15 92±16 0.19 
Body mass index, kg/m2 28±5 29±4 0.35 
Body surface area, m2 2±0.2 2±0.2 0.24 
Hypertension, n (%) 45 (63%) 18 (58%) 0.67 
Diabetes mellitus, n (%) 14 (19%) 4 (13%) 0.58 
Prior stroke/TIA, n (%) 6 (8%) 0 (0%) 0.17 
Coronary artery disease, n (%) 12 (17%) 1 (3%) 0.10 
Dilated cardiomyopathy, n (%) 3 (4%) 1 (3%) 1.00 
Heart failure, n (%) 3 (4%) 5 (16%) 0.05 
CHADS2 score 1.5±1.1 1.3±1.1 0.26 
CHA2DS2-VASc score 1.8±1.3 1.6±1.3 0.43 
Imaging parameters    
Left ventricular ejection fraction, % 62±6 59±9 0.15 
Left ventricular ed. diameter, mm 49±6 50±7 0.45 
LA-D by echocardiography, mm 42±6 45±7 0.02 
LA-AP,* mm 44±9 46±9 0.31 
LA-SI,* mm 58±9 62±7 0.04 
LA-TV,* mm 73±8 78±8 0.002 
LAV,* ml 116±27 144±39 0.001 
LAA volume,* ml 6±2 7±3 0.14 
LA-D-index,* mm/m2 21±3 21±3 0.92 
LA-AP-index,* mm/m2 22±5 22±5 0.70 
LA-SI-index,* mm/m2 28±6 29±4 0.37 
LA-TV-index,* mm/m2 36±4 37±5 0.10 
LAV-index,* ml/m2 59±16 68±18 0.007 

 
AP= antero-posterior, D= diameter, LA= left atrial, LAA= LA appendage, SI= supero-inferior, 
TV= transversal, * by computed tomography. 
 
   Sub-analysis in patients with available LAVe, revealed a tendency for higher volumes in case 
of AF recurrence (118±46 vs. 93±47 ml, p=0.076). Accordingly, univariate analysis showed a 
predictive value for LAVe (HR=1.012 per ml, 95% CI: 0.998-1.025, p=0.087) that did not reach 
statistical significance in the multivariate models. 
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Table 6.3. Echocardiographic predictors of atrial fibrillation (AF) recurrence in a cox-regression 
model with left atrial (LA) volume (Model 1) or LA diameters (Model 2). 
 
 UV MV Model 1 MV Model 2 
Variable HR 95% CI P HR 95% CI P HR 95% CI P 
LAD 1.081 1.018-1.147 0.011       
LA-SI 1.049 0.998-1.103 0.058       
LA-TV 1.070 1.022-1.121 0.004    1.07 1.022-1.121 0.004 
LATVi 1.054 0.979-1.134 0.165       
LAV 1.011 1.003-1.020 0.012 1.011 1.003-1.020 0.012    
LAVi 1.016 0.999-1.034 0.066       
AF type 0.655 0.319-1.345 0.249       
CHF 0.542 0.206-1.423 0.213       

 
D= diameter, (i)= indexed to body surface area, LA= left atrial, SI= supero-inferior, TV= 
transversal, MV= multivariate analysis, UV= univariate analysis. 
 

 
 
Figure 6.2. The mean predicted proportion of patients with atrial fibrillation (AF) recurrence 
after an ablation procedure in relation to A. the LA volume (LAV) and B. the transversal LA 
diameter in CT (LA-TV) in the total population or according to AF type. 
 

Discussion 
Main findings  
   This study evaluates the value of LA volume and of single-linear LA dimensions for the 
prediction of AF recurrence after AF ablation procedures. Systematic long-term follow-up data 
including 7-day-Holter recordings allowed us to carefully assess the relationship between LA size 
and AF recurrence. There are two main findings in this study. First, LA dilatation is associated 
with advanced AF stage (persistent) and it is better detected by computed tomography than by 
echocardiography. Second, dilatation is asymmetrical and more pronounced on the coronal plane, 
as represented by the transversal LA diameter. LA-TV (>74.5 mm) is associated with reduced 
long-term success after catheter ablation and remains the best single-linear predictor similar to 
LAV (>126 ml) and stronger than the common echocardiographic LA-D.  
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Clinical implications  
   The assessment of the LA size and anatomy using the proper imaging technique and reliable 
parameters is very important, since it provides important prognostic information and guides AF 
management. Current guidelines recommend the assessment of the LA size by echocardiography 
(LA-D), but this cannot reliably reflect the asymmetric enlargement of LA in advanced AF that 
has also been reported in some previous studies.6, 7, 9 This irregular LA dilatation could reflect the 
physical constraints 14 or LA wall changes due to chronic AF 15 and is not fairly represented with 
LA-D or LAVe, as shown in the present study. 
   Our study showed that LA-D has lower correlation and lower predictive value in comparison to 
other diameters or to LA volume (LAV). LATV (>74.5 mm) was the strongest linear predictor of 
AF recurrence and could predict AF recurrence similarly to LAV (>126 ml), independent of body 
surface area. According to the hazard ratio above, a 4 mm increase of the LA-TV could lead to 
30% higher AF recurrence rate. The high negative predictive value for both LA-TV and LAV 
(81%) means a good differentiating value for the identification of patients with AF freedom on a 
long-tem follow-up.  Finally, there seems to be an additional predictive value of LA-TV that 
reflects the LA remodeling in patients with high LAV and that should be further examined. 
Therefore, ablation should not be withheld from these patients, even if the echocardiographic 
diameter or the LAV is enlarged (7% with LA-TV≤74.5 mm and LA-D≥50 mm or LAV>126 ml 
in our cohort).  
   These results supplement previous studies, showing that LAD measured by echocardiography 
correlates poorly with LA volume measured by CT, which is a better surrogate of true LA size 
and of AF ablation success.4, 16-20 Abecasis et al. showed that patients with LAV >145 ml had 
significantly higher AF recurrence rates after AF ablation.4 Helms et al. found a LAV cutoff point 
of 135 ml to have 96% specificity for AF recurrence.17 Similar results have been reported by 
other studies in different patient cohorts, but cut-off values (117-135 ml) increased proportionally 
to the percentage of included patients with persistent AF.20-22 In contrast, von Bary et al. found 
that in a larger cohort with exclusive paroxysmal AF, LAV (>95 ml) has only a marginal 
predictive value.23 
   A recent study by den Uijl et al. examined LA dimensions from CT data of 100 patients 
undergoing AF catheter ablation and found that enlargement of the antero-posterior LA diameter 
in CT and a normal anatomy of the right pulmonary veins were independent risk factors for AF 
recurrence.24 However, this study had a shorter follow-up (12 vs. 26 months) and included fewer 
patients with persistent AF (28% vs. 40%) with low LA volume (82 vs. 127 ml) in comparison to 
our study. Since advanced AF stages are associated with a more prominent dilatation on the 
coronal plane and ablation is increasingly being used for patients with persistent AF, transversal 
LA size seems to be a better surrogate of LA size for these patients and deserves further 
investigation.  
   Volume measurement requires 3D reconstruction, cutting out anatomical structures and thus 
remains a time-consuming process. Therefore, an easily measured single-linear LA dimension 
would be better for clinical routine use. The current data indicate that the transversal LA diameter 
(LA-TV) can represent LA dilatation and can predict success after AF-ablation similarly to LAV. 
In contrast, the commonly used LA-D and LAVe showed poorer correlation with LAV and low 
predictive value for AF-recurrence, when compared with LAV and other LA diameters. As 
previously described, LAVe appeared to underestimate the LA volume compared to Cardiac-CT 
and thus had lower predictive value in our study.25, 26 Interestingly, in accordance with previous 
reports, all parameters had worse statistical performance when adjusted for BSA.23 Thus, future 
studies should take into consideration that indexed variables could reduce the mass effect. In this 
sense, our findings emphasize that LA-D and indexed values could be misleading for clinical 
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decision making in AF patients.  LA-TV on the other hand is a simple parameter that could be 
easily measured and reliably guide AF management, by identifying patients in whom successful 
AF ablation can be achieved with simpler ablation procedures.  
 
Limitations 
   This is a single-center study with the inherent limitations of a post-hoc analysis. Asymptomatic 
AF recurrence may have been underestimated, but systematic 7-day-Holter recordings tried to 
limit this effect. The effect of parameter-collinearity is difficult to assess with Cox regression, but 
since the variance inflation factor remained at about 2.5 this effect was limited. In order to further 
restrict this effect we performed a two-model analysis. Analysis with collinearity adjustment and 
inclusion of all LA diameters though did not change the significance of our findings. Although 
LAVe data were limited, our results confirmed the systematic underestimation of LA volume and 
thus the lower predictive value of LAVe. Additionally, LAV and LA-TV was assessed with 
computed tomography, the application of which is largely limited by radiation exposure and need 
for contrast injection. This certainly prohibits the use of LA-TV in repeated routine follow-up 
studies, but since CT is the most common imaging for 3D data prior to AF-ablation, LA-TV is a 
readily available parameter. However, newer techniques, such as magnetic-resonance 
tomography or 3D echocardiography, are entering the clinical routine and could potentially 
provide this information with less radiation in the future.  
 

Conclusion 
   In conclusion, the left atrial dilatation, especially on the coronal plane, is associated with 
advanced stages of AF and worse long-term rhythm outcomes after catheter ablation. The 
transversal LA diameter is the best single-linear predictor, comparable to LA volume and 
stronger than the commonly used LA diameter measured by echocardiography. 
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Abstract 

 
Background:  
   Left atrium (LA) dilatation is associated with atrial fibrillation (AF) progression and reduced 
success after catheter ablation. We studied the pattern of LA asymmetry in regard to dilatation 
and its predictive value, especially in advanced AF stage. 
 
Methods: 
   One hundred seventy patients (122 males, 59±9 years) undergoing AF ablation were included. 
Pre-interventional CT data were used to determine the LA volume (LAV). A cutting plane, 
between the pulmonary vein ostia and the appendage and parallel to the posterior wall, divided 
LAV into anterior- (LA-A) and posterior-LA (LA-P) parts. The ratio LA-A/LAV was defined as 
asymmetry index (ASI).  
 
Results: 
   Patients with persistent AF (n=56) had higher LA volumes and asymmetry (ASI: 63±6% vs. 
60±6, p=0.004) than those with paroxysmal AF (n=114). LAV increase was associated with an 
ASI increase (r=0.31, p<0.001). After 24 months, AF recurred in 55(32%) patients. Univariate 
analysis revealed AF-type, heart failure, LA volumes, diameter (LA-D) and ASI as recurrence 
predictors. Multivariate analysis showed that LA-A (OR=1.02 per ml, 95%CI: 1.002-1.0037, 
p=0.025) was the only independent recurrence predictor for patients with paroxysmal AF. In 
patients with persistent AF though, asymmetry was the only predictor (ASI, OR=1.21 per 1%, 
95%CI: 1.03-1.42, p=0.02) independent of volumes. 
 
Conclusions: 
   Advanced AF is associated with asymmetric LA dilatation, negatively affecting long-term 
success after ablation. LA-A and ASI are outcome predictors with higher value than LA-D. 
 
 
 



 83 

Introduction 
   Left atrium (LA) dilatation is associated with atrial fibrillation (AF) progression 1. Recent data 
though revealed that atrial remodeling not only involves enlargement but symmetry changes too, 
which have been associated with reduced success after catheter ablation 2-4. Despite the growing 
evidence of LA remodeling and the need for additional ablation targets in patients with persistent 
AF, the relation of LA asymmetry and long-term outcomes is still not well studied. 
   Consequently, the present study evaluated 170 consecutive patients of our prospective registry 
for the impact of asymmetrical LA dilatation on the long-term success after pulmonary vein 
isolation (PVI) for paroxysmal AF or additional substrate modification for persistent AF. 
 

Methods 
   All patients gave informed consent according to institutional guidelines and the Declaration of 
Helsinki. Echocardiography and cardiac-CT with a multidetector 64-row helical system 
(Brilliance 64, Philips, Best, Netherlands) was performed (2±1 days) before the procedure 5. CT 
data were reviewed using 3D reconstruction (EnSite Verismo, SJM, MN) and LA volume (LAV) 
was determined after exclusion of the atrial appendage (LAA) and the pulmonary veins (PV). LA 
was then centered on all three cutting planes and the superior-inferior (SI), transversal (TV) and 
anterior-posterior (AP) diameters were measured. The LAV was then arbitrarily divided by a 
cutting plane, between the anterior segment of the PV ostia and the LAA and parallel to the 
posterior wall. The partial LA volumes, the anterior (LA-A) and the posterior (LA-P) were 
calculated and the ratio LA-A/LAV was defined as an asymmetry index (ASI). Figure 7.1. 
   We also calculated a simplified left atrial sphericity parameter (LAS), similarly to a previous 
method 3. The average radius [AR] of such a sphere was calculated as the mean of of the LA 
radius in all 3 dimensions (SI, TV and AP). The coefficient of variation of the sphere (CVS = AR 
standard deviation/AR) was obtained to define the LAS [(1- CVS)*100]. 
   Measurements were performed offline by an experienced observer and were repeated 4 weeks 
later by the same investigator and a second reviewer in a blinded fashion. 
 
Ablation procedure and follow-up 
   Catheter ablation was performed under propofol sedation as previously described 6. All patients 
underwent circumferential ablation around the ipsilateral pulmonary veins, verified with a 
multipolar circular catheter. In patients with persistent AF, additional linear lesions were added 
between the circular lesions, at the mitral isthmus and the posterior LA wall to create a “box” 
lesion. Follow-up was performed with repeated 7-day-holter ECG recordings at 6, 12, 24 and 36 
months. Recurrence was defined as any documented atrial tachycardia or fibrillation episodes of 
≥30 seconds (after a 3 months blanking period).  
 
Statistical analysis 
   Continuous variables are expressed as mean and standard deviation (SD) when normally 
distributed or as median and interquartile range (IQR). Categorical variables are reported as 
frequencies and percentage. Parametric variables were compered by means of paired Student’s t-
test and non-parametric variables by Wilcoxon-test or chi-square test. Intra-observer and inter-
observer variability expressed with Pearson’s correlation coefficient (r). 
   Baseline variables with a p-value<0.1 in the univariate regression analysis were included in a 
forward stepwise multivariate model to determine the odds ratio (OR) and 95% confidence 
interval (CI) of predictors. Separate models were used to evaluate the predictors of success 
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according to AF type. A two-tailed P-value <0.05 was considered significant. Data were analysed 
with SPSS v20.0 (SPSS Inc., Chicago, USA). 
 

Results 
Patients’ characteristics 
   The characteristics and LA measurements of the patient cohort are summarized in Table 7.1. 
The intra- and inter-observer correlation coefficients were all ≥0.89.  LAV correlated with ASI 
(r=0.31, p<0.001) and LAD with LAV (r=0.51, p<0.01), but not with ASI (r=0.5, p=0.18). LAS 
(73±7%) correlated with LA volumes but not with ASI, AF type or outcomes.  
 
Table 7.1.  Clinical characteristics and measurements according to atrial fibrillation (AF) type.  
 
Variables Total Paroxysmal AF Persistent AF P 
Number, n (%) 170 114 (67%) 56 (33%)  
Age, years 59±10 58±10 60±8 0.16 
Male, n (%) 122 (72%) 78 (68%) 44 (79%) 0.20 
Body mass index, kg/m2 28±4 28±4 29±4 0.10 
Body surface area, m2 2±0.2 2±0.2 2±0.2 0.11 
Hyperlipidemia, n (%) 53 (31%) 35 (31%) 18 (32%) 0.86 
Hypertension, n (%) 94 (55%) 62 (57%) 32 (54%) 0.75 
Diabetes mellitus, n (%) 23 (14%) 17 (15%) 6 (11%) 0.63 
Previous stroke/TIA, n (%) 11 (7%) 9 (8%) 2 (4%) 0.34 
Coronary artery disease, n (%) 18 (11%) 11 (10%) 7 (13%) 0.60 
Dilated cardiomyopathy, n (%) 7 (4%) 3 (3%) 4 (7%) 0.22 
Heart failure, n (%) 11 (7%) 7 (6%) 4 (7%) 0.75 
CHADS2 score 1.3±1.1 1.3±1.2 1.2±0.9 0.67 
CHA2DS2-VASc score 1.6±1.4 1.7±1.5 1.5±1.3 0.38 
Imaging parameters     
  Left ventricular ejection fraction, % 60±8 62±8 58±8 0.17 
  Left ventricular ed. Diameter, mm 49±6 49±6 49±7 1.00 
  LAD by echocardiography, mm 43±6 42±6 43±7 0.30 
  LAV,* ml 129±43 123±45 143±35 0.003 
  LA-A,* ml 79±31 74±32 90±25 0.001 
  LA-P,* ml 50±15 49±15 54±13 0.029 
  ASI (LA-A/LA-P), % 61±6 60±6 63±6 0.009 
  LA Sphericity, % 73±7 72±8 74±6 0.10 
  LAA volume,* ml 7±3 7±4 7±3 0.39 
Procedural/outcome data     
  Procedure time, min 166±52 157±53 183±47 0.68 
  Fluoroscopy time, min 36±17 34±15 40±19 0.08 
  Fluoroscopy dose, cGy*cm2 1.6±1.7 1.4±1.1 2.0±2.0 0.08 
  Ablation time, min 55±23 50±22 65±25 0.08 
  Follow-up time, months 27±16 26±17 30±15 0.15 
  Reablation, n (%) 62 (36%) 38 (33%) 24 (43%) 0.26 
  AF recurrence, n (%) 54 (32%) 30 (27%) 25 (45%) 0.02 

 
LA= left atrial; LAA= LA appendage; LA-A= anterior LA volume; LAD= LA diameter; LA-P= 
posterior LA volume; LAV= LA volume; ASI= asymmetry index, * by computed tomography. 
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Atrial remodeling and ablation outcomes 
   Patients with persistent AF had higher volumes and asymmetry than those with paroxysmal AF. 
The LAV-ASI correlation was present in paroxysmal AF (r=0.25, p=0.007) but did not reach 
statistical significance in persistent AF patients (r=0.26, p=0.056).  
After 24 months, AF recurred in 55 (32%) patients. Univariate analysis revealed persistent AF 
(45% vs. 27%, p=0.02), heart failure (13% vs. 4%, p=0.04), LAD (45±8 vs. 41±5 mm, 0.007), 
LAV (148±54 vs. 121±33 ml, p<0.001), LA-A (94±41 vs. 72±22 ml, p<0.001), LA-P (55±16 vs. 
48±14 ml, p=0.011), LAA volume (8±4 vs. 7±3 ml, p=0.02) and asymmetry (63±6 vs. 59±6%, 
p<0.00) as recurrence predictors.  
   In patients with paroxysmal AF, multivariate analysis showed that LA-A (OR=1.02 per ml, 
95%CI: 1.002-1.0037, p=0.025) was the only independent recurrence predictor. An LA-A ≥78 ml 
could predict AF recurrence with the highest sensitivity (66%), specificity (67%), PPV 66% and 
NPV 67%. In patients with persistent AF though, asymmetry was the only predictor (ASI, 
OR=1.21 per 1%, 95%CI: 1.03-1.42, p=0.02) independent of volumes. An ASI ≥62.5% had the 
highest sensitivity (75%), specificity (72%), PPV 67% and NPV 79%. Accordingly, a 2% ASI 
increase could almost double (42%) the risk of AF recurrence. 
 

Discussion 
   Our study has shown that LA remodeling involves two interactive components: dilatation and 
asymmetry, both associated with AF-type and long-term success after an AF-tailored ablation. 
This could reflect the physical constraints (spine/sternum) 7, the changing tissue characteristics 8, 9 
and the increased anterior wall stress 10, which as shown undergoes continuous expansion during 
AF progression. 
   We found that asymmetry increases as the LA volume expands, but this effect is less 
pronounced in patients with already asymmetric dilated atria, such as in persistent AF. Although, 
dilatation is the most important predictor after PVI for paroxysmal AF, in patients with persistent 
AF, asymmetry (ASI) supersedes volume and remains the most significant predictor of AF 
recurrence after PVI and additional substrate modification. Since LAD and LAS did not correlate 
with ASI and could not represent LA shape, the present findings support the use of LA 
asymmetry as a surrogate for better patient selection and treatment strategy in advanced AF 
stages. Therefore, in patients with persistent AF and low ASI, ablative treatment could be 
advocated despite greater LA volumes, whereas in those with higher ASI alternative treatments 
should be carefully considered (Figure 7.1).  
   These results confirm previous observations that asymmetry can predict outcomes and that PVI 
alone is not an effective treatment for persistent AF 2. In contrast to Bisbal et al.,3 LA sphericity 
was not found to be a significant recurrence predictor. Patients in our cohort though had lower 
LAS (73±7% vs. 83±3%), higher LAV (129±43 ml vs. 82±26) and more advanced age (59 vs. 52 
years old), which could support the observation that in patients with advanced AF, asymmetry is 
a better surrogate of ablation outcomes.  
 

Conclusion 
   Our results can be seen as hypothesis generating and point out the potential importance of LA 
asymmetry, expressed as proportional LA-A/LAV dilatation, for better pre-procedural patient 
selection. However, a larger prospective study is needed to confirm these findings. 
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Figure 7.1. The asymmetry index (ASI) in a patient with A. paroxysmal atrial fibrillation (AF) 
and in two patients with persistent AF: although left atrial volume (LAV) was higher for patient 
B., ASI and thus ablation outcome were better than for patient C. 
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Abstract 

 
Background: 
   The association between anatomical left atrial (LA) remodeling and ventricular diastolic 
dysfunction (DD) in atrial fibrillation (AF) patients is not well studied. We aimed to examine the 
effect of DD on anatomic LA remodeling and their relation with ablation outcomes.  
 
Methods: 
   In 104 patients (58 ± 10 years, 69% male) referred for AF ablation, LA volume (LAV) was 
determined by computed tomography. A cutting plane, between the pulmonary vein (PV) ostia 
and the appendage and parallel to the posterior wall, divided LAV into anterior- (LA-A) and 
posterior-LA parts. The ratio of LA-A and LAV was defined as the LA asymmetry index (ASI). 
According to the current guidelines, the presence of DD was evaluated by echocardiography. 
Regression analysis was used to identify predictors of asymmetry changes and long-term success. 
Univariate linear regression revealed that ASI is associated with LAV, the presence of DD, and 
mitral regurgitation.  
 
Results: 
   Asymmetry index was higher in patients with DD (n = 35, 62 ± 5 vs. 59 ± 6%, P = 0.013) or 
mitral regurgitation (n = 67, 61 ± 6 vs. 58 ± 5%, P = 0.025). Multiple linear regression analysis 
showed that DD (B = 2.6, β = 0.207, 95% confidence interval, CI: 0.167–5.011, P = 0.036) and 
LAV (B = 0.037, β = 0.211, 95% CI: 0.003–0.071, P = 0.033) were the only factors 
independently associated with ASI (adjusted r2 = 0.92, F = 6.2, P = 0.003). Regression analysis 
showed that AF recurrence (33% after 24 months) is associated with asymmetric LA changes, 
while DD is not.  
 
Conclusions:  
   Left atrial symmetry changes are associated with DD and dilatation. Since DD could cause LA 
remodeling, appropriate early treatment should be considered for AF patients with DD, before 
geometrical changes occur. 
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Introduction 
   Atrial fibrillation (AF) progression is an established cause of left atrial (LA) remodeling,  
characterized not only by dilatation but also by changes of LA symmetry.1-5 This is particularly 
prominent in larger LAs, when due to constriction between the sternum and the spine LA 
extension occurs non-uniformly, mainly along the superior-inferior and medial-lateral directions 
and to a lesser degree in the anterior-posterior axis. This asymmetric LA dilatation is a strong 
predictor of poor outcome after catheter ablation.1-5 Recently, advanced AF stages have been also 
associated with increased prevalence of left ventricular diastolic dysfunction (DD).6 However, 
hitherto there is no data about the relation between DD, LA asymmetry and the effect on the 
long-term success after AF ablation.  
   This study aimed to explore patterns of LA asymmetry in regard to DD in AF patients referred 
for catheter ablation and assessed its potential association with long-term rhythm outcomes. 
 

Methods 
Patient characteristics 
   The study population comprised patients with symptomatic therapy-refractory AF who 
underwent radiofrequency catheter ablation at the Heart Center Leipzig (2009-2011). Patients 
with an echocardiography of at least 14 days after cardioversion were included, so that after 
exclusion of patients with prior AF ablation, implanted pacemaker or defibrillator, or mitral 
valve-surgery, the final study population comprised 104 patients. All patients provided written 
informed consent and data were collected and anonymized in accordance with institutional 
guidelines and the Declaration of Helsinki. Paroxysmal AF was defined as self-terminating 
within 7 days and persistent AF was defined as an AF episode of >7 days or requiring 
cardioversion for termination.  
 
Echocardiography 
   All patients underwent a comprehensive transthoracic and transesophageal echocardiographic 
exam during sinus rhythm before catheter ablation according to the recommendations of the 
American Society of Echocardiography. Images were acquired at a designated echo-laboratory 
using a commercially available system (GE Healthcare Vivid 9, Philips Medical Systems iE33). 
Intracardiac thrombi were ruled out. The LA dimension was measured in the parasternal long axis 
view at end-systole. The left ventricular ejection fraction (LVEF) was assessed by the modified 
Simpson’s method.  
   Mitral diastolic inflow was interrogated using pulsed-wave Doppler from the apical 4-chamber 
view at the level of the mitral leaflet tips. Mitral early diastolic peak (E-wave) and late peak (A-
wave) velocities, E/A ratio, and deceleration time (DT) of mitral early velocity were measured. 
An apical 4-chamber view was also used to obtain longitudinal myocardial velocities by tissue 
Doppler imaging of both the medial and lateral mitral annulus. Early diastolic mitral annular peak 
velocity was measured, and the ratio of trans-mitral diastolic peak velocity to the average mitral 
annular diastolic peak velocity (E/e′) was calculated. DD was graded according to current 
recommendations as grade 1: mitral E/A≤0.8, DT >200 milliseconds (ms), and E/e′≤8; grade 2: 
0.8<E/A<1.5, 160 ms <DT< 200 ms, and 9< E/e′<12; or grade 3: E/A≥2, DT<160 ms, E/e′ >12. 
 
Computed tomography 
   Cardiac-CT was performed before ablation with a multi-detector 64-row helical system 
(Brilliance 64, Philips Medical Systems, Best, The Netherlands). Image acquisition was 
electrogram-gated and the parameters included: 70-120 KV, 850 mAs, 0.6 mm beam collimation, 
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0.625-1.25 mm thickness and 20-30 cm field-of-view. During an end-inspiratory breath-hold of 
20 seconds, and following a timing bolus-chase injection (20 ml, 5 ml/s), 90 mL of an iodinated 
contrast medium (Ultravist 370, Bayer Vital, Germany) was administered. Finally end-systolic 
imaging data were recorded and used for three-dimensional (3D) reconstruction.  
   CT data were reviewed using 3D volume rendering (EnSite Verismo, SJM, MN). Left atrial 
volume (LAV) after exclusion of the atrial appendage (LAA) and the pulmonary veins (PV) was 
determined by LA area summation. The LAV was then divided by a cutting plane, between the 
anterior segment of the PV ostia and the atrial appendage and parallel to the posterior wall. The 
resulting anterior (LA-A) and posterior (LA-P) partial volumes were calculated and the ratio LA-
A/LAV was defined as the asymmetry index (ASI, Figure 8.1). 
   Image analysis was performed offline by an experienced observer blinded to ablation data and 
the patient's clinical follow-up. Initial measurements of 20 random patients were repeated 4 
weeks later by the same investigator and a second reviewer (S.N., E.K) in a blinded fashion. 
 

 
 
Figure 8.1. The division of LA volume (LAV) into anterior (LA-A) and posterior (LA-P) parts 
by a cutting plane, between the pulmonary veins and the LA appendage (LAA) and parallel to the 
posterior wall. The asymmetry index (ASI) equals LA-A/LAV. 
 
Ablation procedure and follow-up 
   LA catheter ablation was performed as previously described.5 In brief, transseptal access and 
catheter navigation were performed with a steerable sheath (Agilis, St. Jude Medical, St. Paul, 
MN, USA) and electroanatomic mapping systems (EnSite™ NavXTM, St. Jude Medical; or 
CARTOTM, Biosense Webster, Diamond Bar, CA, USA), after integration of CT image datasets. 
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All patients received circumferential ablation lines around the antrum of the ipsilateral pulmonary 
veins (irrigated tip catheter, temperature of ≤48°C, power of 20-45W).  
   Complete pulmonary vein isolation was verified with a multipolar circular mapping catheter. In 
patients with persistent AF, additional linear lesions were added between the circular lesions, at 
the mitral isthmus and the posterior LA wall to create a “box” lesion.  
   Follow-up was performed with regular routine clinical examinations and repeated 7-day-Holter 
ECG recordings (Lifecard CF, Delmar-Reynolds Medical Inc, Irvine, CA, USA) at 6, 12, 24 and 
36 months of follow-up. Recurrence of AF was defined as an ECG documented AF episode or an 
organised LA macroreentry tachycardia of ≥30 seconds documented in holter ECG.  
   Episodes occurring during an initial 3-month blanking period after the ablation were not 
included in the analysis. Class I and III antiarrhythmic drugs were routinely discontinued after 
catheter ablation. In case of AF recurrence, the antiarrhythmic drugs (AADs) were adapted on an 
individual basis (preferably previously effective AADs without contraindications or adverse 
effects). A repeat ablation was based on the completion of lesions applied during the 1st 
procedure. 
 
Statistical analysis 
   Continuous variables are expressed as mean and standard deviation (SD). Categorical variables 
are reported as frequencies and percentage. Kolmogorov-Smirnoff test was used to analyse the 
distribution of continuous variables. On that basis, parametric variables were compared by means 
of paired Student’s t-test (for 2 groups) and non-parametric variables by Wilcoxon-test or chi-
square test. Intra-observer and inter-observer variability was assessed with Pearson’s r-values. 
   Clinical variables and LA measurements were then evaluated with univariate linear regression 
analysis to determine their association with LA asymmetry. Variables with p<0.1 were included 
in a forward stepwise multivariate model to determine factors independently associated with ASI 
increase, their correlation coefficients (B unstandardized, β standardized) with 95% confidence 
interval (CI). The percentage of ASI variation explained by these factors was expressed by the 
adjusted r2 and the goodness of fit (F value).  
   Univariate und multivariate logistic models were used to evaluate the predictors of AF 
recurrence. In order to mitigate the effect of collinearity we used different regression models for 
each of the collinear variables. A two-tailed P-value less than 0.05 was considered statistically 
significant. Analysis was performed with SPSS 21.0 (SPSS Inc., Chicago, USA). 
 

Results 
   The patients’ baseline characteristics are summarized in Table 8.1. The majority of patients 
were males (69%) with paroxysmal AF (67%), a mean age of 58±10 years and a LVEF of 
60±8%. DD was present in 35 patients (33%), showing grade I in 18 (17%), grade II in 14 (13%), 
and grade III in 3 (3%) patients.  
   DD was associated with increased age, CHADS2 and CHA2DS2-VASc scores, LA size and 
asymmetry (Table 8.1). LA diameter (LAD), LAV and ASI were 42±6 mm, 125±35 ml and 
60±6% respectively.  
   The intra-observer correlation coefficients were 0.92, 0.89, 0.90 and 0.92 for the measurement 
of the LAV, LA-A, LA-P and LAA volumes, respectively. The respective inter-observer values 
were 0.91, 0.89, 0.90 and 0.91. 
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Table 8.1. Patients characteristics in relation to the presence of diastolic dysfunction. 
 
Variables Total Diastolic dysfunction P 
  No Grade 1 Grade 2-3  
Numbers of patients, (%) 104 69 (67) 18 (17) 17 (16)  
Age, years 58±10 56±9 64±9 60±9 0.003 
Male, n (%) 72 (69) 50 (73) 13 (72) 9 (53) 0.28 
Body mass index, kg/m2 28±4 28±4 29±4 27±4 0.14 
Persistent atrial fibrillation, n (%) 34 (33) 23 (33) 4 (22) 7 (41) 0.48 
Hyperlipidemia, n (%) 33 (32) 21 (30) 4 (22) 8 (47) 0.27 
Hypertension, n (%) 56 (54) 34 (49) 12 (67) 10 (59) 0.38 
Diabetes mellitus, n (%) 17 (16) 8 (12) 4 (22) 5 (29) 0.16 
Previous stroke/TIA, n (%) 3 (3) 1 (1) 1 (6) 1 (6) 0.47 
Coronary artery disease, n (%) 9 (9) 4 (6) 2 (11) 3 (18) 0.27 
Dilated cardiomyopathy, n (%) 6 (6) 4 (6) - 2 (12) 0.32 
Heart failure, n (%) 6 (6) 3 (4) 1 (6) 2 (12) 0.51 
NYHA score 1.2±1.0 1.0±1.2 1.2±0.7 1.3±0.9 0.66 
CHADS2 score 1.2±1.1 1.0±1.1 1.8±1.2 1.5±1.3 0.03 
CHA2DS2-VASc score 1.6±1.4 1.3±1.2 2.3±1.3 2.2±1.8 0.003 
Imaging parameters      
 LV ejection fraction, % 60±8 61±6 60±7 57±10 0.30 
 LV ed. diameter, mm 48±6 48±6 50±7 49±9 0.83 
 LAD by echocardiography, mm 42±6 42±5 45±7 42±8 0.16 
 Mitral regurgitation, n (%) 67 (64) 43 (62) 6 (67) 5 (71) 0.79 
  E, cm/s 78±20 79±15 56±11 99±27 <0.001 
  A, cm/s 55±18 52±14 70±15 50±26 0.001 
  E/A 1.5±0.6 1.6±0.6 0.8±0.2 1.5±0.6 <0.001 
  E/E’ 11±4 7±2 7±3 13±4 0.001 
  LAV,* ml 125±35 119±27 132±33 142±47 0.02 
  LA-A,* ml 75±23 70±18 81±24 90±34 0.002 
  LA-P,* ml 50±13 49±13 51±11 53±15 0.43 
  ASI (LA-A/LAV), % 59±6 59±6 61±6 63±5 0.002 
  LAA volume,* ml 7±3 7±3 6±3 8±3 0.06 

 
ASI= asymmetry index; LA= left atrial; LAA= LA appendage; LA-A= anterior LA volume; LAD= LA 
diameter; LA-P= posterior LA volume; LAV= LA volume; DD= Left Ventricular Diastolic Dysfunction, * 
by computed tomography. 1 standardized 
 
Relation of LA asymmetry, dilatation and diastolic dysfunction 
   Univariate linear regression revealed that ASI is associated with DD, LAV and mitral 
regurgitation of 1st-2nd Grade (Table 8.2). Patients with DD (n=35, 34%) had higher ASI 
(62±5% vs. 59±6%, p=0.013) than those without DD. Patients with mild (n=60) or moderate 
(n=7) mitral regurgitation had higher ASI (61±6% vs. 58±5%, p=0.025) than those with no mitral 
regurgitation. LAV increase was associated with an ASI increase (r=0.26, p=0.008). Multiple 
linear regression analysis revealed that DD (B=2.589 and β=0.207 standardized, 95% CI: 0.167-
5.011, p=0.036) and LAV (B=0.037 and β=0.211 standardized, 95% CI: 0.003-0.071, p=0.033) 
were independently associated with ASI (adjusted r2=0.92, F=6.2, p=0.003). According to the 
adjusted r2 value, 92% of the ASI variation could be explained by the LAV increase and the DD 
presence. 
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Table 8.2. Linear regresion analysis for predictors of LA asymmetry (ASI). 
 
Variables Univariate Multivariate 
 β 95% CI p β1 95% CI P 
Age, years 0.11 0.01-0.23 0.07    
Male, n (%) 0.34 -2.16-2.83 0.79    
Body mass index, kg/m2 1.26 -4.11-1.59 0.38    
Persistent atrial fibrillation, n (%) 1.73 -0.70-4.17 0.16    
Hyperlipidemia, n (%) -0.47 -2.96-2.0 0.71    
Hypertension, n (%) 0.33 -1.99-2.64 0.78    
Diabetes mellitus, n (%) -1.38 -4.49-1.72 0.38    
Previous stroke/TIA, n (%) 0.05 -5.04-8.62 0.59    
Coronary artery disease, n (%) -1.65 -5.75-2.44 0.42    
Dilated cardiomyopathy, n (%) 1.77 -3.16-6.72 0.48    
Heart failure, n (%) 2.74 -2.18-7.67 0.27    
NYHA score 0.1 -1.01-1.2 0.97    
CHADS2 score -0.1 -1.02-1.0 0.98    
CHA2DS2-VASc score 0.8 -0.47-1.2 0.38    
Imaging parameters       
 LV ejection fraction, % -0.12 -0.35-0.11 0.28    
 LV ed. diameter, mm 0.04 -0.4-0.32 0.81    
 LAD by echocardiography, mm 0.04 -0.15-0.24 0.65    
 Mitral regurgitation, n (%) 2.71 0.35-5.06 0.025    
  LV diastolic dysfunction, n (%) 3.02 0.65-5.39 0.013 0.207 0.167-5.011 0.036 
  E, cm/s 0.03 -0.03-0.82 0.37    
  A, cm/s 0.01 -0.07-0.06 0.99    
  E/A 0.33 -1.57-2.24 0.73    
  E/E' 0.33 -0.24-0.92 0.24    
  LAV,* ml 0.05 0.01-0.08 0.008 0.211 0.003-0.071 0.033 
  LA-A,* ml 0.13 0.09-0.18 <0.001    
  LA-P,* ml 0.12 0.2-0.031 0.008    
  LAA volume,* ml 0.48 0.12-0.85 0.01    

 
ASI= asymmetry index; LA= left atrial; LAA= LA appendage; LA-A= anterior LA volume; LAD= LA 
diameter; LA-P= posterior LA volume; LAV= LA volume; LV= Left Ventricular, * by CT 1 standardized 
 
Predictors of AF recurrence 
   After a median of 24 months and 35 repeat-procedures, 34 patients (33%) experienced an AF 
recurrence. Repeat ablation and AAD use was similar between groups (Table 8.3). In univariate 
analysis persistent AF, heart failure, LA diameter, LA volumes and LA asymmetry (ASI) were 
associated with AF recurrence, while other clinical or echocardiographic variables were not. 
Multivariate regression analysis (MV1) including all the above parameters in the total cohort 
revealed LA-A as the only independent predictor of AF recurrence (OR 1.033 per 1 ml, 95% CI 
1.009–1.057, P=0.006). Collinearity diagnostics revealed that LA volumes are strongly 
associated with ASI (variance inflation factor >2.5). In order to mitigate this effect we used 
different regression models. A regression model without ASI (MV2) confirmed the importance of 
LA-A as an independent predictive factor. A regression model (MV3) without the LA volumes 
revealed ASI (OR 1.117 per 1%, 95% CI 1.026-1.216, P=0.011) as the only independent 
predictor of AF recurrence. A subanalysis in patients with persistent AF (M4) showed that ASI is 
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the only recurrence predictor (OR 1.346 per 1%, 95% CI 1.056-1.715, P=0.016), even when the 
volumes are included in the model. The presence or the grade of diastolic dysfunction was not 
found to be associated with procedural success. Patients with high DD showed a tendency for 
increased AF recurrence (53% vs. 29%, p=0.09), but did not significantly change our findings. 
 
Table 8.3 Clinical and imaging variables in patients with and without AF recurrence 
 

Variables AF recurrence P 
 No Yes  
Number, n (%) 70 (67) 34 (33)  
Age, years 59±9 57±10 0.27 
Male, n (%) 48 (69) 24 (71) 1.00 
Body mass index, kg/m2 28±4 28±4 0.77 
Atrial fibrillation type, paroxysmal, n (%) 52 (74) 18 (53) 0.044 
Hyperlipidemia, n (%) 22 (31) 11 (32) 1.00 
Hypertension, n (%) 35 (50) 21 (62) 0.75 
Diabetes mellitus, n (%) 13 (19) 4 (12) 0.57 
Previous stroke/TIA, n (%) 2 (3) 1 (3) 1.00 
Coronary artery disease, n (%) 7 (10) 2 (6) 0.71 
Dilated cardiomyopathy, n (%) 3 (4) 3 (9) 0.39 
Heart failure, n (%) 2 (3) 4 (12) 0.09 
NYHA score 1.2±0.9 1.2±1.1 0.45 
CHADS2 score 1.3±1.2 1.2±1.1 0.83 
Imaging parameters    
  LV ejection fraction, % 62±6 58±11 0.17 
  LV ed. diameter, mm 48±6 49±5 0.76 
  LAD by echocardiography, mm 42±5 44±7 0.08 
  Mitral regurgitation, n (%) 43 (61) 24 (71) 0.39 
  LV diastolic dysfunction, n (%) 23 (33) 12 (35) 0.82 
  E, cm/s 76±20 81±23 0.25 
  A, cm/s 56±17 53±20 0.57 
  E/A 1.5±0.6 1.6±0.7 0.41 
  E/E' 9±4 13±5 0.11 
  LAV,* ml 118±28 139±39 0.002 
  LA-A,* ml 70±19 86±27 0.003 
  LA-P,* ml 48±13 53±14 0.099 
  ASI (100*LA-A/LAV), % 58±5 62±5 0.002 
  LAA volume,* ml 7±3 8±3 0.16 
Procedural data    
  Procedure time, min 160±54 171±44 0.32 
  Fluoroscopy time, min 36±15 38±19 0.41 
  Fluoroscopy dose, cGy*cm2 1.5±1.1 1.9±2.0 0.38 
  Ablation time, min 52±24 61±24 0.09 
  Follow-up time, months 26±17 30±16 0.15 
  Amiodarone/ sotalol/ flecainid use, n (%) 3 (4)/ 1 (1)/ 1 (1) 2 (6)/ 0/ 1 (3) 0.53 
  Reablation, n (%) 21 (30) 14 (41) 0.28 
   - pulmonary vein isolation,  n (%) 12 (57) 9 (64) 0.73 
   - additional lesions, n (%) 9 (43) 5 (36)  

 

ASI= asymmetry index; LA= left atrial; LAA= LA appendage; LA-A= anterior LA volume; LAD= LA 
diameter; LA-P= posterior LA volume; LAV= LA volume; LV= left ventricular, * by CT 
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Discussion 

Main findings 
   We studied the changes of LA shape in relation to LA enlargement and left ventricular diastolic 
dysfunction as well as their relation to ablation outcomes in 104 patients. Systematic evaluation 
of LA shape through an asymmetry index allowed us to carefully assess the impact of DD on 
anatomical LA remodeling. We found that LA symmetry changes are associated with LA 
dilatation and diastolic dysfunction and that increased asymmetry is associated with reduced 
success after AF ablation. Interestingly, diastolic dysfunction was not associated with AF 
recurrences. These findings add to our knowledge by clarifying the association between increased 
LV filling pressures and LA remodeling. This may help to develop future strategies to prevent 
advanced LA changes or improve AF therapy by better and earlier selection of patients. 
 
Atrial remodeling and diastolic dysfunction 
   The prevalence of diastolic dysfunction (DD 34%) in our study population of symptomatic AF 
patients was similar to previously published data on AF patient populations.6 
   The present data supplement previous findings reporting on the multifactorial origin of LA 
remodeling and provide a more complete analysis of the interaction between LA changes and LV 
diastolic dysfunction.4, 5 Since both the left atrium and the left ventricle are intricately coupled, 
DD has a direct negative impact on the left atrium. During LV systole, the LA functions as a 
passive reservoir, depending on LV systolic function and its own relaxation properties. During 
diastole the LA is under the direct influence of LV diastolic pressure through the open mitral 
valve.7 Therefore, a higher LA afterload due to increased LV stiffness or decreased relaxation 
translates into higher LA pressure with reduced LA emptying and finally atrial dilatation, all 
contributing significantly to the increased risk for AF.8 
   Previous studies have shown that in older patients with non-valvular AF, DD leads to LA 
dilatation.9-11 This atrial remodeling process in the presence of DD is associated with 
electromechanical delay in hypertensive patients,12 decreased LA-wall endomyocardial voltages 
and worse outcomes after AF catheter ablation.13 Our results supplement these findings and 
reveal that DD is associated with a specific, asymmetric pattern of LA remodeling (Figure 8.2). 
In the early phase of AF, the LA geometry including the symmetry between the anterior and the 
posterior parts of the LA is still preserved and the region around the pulmonary vein ostia is the 
main target region for ablation therapy. Later, with progression of the disease asymmetric LA 
dilatation develops and more substrate is found in the anterior and septal parts of the LA. This 
asymmetric dilatation reflects the anatomical constraints14 and the changing LA wall 
properties.15, 16 ASI is a surrogate of this remodeling process and correlates with reduced success 
after AF ablation (especially in persistent AF), better than DD or LAV alone. 
   Although diastolic dysfunction (DD) was not an independent predictor for AF recurrence in our 
analysis, it was clearly associated with LA remodeling. This association is confounded by 
evidence of reverse remodeling after DD improvement through improved blood pressure 
treatment or successful rhythm control therapy.17 Cha at al.18 described DD improvement in 30% 
of these patients while Reant at al.19 demonstrated reversal of LA remodeling and LV-EF 
improvement after sinus rhythm restoration. Similar results of reverse LA and LV remodeling 
were published for patients undergoing surgical radiofrequency ablation.20 Accordingly, LV 
dysfunction was partially attributed to AF. Therefore, LA ablation therapy may achieve both 
improvement in DD and elimination of AF and stop this vicious circle of LA remodeling. 
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Figure 8.2. Left atrial (LA) asymmetry index (ASI) in a) a patient without and b) a patient with 
left ventricular diastolic dysfunction seen in the pulsed wave and spectral tissue Doppler. White 
represents the anterior (LA-A), blue the posterior volume of LA and green the appendage. a) 
LAV 124 ml, LA-A 72 ml, ASI 58%; b) LAV 230 ml, LA-A 147 ml, ASI 64% 
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Clinical implications 
   The present findings emphasize the pathophysiological importance of diastolic dysfunction on 
LA remodeling. Despite the significant effect of diastolic dysfunction (DD) on asymmetric LA 
changes, DD was not an independent predictor for AF recurrence in our analysis. In line with 
previously published data, we found that LA remodeling is better than DD as a predictor of 
ablation outcomes. Therefore, appropriate medical treatment and more aggressive rhythm control 
should be considered early for patients with DD, before advanced LA symmetry changes occur.  
 
Limitations 
   This is a post-hoc analysis of symptomatic AF patients referred for an ablative treatment. In 
order to evaluate the diastolic dysfunction, we enrolled patients with complete echocardiographic 
exams within 14 days after restoration of sinus rhythm. In order to avoid the effect of stimulation 
on the DD patients with pacemakers/defibrillators were excluded. For that purpose we had to 
recruit data from more patients (n=69), different than in our previous studies.4, 5 The quality of 
rate control during AF episodes was not available and thus the effects of ventricular rate during 
AF on DD could not be evaluated. Moreover, the effect of atrial stunning (lack of mechanical 
activity) after rhythm restoration could not be measured. However, since the presence of DD was 
associated with asymmetry changes a larger number of patients may have shown an association 
with AF recurrence, but in the present study this did not reach statistical significance. 
Additionally, the collinearity of parameters did not affect the DD and was limited by the use of 
different regression models, which all pointed out the importance of LA asymmetry. Calculation 
of ASI required radiation exposure and contrast injection, which prohibited follow-up studies that 
could reveal the effect of ablation on LA asymmetry. However, diastolic dysfunction (by 
echocardiography) and ASI (by CT) are parameters that could be obtained prior to AF-ablation 
and since newer techniques, such as magnetic-resonance tomography or 3D echocardiography are 
entering the clinical routine, they could potentially provide this information with less radiation in 
the future. In summary, our findings may be viewed as hypothesis generating and outline the 
need for further studies. 
 

Conclusions 
   There is a specific pattern of LA asymmetry changes that is mainly associated with dilatation 
and diastolic dysfunction. Although diastolic dysfunction correlates to these changes it does not 
predict recurrence after AF ablation. Therefore, appropriate early treatment should be considered 
for AF patients with DD, before LA symmetry changes progress. 
 
Conflict of interest: None declared. 
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Abstract 

 
Background: 
   Left atrial (LA) dilatation on the coronal plane measured by the transversal LA diameter (LA-
TV) is associated with atrial fibrillation (AF) recurrence after catheter ablation, better than the 
echocardiographic LA diameter. Pro-inflammatory plasma markers are also associated with AF 
recurrences. Aim of this study was to evaluate the association between LA size parameters and 
peripheral plasma markers. 
 
Methods:  
   In 51 patients referred for AF ablation undergoing pre-procedural computed tomography (CT), 
LA volume (LAV) was determined after exclusion of the atrial appendage (LAA) and the 
pulmonary veins (PV). LA was then centered on all three cutting planes and the superior–inferior 
(SI), transversal (TV) and anterior–posterior (AP) diameters were measured. High sensitive 
interleukin 6 (hsIL-6) was analyzed from pre-procedural blood samples using a commercially 
available assay. Parameters with a p-value <0.1 in the univariable analysis (UV), were introduced 
in multivariable analyses (MV) in order to identify with hsIL-6 levels independently associated 
parameters. A two-tailed p value <0.05 was considered significant. 
 
Results: 
   There was a significant correlation between peripheral hsIL-6 and LA-TV (r²=0.34, p=0.017) 
but not with LAV (p=N.S.). On univariable analysis, advanced age, higher BMI and lower eGFR 
as well as left atrial dimensions e.g. LA-AP, LA-TV and LAD (but not LAV) – were significantly 
associated with hsIL-6 levels. On multivariable analysis, the levels of hsIL-6 remained associated 
with age (r²=0.28, p=0.029), BMI (r²=0.33, p=0.011), renal dysfunction (eGFR<60 
ml/min/1,73m², r²=0.29, p=0.019), and LA-TV (r²=0.38, p=0.012) but not with LAD or LA-AP. 
 
Conclusions:  
   The levels of hsIL-6 are associated with age, BMI, renal dysfunction and LA-TV but not with 
LAD or LA-AP. These findings point out the potential importance and scientific prominence of 
inflammation state in patients with AF. Further studies are needed to examine the practical 
implications of hsIL-6 or LA measurements for better patient selection and treatment strategy in 
early or advanced AF stages.  
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Introduction 
   Left atrial (LA) size has been associated with cardiovascular outcomes and the success of 
different therapy strategies in patients with atrial fibrillation (AF).1, 2 The assessment of LA is 
therefore recommended in the clinical routine in all AF patients.3 There are several imaging 
modalities to assess the LA, though echocardiography is widely available and thus the most 
frequently used. However, the echocardiographic LA diameter (LA-D) does not reliably reflect 
the true size of LA anatomy, as pathological LA is often enlarged asymmetrically during AF 
progression.4-6 
   Computer tomography (CT) is a modality that has been increasingly used to obtain three-
dimensional (3D) images prior to AF catheter ablation. This provided new insights on the LA 
shape and volume, which have been proven to be better predictors of AF recurrences after LA 
ablation in comparison to the commonly used anterior-posterior LA diameter.4-6 Recently we 
demonstrated that LA dilatation is more pronounced on the coronal plane, as represented by the 
transversal LA diameter (LA-TV) 7. Furthermore, LA-TV was associated with AF recurrences 
and remained stronger predictor for rhythm outcomes compared with the echocardiographic LA 
diameter. We also demonstrated strong association between pro-inflammatory plasma markers 
and AF recurrences. 8, 9 However, whether LA size parameters are associated with peripheral 
plasma markers of inflammation is unknown. 
 

Methods 
Patients and measurements 
   Consequently, the present study (approved by the ethics committee) recruited 51 consecutive 
patients (Table 9.1) presenting for their first AF catheter ablation at Heart Center Leipzig. All 
patients gave informed consent according to institutional guidelines and the Declaration of 
Helsinki. Echocardiography and cardiac-CT with a multidetector 64-row helical system 
(Brilliance 64, Philips, Best, Netherlands) were performed (2±1 days) before the procedure. CT 
data were reviewed using 3D reconstruction (EnSite Verismo, SJM, MN) and LA volume (LAV) 
was determined after exclusion of the atrial appendage (LAA) and the pulmonary veins (PV). LA 
was then centered on all three cutting planes and the superior–inferior (SI), transversal (TV) and 
anterior–posterior (AP) diameters were measured. Measurements were performed offline by an 
experienced observer and were repeated 4 weeks later by the same investigator and a second 
blinded reviewer. High sensitive interleukin 6 (hsIL-6) was analyzed from pre-procedural blood 
samples using a commercially available assay.  
 
Ablation procedure and follow-up 
   Catheter ablation was performed as previously described 10, with circumferential ablation of the 
ipsilateral pulmonary veins, verified with a multipolar circular catheter. In patients with persistent 
AF, additional linear lesions were added at the mitral isthmus and the posterior LA wall to create 
a “box” lesion. Follow-up was performed with repeated 7-day-Holter ECG recordings at 6, 12, 24 
and 36 months. Recurrence was defined as any documented atrial tachycardia or fibrillation 
episodes of ≥30 s (after a 3 month blanking period). 
 
Statistical analysis 
   Statistical analyses were performed with SPSS 17 (SPSS Inc., Chicago, USA). Parameters with 
a p-value <0.1 in the univariable analysis (UV), were introduced in multivariable analyses (MV) 
in order to identify with hsIL-6 levels independently associated parameters. A two-tailed p value 
<0.05 was considered significant. 
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Table 9.1. Baseline characteristics of the study population 
 
Variables Study patients 
Age, years 62±10 
Females, n (%) 37% 
Persistent atrial fibrillation (AF), n (%) 59% 
Body Mass Index (BMI), kg/cm2 30±4.6 
estimated glomerular filtration rate (eGFR), ml/min/1.73 m2 98±30 
Hypertension, n (%) 88% 
Diabetes mellitus, n (%) 18% 
CHA2DS2-VASs score, n (interquartile range, IQR) 2 (2–3) 
LA diameter, mm (Echo) 44±6.5 
LV-EF, ejection fraction, % 57±11 
LA-TV, transversal, mm by computed tomography 77±11 
LA-SI, supero-inferior, mm by computed tomography 64±8 
LA-AP, antero-posterior, mm by computed tomography 51±12 
LA-V, volume, ml by computed tomography 141±50 
high sensitive interleukin 6 (hsIL-6), ng/ml (IQR) 1.6 (0.9–2.9) 

 

Results 
   The clinical characteristics of the study population are presented in Table 9.1. The intra- and 
inter-observer correlation coefficients were ≥0.88. We found a significant correlation between 
peripheral hsIL-6 and LA-TV (r²=0.34, p=0.017) but not with LAV (p=N.S., Figure 9.1). On 
univariable analysis, advanced age, higher BMI and lower eGFR as well as left atrial dimensions  
– e.g. LA-AP, LA-TV and LAD (but not LAV) – were significantly associated with hsIL-6 
levels. On multivariable analysis, the levels of hsIL-6 remained associated with age (r²=0.28, 
p=0.029), BMI (r²=0.33, p=0.011), renal dysfunction (eGFR<60 ml/min/1,73m², r²=0.29, 
p=0.019), and LA-TV (r²=0.38, p=0.012) but not with LAD or LA-AP. 

 
Figure 9.1. Left atrial 
(LA) parameters and high 
sensitive interleukin 6 
(hsIL-6) of two patients 
with the same LA volume. 
Anatomical changes on 
the coronal plane (bigger 
transversal diameter, LA-
TV) are associated with 
higher values of hsIL-6 
(B, D). 
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Discussion 
   Both electrical-anatomical remodeling and inflammation are known factors in AF pathogenesis. 
The present study demonstrates a significant association between different left atrial 
measurements and peripheral pro-inflammatory markers and adds to our understanding about the 
remodeling processes in patients with AF. The role of inflammation in AF pathogenesis is a well-
known factor. Pro-inflammatory reactions may modulate the treatment success and, as previously 
demonstrated by our group, positively correlate with AF recurrences after radiofrequency 
catheter ablation 8, 9. Recently, we also showed that anatomical LA changes cary a predictive 
value that is better represented with LA-TV or LAV than with the commonly used LAD 7. The 
present data extend these studies and reveal the strong correlation between the plasma marker 
hsIL-6 and the anatomical atrial remodeling, as represented by the transversal (LA-TV) and not 
just the global (LAV) dilatation. These findings link pro-inflammatory changes with the left atrial 
remodeling and emphasize the close relationship between these important AF co-variables.  
   The small size of this study cohort and the limitations (loss) of follow-up prohibited further 
analysis of the impact of LA remodeling and hsIL-6 on ablation outcomes. The use of CT for the 
measurement of LA-TV prohibits its use in repeated routine follow-up studies, but since newer 
techniques, such as magnetic resonance imaging or 3D echocardiography, are becoming more 
widely available, soon this information could be assessed with no radiation. 
 

Conclusion 
   These findings should be seen as hypothesis generating and point out the potential importance 
and scientific prominence of inflammation state in patients with AF. Certainly, larger clinical 
studies are needed to examine the practical implications of hsIL-6 or LA measurements for better 
patient selection and treatment strategy in early or advanced AF stages. Since a pro-inflammatory 
state is associated with anatomical LA remodeling, it remains to be examined whether AF 
patients might profit from anti-inflammatory treatment during or after invasive treatment. 
 
Conflict of interest: None.  
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Abstract 

 
Background: 
   Left atrium (LA) remodeling is associated with atrial fibrillation (AF) and reduced success after 
AF ablation, but its relation with low-voltage areas (LVA) is not known. This study aimed to 
evaluate the relation between regional LA changes and LVAs in AF patients. 
 
Methods:  
   Pre-interventional CT data of patients (n=24) with LA-LVA (<0.5 mV) in voltage mapping 
after AF ablation were analyzed (Surgery Explorer, QuantMD LLC). To quantify asymmetry 
(ASI=LA-A/LAV) a cutting plane parallel to the rear wall and along the pulmonary veins divided 
the LA-volume (LAV) into anterior (LA-A) and posterior parts. To quantify sphericity (LAS=1-
R/S), a patient-specific best-fit LA sphere was created. The average radius (R) and the mean 
deviation (S) from this sphere were calculated. The average local deviation (D) was measured for 
the roof, posterior, septum, inferior septum, inferior-posterior and lateral walls.  
 
Results:  
   The roof, posterior and septal regions had negative local deviations. There was a correlation 
between roof and septum (r=0.42, p=0.04), lateral and inferior-posterior (r=0.48, p=0.02) as well 
as posterior and inferior-septal deviations (r=-0.41, p=0.046). ASI correlated with septum 
deformation (r=-0.43, p=0.04). LAS correlated with dilatation (LAV, r=0.49, p=0.02), roof 
(r=0.52, p=0.009) and posterior deformation (r=-0.56, p=0.005). LVA extent correlated with local 
deformation of all LA walls (p<0.01), except the roof (p=0.69). LVA association with LAV, ASI 
and LAS did not reach statistical significance. 
 
Conclusion: 
   The LVA extent correlates with local wall deformations better than other remodeling 
surrogates. Therefore, their calculation could help predict LVA presence and deserve further 
evaluation in clinical studies. 
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Introduction 
   Atrial fibrillation (AF) is associated with left atrial (LA) remodeling, characterized not only by 
dilatation but also by changes of LA symmetry. This is particularly true for greater LAs, when 
due to anatomical constrictions LA extension occurs non-uniformly. This asymmetric LA 
dilatation is a strong predictor of poor outcome after catheter ablation. 1-3 
   Extended low voltage areas (LVAs) as seen during intra-procedural mapping have been 
associated with worse outcomes that may reflect the need for further ablation.4 While patients 
without AF substrate could benefit the most from a simple elimination of AF triggers by 
pulmonary vein isolation (PVI), patients with LVAs require modification of AF maintaining 
substrate to avoid recurrence. Therefore, the presence or extent of LA substrate as well as its 
localization can have a profound clinical impact on managing AF patients. 
   LA remodeling could provide pre-procedural information about AF substrate and help plan the 
procedure. The relationship of LA remodeling with LVAs though has not been adequately 
examined yet. This study aimed to use a new software suite and evaluate the relation between 
regional LA changes and LVAs in AF patients using novel geometry metrics.  
 
 

Methods 
Patients 
   We prospectively studied a total of 24 patients that underwent catheter ablation for 
symptomatic AF in 2011. All patients had a pre-procedural computed tomography (CT) for 
accurate depiction of LA and all patients had LVAs in the voltage mapping during sinus rhythm 
at the end of the procedure. Exclusion criteria were previous ablation for other arrhythmias, 
impaired left ventricular ejection fraction (LV-EF), severe valvular disorders, pacemaker 
stimulation and age <18years. All patients gave written informed consent, the institutional 
committee approved the study and data were collected in accordance with the Declaration of 
Helsinki. 
 
Echocardiography 
   Transthoracic and trans-esophageal echocardiography was performed (2±1 days) before the 
procedure at a designated echo-laboratory and intracardiac thrombi were ruled out. Images were 
acquired with the patients in the left lateral decubitus position using a commercially available 
system (Vivid-9 General Electric Vingmed, Milwaukee, WI, USA). Image acquisition was 
performed in the standard parasternal and apical views. Standard M-mode and 2D images, 
including color Doppler data from 3 consecutive heartbeats, were obtained according to current 
guidelines.5 
 
Computed tomography 
   Cardiac-CT was performed with a multidetector 64-row helical system (Brilliance 64, Philips 
Medical Systems, Best, The Netherlands). Image acquisition was electrogram-gated when 
possible and the parameters included: 70-120 KV, 850 mAs, 0.6 mm beam collimation, 0.625-
1.25 mm thickness and 20-30 cm field-of-view. During an end-inspiratory breath-hold of 20 
seconds, and following a timing bolus-chase injection (20 mL, 5 mL/s), 90 mL of an iodinated 
contrast medium (Ultravist 370, Bayer Vital, Cologne, Germany) was administered. Finally end-
systolic imaging data were used for three-dimensional (3D) reconstruction.  
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Novel anatomy and shape analysis 
   CT data were reviewed using 3D volume-rendering by a specialized software (EnSite Verismo, 
SJM, MN). Left atrial volume (LAV) after exclusion of the atrial appendage (LAA) and the 
pulmonary veins (PV) was determined by LA area summation. The LAV was then arbitrarily 
divided by a cutting plane, between the PV ostia and the LAA and parallel to the posterior wall. 
The partial volumes of LA, the anterior (LA-A) and the posterior (LA-P) were calculated and the 
ratio LA-A/LAV was defined as an index of asymmetry (ASI).  
   Additional analysis was performed using a novel Visualization Tool Kit (VTK) of a software 
suite, specially designed to quantify LA shape, sphericity (LAS) and regional deformations 
(Surgery Explorer, Quant MD LLC). DICOM images were segmented in 3D to extract the LA 
surface and an optimal sphere was fitted (i.e. radius and center) on a patient specific basis to each 
LA, using an iterative closest point registration tool (Figure 10.1). Regions >10 mm from the 
fitted spherical surface were excluded. The average radius (R) and the mean deviation (S) from 
this sphere were used to compute LAS (=1-S/AR).2  
   Next, each LA was partitioned into six surface segments (shown in) for regional 
characterization of shape, visualizing the inferior-posterior wall, inferior septum, anterior septum, 
roof, posterior wall and lateral wall segments (Figure 10.2). Vertices belonging to each segment 
were then independently characterized for regional shape differences from each patient’s 
respective patient-specific optimal sphere. The mean of the computed regional proximity of these 
segments from their respective closest locations on their respective atrium-specific best-fit 
spheres were recorded as a regional metric of segmental sphericity, named as average local wall 
deviation (D). 
   Image analysis was performed offline by an experienced observer blinded to the results of the 
intra-procedural voltage mapping and the patient’s characteristics. Initial measurements of 5 
random patients were repeated 4 weeks later by the same investigator and a second independent 
reviewer in a blinded fashion. 
 
Figure 10.1. The average radius (R) and the mean deviation (S) from a best-fit sphere in two 
patient-specific LA models, using iterative closest point registration. Regional deviation from the 
best-fit sphere is illustrated as a color-map, plotted in LA surface with blue for concave and red 
for convex areas. Regions >10 mm from the fitted spherical surface were excluded. 
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Figure 10.2. Illustration of regional partitioning of the patient-specific LA surface.  
 

 
 
 
Mapping and ablation procedure  
   Catheter mapping and ablation was performed under propofol sedation as previously 
described.4 Transseptal access and catheter navigation were performed with a steerable sheath 
(Agilis, St. Jude Medical, St. Paul, MN, USA) and electroanatomic mapping systems (EnSite™ 
NavXTM, St. Jude Medical; or CARTOTM, Biosense Webster, Diamond Bar, CA, USA), after 
integration of CT image datasets. All patients received circumferential ablation lines around the 
antrum of the ipsilateral pulmonary veins (irrigated tip catheter, temperature of ≤48°C, power of 
30-45W). Complete pulmonary vein isolation (PVI) was verified with a multipolar circular 
mapping catheter (Inquiry Optima or Reflexion Spiral; St. Jude Medical or Lasso; Biosense-
Webster) and then a detailed bipolar LA voltage map was acquired during sinus rhythm. 
Additional substrate modification was performed as needed. Patients with AF at the beginning of 
the procedure had an external cardioversion. Mapping points were systematically acquired with 
an interpolation threshold of 10 mm and all color gaps were filled. The ablation catheter was used 
to create high-density maps in LVAs, using different catheter angulations and maneuvers, to rule 
out insufficient wall contact. In accordance with previous studies,6-9 LVAs were defined as sites 
of ≥3 adjacent points <0.5 mV. The LA was categorized into 6 areas, and the location of scar was 
classified as roof, posterior, septum, inferior septum, inferior-posterior and lateral walls. 
 
Statistical analysis 
   Continuous variables are expressed as mean and standard deviation (SD) when normally 
distributed (positive Kolmogorov-Smirnoff test) or as median and interquartile range (IQR). 
Categorical variables are reported as frequencies and percentage. Parametric variables were 
compered by means of paired Student’s t-test and non-parametric variables by Wilcoxon-test or 
chi-square test. Signed Spearman rank correlations between wall deformation metrics and LAV 
as well as global LAS were evaluated to derive an association of regional and global features of 
atrial shape. Intra-observer and inter-observer variability was expressed with Pearson’s 
correlation coefficient (r). A two-tailed P-value less than 0.05 was considered statistically 
significant. Analysis was performed with SPSS v20.0 (SPSS Inc., Chicago, USA). 
 

Results 
Patient characteristics 
   Patients had a mean age of 71±8 years, CHADS-VASc of 2.8±1.5, LAV 155±35 ml, ASI 
67±5% and LAS of 82±6% (Table 10.1). The intra- und inter-observer correlation of LA 
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measurements (LAV, LA-A, LA-P, ASI and regional local wall deviations) was found to have 
coefficients of ≥88%.1, 3 The roof, posterior and septal regions had negative, whereas other 
regions had positive local deviations. 
 
Table 10.1. Clinical characteristics and LA measurements (global and regional) for AF patients 
with low voltage areas during sinus rhythm.  
 
Baseline characteristics LA measurements 
Age, years 66±8 Echocardiography 
Female, n (%) 14 (58)   LV ejection fraction, mm 57±11 
Persistent AF, n (%) 19 (79)   LV diameter, mm 45±7 
Heart failure, n (%) 3 (13)   LA diameter, mm 45±6 
Coronary disease, n (%) 4 (17) Computed tomography 
Stroke, n (%) 1 (4) LA volume (LAV), ml 155±35 
Diabetes, n (%) 6 (25) Asymmetry index (ASI), % 67±5 
Hypertension, n (%) 21 (88) LA sphericity (LAS) % 82±6 
Hyperlipidemia, n (%) 12 (35) Average radius (R), mm 32±4 
CHA2DS2-VASc score, n 2.8±1.5 Mean deviation (S), mm 6±2 
Low voltage areas Local wall deviation 
- roof 16 (67) - roof (D), mm -0.9±3 
- posterior 13 (54) - posterior (D), mm -0.6±2 
- septum 15 (63) - septum (D), mm -1.6±2 
- inferior septum 2 (8) - inferior septum (D), mm   3.2±3 
- inferior posterior  7 (29) - inferior posterior  (D), mm   0.8±2 
- lateral 2 (8) - lateral (D), mm   2.8±3 

 
LA = left atrial, LV= left ventricular 
 
LA remodeling and low-voltage 
   There was a correlation between roof and septum (r=0.42, p=0.04), lateral and inferior-
posterior walls (r=0.48, p=0.02) as well as posterior and inferior-septal local deviations (D, r=-
0.41, p=0.046). Asymmetry (ASI) correlated with septum deformation (r=-0.43, p=0.04). 
Sphericity (LAS) correlated with LA dilatation (LAV, r=0.49, p=0.02), roof (r=0.52, p=0.009) 
and posterior LA changes (r=-0.56, p=0.005). 
   The number of LVAs was associated with significant differences in local deformation of all LA 
walls (p<0.01), except the roof (p=0.69). LVA of lateral or inferior septal walls (n=2) had similar 
effects whereas inferior posterior LVA (n=7) resulted only in local changes. LVA association 
with LAV, ASI & LAS did not reach statistical significance. 
 

Discussion 
Main findings 
   We created a novel descriptive metric of atrial wall deformation measured by a specially 
designed software and compared this with current surrogates of atrial remodeling for their 
association with the presence of low-voltage areas (LVA) in patients presenting for an AF 
ablation. We found that the local deviation (from a best-fit sphere) of the atrial walls correlates 
with the LVA extent better than other remodeling surrogates, such as asymmetry of sphericity. 
To the best of our knowledge, this is the first study that applies a new metric of regional shape 
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changes and shows association with electrophysiologic characteristics of the underlying tissue. 
Therefore, calculation or these changes could help predict LVA presence and deserve further 
evaluation in clinical studies.  
 
Atrial remodeling and clinical implications 
   Historically, atrial remodeling has been mostly studied as LA enlargement that correlated with 
clinical outcomes such as rhythm stability, thromboembolic risk and mortality.1, 2, 10, 11 Atrial 
dilation is closely related to AF risk, and atrial stretch is known to promote AF. 12 However, the 
physical constraints of the spine and the sternum,13 the changing tissue characteristics14 and the 
driving mechanism result in a non-uniform enlargement that is more prominent for the anterior 
LA part.1 New surrogates of remodeling, like the asymmetry and sphericity index, have been 
developed to better reflect these changes, but hitherto no studies have examined the regional wall 
deformation. 
   In this proof of concept study, we developed a new Visualization Tool Kit designed to quantify 
shape and provide novel metrics like regional deformations. We used this tool in a series of 
patients carefully examined for low-voltage areas and found that atrial wall changes correlate 
with the extent of fibrotic tissue. This probably represents the cumulative effect of wall stress, 
atrial expansion and anatomical constrictions that add to the geometrical dispersion of 
refractoriness and the perpetuation of spiral fibrillatory waves.15, 16 These results supplement 
previously published data showing that asymmetry increases as the LA volume expands, 
especially at the initial (paroxysmal) stages of AF, when remodeling is primary driven by 
dilatation.3 This adds up to the studies that examine the impact of LA shape and fibrosis on atrial 
arrhythmogenesis,11, 16-18 and emphasizes the importance of patient-specific anatomical 
information in the context of AF. 
   Despite the previously reported association of asymmetry or sphericity index with clinical 
outcomes, these surrogates of remodeling did not correlate with the extent of scar tissue (e.g. 
LVAs). This could be explained by the small number of the patients, most of which had 
paroxysmal AF, or by the fact that local changes may better represent the extent of fibrosis. The 
present findings though suggest that regional wall deformation could provide incremental 
information that could help plan an ablation strategy using simple one-shot devices or 
radiofrequency substrate-targeting strategies for advanced AF stages.  
 
Limitations 
   This study has several limitations. First, the elaborate analysis of new atrial remodeling metrics, 
requiring manual segmentation, has limited the number of the patients included in this study. The 
segmentations were reproducible but time consuming, complex and cumbersome. Thus only 24 
patients were used for this proof of concept study. Automatic segmentation and analysis of atrial 
wall deformation will be soon available allowing for wider application of these metrics. 
Anatomical data were assessed with computed tomography, requiring radiation and contrast dye 
exposure and thus prohibiting follow-up studies. Certainly, MRI based imaging may have 
provided more insights about shape changes and fibrosis or repeat studies.19 MRI though is 
currently not widely or readily available and could potentially correlate or be combined with data 
that are readily obtainable by shape analysis using CT or even 3D echocardiography.20 Finally, 
this study included only patients with present substrate (LVA) and could not include reference 
values from AF patients without LVAs. However, correlation between local wall changes and 
LVA extent has reached statistical significance and deserves further evaluation.  
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Conclusions 
   The LVA extent correlates with local wall deformations better than other remodeling 
surrogates. Therefore, their calculation could help predict LVA presence and deserves further 
evaluation in clinical studies. 
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Introduction 
The general aim of this thesis was to unravel the role of pre-procedural imaging concerning the 

relationship between anatomical characteristics and the clinical outcomes in atrial fibrillation 
(AF) patients, especially thromboembolic events (Chapters 2-4) and rhythm outcomes after 
catheter ablation therapy (Chapter 5-9). We used tomography (CT) or magnetic resonance 
imaging (MRI) data to evaluate 3D changes and elaborate the following aspects: 

 
Part I: Atrial anatomy and thromboembolic risk 
1. What is the prevalence of thromboembolic events after AF ablation (Chapter 2)? 
2. Is LAA anatomy associated with thromboembolic events after AF ablation (Chapter 2)?  
3. What is the role of LAA anatomy in patients with low CHADS-VASc score (Chapter 3)? 
4. What is the prevalence of peri-procedural thromboembolic events (Chapter 4)? 
5. Are peri-procedural thromboembolic events related to the LAA anatomy (Chapter 4)? 
 
Part II: Atrial remodeling and atrial fibrillation ablation 
6. What are the characteristics of atrial remodeling in different AF types (Chapter 5)? 
7. Can the remodeling of atrial anatomy predict long-term success after AF ablation (Chapter 6)? 
8. Could atrial anatomy be used to improve patient selection and ablation outcomes (Chapter 7)? 
9. Is atrial remodeling related to left ventricular diastolic dysfunction (Chapter 8)? 
10. What is the association between atrial remodeling and plasma markers (Chapter 9)? 
11. Is there an association between anatomical atrial remodeling and AF substrate (Chapter 10)? 
 

   This chapter discusses the main findings of the chapters above in a more integrative manner.  

11.1 Atrial anatomy and thromboembolic risk 
 
Atrial fibrillation and thromboembolic risk after AF ablation 

Thromboembolic risk is significantly reduced in AF patients undergoing an ablation procedure, 
but remains a significant clinical issue.1, 2 Previous studies identified CHADS/CHA2DS2-VASc 
score3-5 and AF recurrence5, 6 as predictors of post-procedural embolic events. In Chapter 2 we 
compared two CHA2DS2-VASc matched patient-groups, which were closely followed over a 
median period of 24 months and found that the occurrence of a thromboembolic event (TE) after 
ablation is associated with AF recurrence and a higher position of the superior LAA-takeoff, 
above the respective left superior pulmonary vein (LSPV). The TE risk during follow-up 
increases six times if there is AF recurrence and almost five times if the LAA has a superior 
takeoff, whereas LAA morphology was not relevant. Considering these results, patients with 
superior LAA take off or AF recurrence after an ablative procedure must be followed very 
closely for adequate anticoagulation and timely recognition or treatment of TE.  

Embolic events in AF patients derive mainly from reduced blood flow and thrombus formation 
in LAA that could be prevented by anticoagulation or obliteration.7-9 In accordance with previous 
studies, we found that an increased heart rate reduces the LAA peak flow velocity and promotes 
blood stasis.10, 11 This mechanism is more pronounced with a higher LAA takeoff, remote to the 
mitral valve rendering this LAA anatomy susceptible to thrombogenic flow at higher heart rates. 
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Our findings imply a possible tachycardia-mediated thrombogenic risk for these patients that can 
be assessed by LAA location and deserves further investigation (Figure 11.1). 

 

 
Figure 11.1. Example illustrating though a cutting view a. a low and b. a high superior LAA 
takeoff in relation to the left superior pulmonary vein. A higher LAA takeoff is associated with 
reduced LAA flow (blue arrow) during increased heart rate 

 

Previous studies have associated a larger LAA12-14 or a narrow ostium15, 16 with an increased 
thromboembolic risk. In our patient cohort though, these characteristics were not significant. 
Similarly, recent studies found no significant correlation between LAA size and the prevalence of 
TE prior to CA.17-19 Contrary to recent studies16-19 LAA morphology was not associated with TE 
after AF ablation in our study. A possible explanation may be the difference in patients. In 
comparison to the study of Di Biase et al.,17 patients in our cohort had a higher prevalence of 
prior TE (26% vs. 8%) along with higher CHADS2 score (≥2: 79% vs. 14%) and a higher 
prevalence of non-Chicken-Wing LAA (80% vs. 52%). In comparison to the study of Kimura et 
al.,18 patients in our cohort also had a higher CHADS2 score (≥2: 79% vs. 13%) and a higher 
prevalence of non-Chicken-Wing LAA (80% vs. 60%). In fact, since the prevalence of non-
Chicken-Wing morphology was higher in our patient population, our findings could support the 
observation that these patients have increased embolic risk as expressed by clinical risk-scores.  

To date, there are no further data correlating the various LAA positions with TE risk in patients 
with AF. A thorough examination of LAA anatomy in relation to flow-velocity and heart rate in 
previous studies might have drawn a different picture. Our results though reveal a tachycardia-
associated thrombogenic flow as a possible pathophysiological mechanism for the increased TE 
risk of a higher LAA position. Therefore, patients with such an LAA anatomy warrant a closer 
follow-up for appropriate therapy adjustment and timely AF treatment. 
 
Atrial fibrillation and thromboembolic risk in low-risk patients 

Despite the clinical use of risk scores like CHADS2 and CHA2DS2-VASc, severe and disabling 
TEs still remain a problem for relatively young and healthy patients. In Chapter 3 we revealed 
the importance of LAA anatomy for TEs in patients with low CHA2DS2-VASc score (≤1). 
Systematic analysis of the characteristics and quantitative parameters of LAA in low-risk patients 
with and without TE revealed (similar to post-procedural TEs) that a high superior LAA-takeoff 
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is associated with a nine-fold higher risk of thrombogenesis. Therefore the LAA anatomy might 
be useful for guiding anticoagulation in patients with AF and low CHA2DS2-VASc score. 

Most of the patients in our study (n=17, 68%) had no anticoagulation at the TE time, although 
half of them (n=9, 53%) had a CHADS2 or CHA2DS2-VASc score of 1. Using the CHA2DS2-
VASc score would reclassify 7 patients, of which 3 would be female. Therefore, one-third of the 
TE group (n=7, 28%) would have a score of 0 and 12% (n=3) a score of 1 due to female sex. 
These patients would be classified as ‘truly low risk’, and thus no antithrombotic therapy would 
be prescribed.20 Knowing the association of higher LAA takeoff with TEs could have significant 
implications for the anticoagulation management of these patients.  

In accordance with our previous findings we found that the mechanism that applies for the 
occurrence of TE after AF ablation,21 also accounts for the thrombogenic flow during increased 
heart rate in patients with low CHA2DS2-VASc score. This mechanism is more pronounced in 
case of a higher LAA takeoff and correlates with a tachycardia-mediated TE risk. Thus, the LAA 
anatomy might predict thrombogenesis that would be not detected by the CHA2DS2-VASc score. 

Although initial studies associated LAA ostium, size or morphology 12-15 with an increased TE 
risk in AF patients, this was not confirmed in the present or other more recent studies.17-19 This 
could be explained by the difference of the analyzed patients and the inclusion criteria that have 
been more sensitive (for TE risk) in the present study. We found though that Cauliflower-LAA 
was associated with higher LAA-takeoff (80% vs. 36%, p=0.04), which could support the 
observation that these patients have increased embolic risk not only because of the LAA 
morphology, but also through a different anatomical position. In accordance to that we found no 
Chicken-Wing LAA with a high superior LAA-takeoff. 

Indeed, after adjusting for confounding factors, a superior LAA-takeoff over the LSPV was the 
only factor associated with a nine-fold increased stroke risk. Therefore, a detailed study of LAA 
anatomy in relation to flow-velocity and heart rate is very important for the understanding of the 
LAA function and anatomy. Our findings reveal a possible pathophysiological mechanism that 
deserves further examination. Since LAA orientation increases TE risk especially in case of 
tachyarrhythmia, these patients need a more aggressive anticoagulation and rhythm/rate control. 
 
Atrial fibrillation and peri-interventional thromboembolic risk  

In Chapter 4 we examined the impact of LAA-morphology on the thromboembolic risk during 
catheter ablation of AF. We found Chicken-Wing morphology to be associated with seven time 
higher risk of peri-interventional TE events. This association remained significant after 
adjustment for possible confounders associated with chicken wing morphology. 

Similar to previous studies,17-19 we have observed more than three times increased likelihood of 
prior stroke or TIA in patients with cauliflower LAA morphology. However, when it comes to 
periprocedural TEs, the chicken wing morphology, which was described as protective, turned out 
to be the most dangerous one. Our findings suggest that the peri-procedural thrombus formation 
may have different mechanisms and different predictors. Accordingly, it is the LAA shape rather 
than the LAA volume that affects the LAA hemodynamics during ablation. The elongated, 
stretched and curved shape of a chicken wing LAA might be protective against spontaneous TEs 
by preventing uninhibited release of prominent, large thrombi into the circulation and enhancing 
the resolution or adhesion of minor ones. However, this protective configuration might act just 
the opposite during AF ablation: it might become a reservoir for micro-thrombi generated at the 
catheter tip or on fresh lesions and flashed into LAA by the flow of nowadays universally used 
catheter irrigation. When considering the spatial relationship to the LA ridge, frequently requiring 
intensive and extended ablation, this hypothesis becomes persuasive. The load of loose 
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thrombogeneous material might afterwards become the source of thromboembolism itself or start 
a cascade of solid thrombus formation.  

Further possible mechanisms mediating this phenomenon could be the differences in 
coagulations plasma markers, endothelial function or platelet activation potentially related to 
LAA-morphology and function. Such findings would be of great guidance for periprocedural 
anticoagulation or the needed ACT level during ablation as shown in patients with spontaneous 
echo contrast.22 However, currently no presumptions can be made and further studies are 
necessary to illuminate the pathophysiological mechanisms and clinical implications in order to 
improve the safety of patients undergoing AF ablation. 

 
Assessment of LAA anatomy and thromboembolic risk  

Anatomical variations of the LAA anatomy are so wide and complex almost every individual 
has a unique variation like a fingerprint. The proposed classifications are based on the general 
shape of the LAA and it’s ostial takeoff position in relation to the pulmonary veins and the mitral 
valve. Although the intra- and inter-observer variability in our studies was good, the LAA 
variations inevitably lead to disagreement in same cases, which were resolved by a common 
consent with a third expert physician. This reflects some current limitations for the feasibility and 
clinical implications of these findings when compared with the simplicity of the CHADS-VASc 
score. However, the CHADS-VASc score only explains about 60% (c-statistics) of the predicted 
thromboembolic risk and thus studies like this add to our knowledge and our ability to better 
select and treat patients. Moreover, the increasing use of computational medicine and machine 
learning may provide a more detailed LAA analysis and standardize LAA classification in an 
automatically and integrated workflow of cardiac imaging. Therefore, the use of these results 
may translate into easy to use tools that may change the clinical practice in the future. 

10.2 Atrial remodeling and atrial fibrillation ablation 
 
Characteristics of atrial remodeling  

In Chapter 5 we performed a detailed analysis of the LA anatomy in healthy individuals and 
compared them with patients having different types of AF. We found distinct structural 
differences with respect to LA volume (LAV) and shape. We measured asymmetry with a new 
index (Asymmetry Index–ASI) and found that ASI and LAV are significantly associated with 
recurrences after AF ablation. 

We found that patients in advanced AF stages tend to have larger LAV and higher ASI, 
reflecting a disproportional increase of the anterior LA. Persistent AF was associated with higher 
LAV but not significantly different ASI than paroxysmal AF. Thus, it seems that progression 
from paroxysmal to persistent AF associates with LA enlargement while the relation of the 
anterior LA to LAV remains stable. Finally, long-standing persistent AF had similar LAV but 
higher ASI persistent AF. Consequently, progression from persistent to long-standing persistent 
AF reflects a further increase of the anterior LA during while LAV remains relatively stable. 
Since long-term imaging data of one cohort over time are difficult to gather, these findings build 
upon differences between AF types as surrogates of different times in the natural AF history.  

This irregular LA dilatation could reflect the physical constraints of the spine and the sternum 
and the changing of the LA wall properties.23 LA enlargement and LA wall thickening is related 
with the domestication of chronic AF.24, 25 The posterior LA wall though is thinner than the 
anterior,26 has a higher wall stress and provides the main substrate for the arrhythmia.27, 28 The 
thicker anterior wall has a secondary role,29, 30 but as shown in our study, it undergoes continuous 
expansion during progression to persistent and long-standing persistent AF. 
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In accordance to previous studies, we have shown that success rates after PVI are significantly 
reduced from paroxysmal to persistent and long-standing persistent AF.31, 32 In this study, we 
have shown that ASI>60% is significantly associated with lower success rates after AF ablation. 

Identifying predictors of success after PVI may improve patient selection, reduce health care 
costs and avoid exposing patients to unnecessary procedures or complications. Accordingly the 
guidelines emphasize the pre-procedural evaluation of the LA volume.33, 34 This study though was 
the first study to show that ASI is an equally important prognostic parameter as LAV. According 
to the odds ratio, a 10 ml increase of the LAV or a 3% increase of the asymmetry index could 
lead to 24% or 30% reduction of the ostial PVI success rate, respectively. 

Therefore in patients with non-paroxysmal AF, enlarged left atria and increased ASI, PVI is not 
effective as single ablative treatment. PVI in these patients should rather be considered as the first 
step of an ablative strategy that includes additional targets after PVI has been achieved. 
 
Atrial diameters as predictors of wide circumferential AF ablation 

In Chapter 6 we extented our prior findings and evaluated the prognostic value of LA changes 
on the outcomes of an improved ablation protocol, including wide-circumferential pulmonary 
vein isolation for paroxysmal AF and additional lesions for persistent AF. This study evaluated 
the value of LA volume and of LA diameters for the prediction of AF recurrence. We found that 
LA dilatation is more pronounced on the coronal plane, as represented by the transversal LA 
diameter. An LA-TV (>74.5 mm) was associated with reduced long-term success after catheter 
ablation and remained the best predictor (similar to LAV>126 ml) and stronger than the 
commonly used echocardiographic LA-D diameter that is recommended by the guidelines.35-37  

Our study showed that LA-D has lower correlation and lower predictive value in comparison to 
other diameters or to LAV. LATV was the strongest linear predictor of recurrence with a very 
high negative predictive value (better AF freedom prediction). A 4 mm increase of the LA-TV 
could lead to 30% higher AF recurrence rate. Therefore, LA-TV/LAV should be evaluated wand 
ablation should not be withheld from patients based on an enlarged echocardiographic diameter. 

As previously shown echocardiographic LA diameter correlates poorly with LAV, which is a 
better surrogate of LA size and ablation outcomes.38-41 Abecasis et al. showed that LAV >145 ml 
is associated with higher recurrence rates after AF ablation.42 Helms et al. found an LAV cutoff 
of 135 ml to have 96% specificity for recurrence.33 Similar results have been reported by other 
studies with cut-off values (117-135 ml) increasing proportionally to the percentage of patients 
with persistent AF.41, 43-45 In contrast, von Bary et al. found that in a larger cohort with exclusive 
paroxysmal AF, LAV (>95 ml) has only a marginal predictive value.46 Since advanced AF stages 
are associated with a more prominent dilatation on the coronal plane and ablation is increasingly 
being used for patients with persistent AF, transversal LA size seems to be a better surrogate of 
LA size for these patients and deserves further investigation.  

Volume measurement requires 3D reconstruction, cutting out anatomical structures and thus 
remains a time-consuming process. Therefore, an easily measured single-linear LA dimension 
would be better for clinical routine use. The current data indicate that the transversal LA diameter 
(LA-TV) can represent LA dilatation and can predict success after AF-ablation similarly to LAV. 
In contrast, the commonly used LA-D showed poorer correlation with LAV and low predictive 
value for AF-recurrence, when compared with LAV and other LA diameters. Interestingly and in 
accordance with previous reports, LAV had a lower predictive value than LAV and had worse 
statistical performance when adjusted for BSA (LAVe).46-48 Thus, future studies should take into 
consideration that indexed variables could reduce the mass effect. In this sense, our findings 
emphasize that LA-D and indexed values could be misleading for clinical decision making.  On 
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the other hand, LA-TV is a simple parameter that could be easily measured and reliably guide AF 
management, by identifying patients who could achieve rhythm stability with simpler procedures. 
 
Atrial remodeling and long-term success after circumferential AF ablation 

In Chapter 7 we found that asymmetry increases as the LA expands, but this effect is less 
pronounced in patients with already asymmetric dilated atria, such as in persistent AF. Although, 
dilatation is the most important predictor after PVI for paroxysmal AF, in persistent AF patients 
undergoing PVI and additional substrate modification, ASI supersedes volume and remains the 
most significant predictor of recurrence. Since LAD and LAS (sphericity) did not correlate with 
ASI, LA asymmetry is better for therapy and patient selection in advanced AF stages. Therefore, 
in persistent AF patients with low ASI, ablative treatment could be advocated despite greater LA 
volumes, whereas in those with higher ASI alternative treatments should be carefully considered.  

The results in Chapter 7 confirm previous observations that asymmetry can predict outcomes 
and that PVI alone is not an effective treatment for persistent AF.36 Contrary to Bisbal et al.37 LA 
sphericity was not found to be a significant recurrence predictor. In our cohort though there was 
lower LAS (73±7% vs. 83±3%), higher LAV (129±43 ml vs. 82±26) and older patients (59 vs. 52 
years old). This supports the observation that in advanced AF, asymmetry is a better recurrence 
predictor and should be used more in future studies. 

 
Atrial remodeling and ventricular diastolic dysfunction 

In Chapter 8 we found that LA symmetry changes are associated with LA dilatation and left 
ventricular (LV) diastolic dysfunction (DD). Contrary to DD, increased asymmetry was again 
associated with reduced success after AF ablation. These findings illuminate the relation between 
increased LV filling pressures and LA remodeling and may help to develop future strategies to 
prevent advanced LA changes or improve AF therapy. 

The findings in Chapter 8 provide a more complete analysis of the LA and LV interaction.49, 50 
Since both the LA and the LV are intricately coupled, DD has a direct negative impact on the LA. 
During LV systole, the LA functions as a passive reservoir, depending on LV systolic function 
and its own relaxation properties. During diastole the LA is under the direct influence of LV 
diastolic pressure through the open mitral valve.51 Therefore, a higher LA afterload due to 
increased LV stiffness or decreased relaxation translates into higher LA pressure with reduced 
LA emptying that results in atrial dilatation and increased AF risk.52  

Previous studies have shown that DD leads to LA dilatation.53-55 This remodeling process due 
to DD is associated with electromechanical delay in hypertensive patients,56 decreased LA-wall 
voltage and worse outcomes after AF ablation.57 Our results supplement these findings and reveal 
that DD is associated with a specific, asymmetric pattern of LA remodeling. In the early phase of 
AF, the LA geometry is still preserved and the region around the pulmonary vein ostia is the 
main target region for ablation therapy. Later, with progression of the disease asymmetric LA 
dilatation develops and more substrate is found in the anterior and septal parts of the LA. ASI is a 
surrogate of this remodeling process and correlates with reduced success after AF ablation 
(especially in persistent AF), better than DD or LAV. 

Although diastolic dysfunction (DD) was not an independent predictor for AF recurrence, it 
was clearly associated with LA remodeling. These results are confounded by evidence of reverse 
remodeling after DD improvement and improved blood pressure or rhythm control.58 Cha at al.59 
described DD improvement in 30% of these patients while Reant at al.60 demonstrated reverse 
remodeling and LV-EF improvement after sinus rhythm restoration. Similar results were 
published for patients undergoing surgical radiofrequency ablation.61 Therefore, LA ablation may 
reduce both DD and AF burden and possibly stop this vicious circle of LA remodeling. 
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Accordingly, appropriate treatment and more aggressive rhythm control should be considered 
early for patients with DD, before advanced LA symmetry changes occur.  

 
Atrial remodeling and plasma markers 

Our group demonstrated in previous studies that pro-inflammatory reactions may predict AF 
recurrences after AF ablation.62, 63 We also showed that LA changes carry a predictive value that 
is better represented with LA-TV or LAV than with the commonly used LAD.50 As extension of 
these studies Chapter 9 examined the relationship between the plasma marker high-sensitive 
interleukin-6 (hsIL-6) and the anatomical atrial remodeling, as represented by the transversal 
(LA-TV) and not just the global (LAV) dilatation.  

   The levels of hsIL-6 were associated with age, BMI, renal dysfunction and LA-TV but not 
with LAD or LA-AP. These findings linked pro-inflammatory changes with the left atrial 
remodeling and emphasized the close relationship between these important AF co-variables. 
These findings emphasized the importance and scientific prominence of inflammation state in AF 
patients. These results serve as the basis for future studies that could examine the practical 
implications of hsIL-6 or LA measurements. Since a pro-inflammatory state is associated with 
anatomical LA remodeling, it remains a subject to further research whether AF patients might 
profit from anti-inflammatory treatment during or after invasive treatment. 

 
Atrial remodeling and low-voltage areas 

In Chapter 10 we explored the association of LA remodeling with low-voltage areas (LVA) as 
surrogates of the underlying substrate in AF patients. We introduced a new computational in 
order to quantify sphericity (LAS) and regional deformations. A patient-specific best-fit LA 
sphere was created using iterative closest point registration. The average radius (R) and the mean 
deviation (S) from this sphere were calculated. The average local deviation (D) was measured for 
the roof, posterior, septum, inferior septum, inferior-posterior and lateral walls.  
   This study suggested that atrial wall changes correlate with the extent of low-voltage areas. 
This could reflect the progressive effect of wall stress, atrial expansion and anatomical 
constrictions that aggravate to the geometrical dispersion of refractoriness and spiral waves.64, 65 
These results supplement Chapter 7 that showed an increase in asymmetry with LA dilatation, 
especially during the initial stages of AF.49 This adds to our knowledge about the impact of LA 
shape and fibrosis on arrhythmogenesis,65-68 and points out the importance of patient-specific 
anatomical information in the context of AF. Regional wall deformation for example could 
provide incremental information that could help differentiate individuals that would benefit more 
from simple one-shot devices than those in need of more elaborate substrate-targeting strategies.  

11.3 Conclusions 
This thesis elaborated the significance of atrial anatomy for clinical outcomes in AF patients. 

We found that AF recurrence and a higher LAA takeoff are associated with increased TE risk 
after AF ablation, while LAA morphology is not. We proposed a mechanism of a tachycardia-
mediated thrombogenic flow that was also seen in AF patients with low CHA2DS2-VASc score 
and higher LAA takeoff. Contrary to previous studies, we found that a chicken-wing LAA 
morphology is associated with a higher peri-procedural TE risk. The proposed mechanism is an 
LAA reservoir function for ablation-related microthrombi, the implications of which certainly 
deserve further research. These findings may have implications for an appropriate clinical or 
anticoagulation management of AF patients. 
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In order to describe the anatomical LA changes, we developed a new index of asymmetry (ASI) 
and compared between patients with different AF types to healthy individuals. We found that two 
interactive components for LA remodeling (dilatation and asymmetry) associated with AF-type 
and AF ablation success. We showed that asymmetry increases as the LA expands, but this is 
diminished in patients with already asymmetric dilated atria, such as in persistent AF. 

As a result, we found that the transversal LA diameter is the best single-linear predictor, 
comparable to LA volume and stronger than the commonly used echocardiographic LA diameter. 
Moreover, we have shown that despite dilatation being the most important predictor of success 
for paroxysmal AF patients, in patients with persistent AF, asymmetry (ASI) supersedes volume 
and remains the most significant predictor of AF recurrence. These findings support the use of 
LA asymmetry (ASI) for patient selection and treatment strategy in advanced AF stages. 

We also found that LA symmetry changes are associated with LA dilatation, diastolic 
dysfunction and higher levels of high-sensitive Interleukin-6 (hs-IL6) and that wall-deformation 
correlates with the extent of low-voltage areas. Therefore, appropriate early (maybe rhythm or 
anti-inflammatory) treatment should be considered for AF patients with DD (or high hs-IL6 
levels), before LA symmetry changes progress. On the other hand a more elaborate substrate-
targeting strategy should be used for those with advanced atrial wall changes.  

Taken together, these findings underline the importance of atrial anatomy in AF patients and 
the need for patient-specific anatomical information. The results presented here may pave the 
way for improved anticoagulation and rhythm management of AF patients or further studies that 
will investigate the hypotheses and the questions generated by this thesis. 
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Summary 
 

Catheter ablation and stroke prevention with anticoagulation or other alternatives have evolved 
into an established therapy for atrial fibrillation (AF). Although atrial anatomy has an important 
pathophysiologic role, its relationship with relevant AF outcomes like thromboembolic events 
(TE) and long-term rhythm stability after AF ablation have not been adequately examined yet. 

The aim of this thesis is to elaborate the significance of atrial anatomy and ablation outcomes in 
the following cases: (1) the relation of left atrial appendage (LAA) and the TEs in patients not 
well described by the common clinical risk scores, (2) the characterstics of left atrial (LA) 
remodeling in AF patients, (3) the effect of these changes on ablation outcomes, (4) the 
relationship of LA remodeling with LV diastolic dysfunction, plasma markers and  LA low-
voltage areas as surrogates of AF substrate (Chapter 1). 

We found that AF recurrence and a higher LAA takeoff are associated with an increased TE 
risk after ablation, probably due to a tachycardia-mediated thrombogenic flow that was also seen 
in AF patients with low CHA2DS2-VASc score and higher LAA takeoff (Chapters 2-3). On the 
contrary, peri-procedural TEs were found to be associated with a chicken-wing LAA morphology 
due to an LAA reservoir function. These findings may have implications for an appropriate 
clinical or anticoagulation therapy of these patients and deserve further evaluation (Chapter 4). 

In order to describe LA remodeling, we developed a new index of asymmetry (ASI) and 
compared LA anatomy of AF patients with healthy individuals. We found that LA remodeling 
involves both size and symmetry changes, which are related to AF-type and recurrences after AF 
ablation. We have shown that asymmetry increases as the LA expands, but this is diminished in 
patients with already asymmetric dilated atria, such as in persistent AF (Chapters 5). We found 
that the transversal LA diameter is the best single-linear predictor, comparable to LA volume and 
stronger than the commonly used echocardiographic diameter (Chapter 6). Moreover, we have 
shown that although LA volume is the best predictor of success for paroxysmal AF patients, in 
patients with persistent AF, asymmetry (ASI) is the most significant predictor (Chapter 7). We 
also found that LA symmetry changes are associated with LA dilatation, diastolic dysfunction 
and higher levels of high-sensitive Interleukin-6 (Chapters 8-9). Finally, we found that wall-
deformation correlates with the extent of low-voltage areas (Chapter 10). 

Taken together, these findings point out the importance of atrial anatomy in AF patients and the 
need for patient-specific anatomical information. The results presented here may pave the way 
for improved patient-tailored therapy of AF patients or prompt further studies that will elaborate 
the implications of this thesis. 
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Zusammenfassung 
 

Die Katheterablation und die Schlaganfallprävention gehören zu den etablierten Therapien für 
Vorhofflimmern (VHF). Obwohl die atriale Anatomie eine wichtige pathophysiologische Rolle 
spielt, ist ihre Assoziation mit relevanten Ergebnissen wie thromboembolischen Ereignissen (TE) 
und langfristiger Rhythmusstabilität nach Ablation noch nicht ausreichend untersucht worden. 

Ziel dieser Habilitationsschrift ist es, die Bedeutung der atrialen Anatomie und der Ablations-
Ergebnissen in den folgenden Fällen zu erarbeiten: (1) die Relevanz des linken Herzohrs (LAA) 
für TE bei Patienten mit geringem oder unklarem klinischen Risiko, (2) die Merkmale von 
linksatrialem (LA) Remodeling, (3) die Bedeutung von LA Remodeling für die Ablations-
Ergebnisse, (4) seine Assoziation mit der LV-diastolischen Dysfunktion, Plasmamarkern und LA 
Areale mit Niedervoltage (LVAs) als Surrogaten vom VHF-Substrat (Kapitel 1). 

Für Patienten nach einer VHF-Ablation wird gezeigt, wie die Rezidive und die höhere LAA-
Position mit einem Tachykardie-assoziierten thrombogenen Fluss und einem erhöhten TE-Risiko 
einher gehen. Der gleiche Mechanismus wird bei VHF-Patienten mit niedrigem klinischen Risiko 
(CHA2DS2-VASc-Score) bestätigt (Kapitel 2-3). Bei Patienten mit peri-prozeduralen TEs zeigt 
sich aber ein anderer Mechanismus; eine Reservoir-Funktion der Hühnerflügel-LAA-
Morphologie. Diese Befunde könnten die Therapie solcher Patienten ändern und sollten weiter 
untersucht werden (Kapitel 4). 

Zur Beschreibung des LA-Remodelings wurde ein neuer Asymmetrie-Index (ASI) entwickelt 
und die Anatomie von VHF-Patienten mit einer Kontrollgruppe verglichen. Als Merkmale des 
Remodelings zeigten sich die Dilatation und die Asymmetrie, die beide mit dem VHF-Typ und 
dem langfristigen Erfolg nach Ablation verbunden sind. Es wurde gezeigt, dass die Asymmetrie 
zunimmt, wenn sich das LA vergrößert, aber dies ist weniger ausgeprägt bei Patienten mit bereits 
dilatierten Atrien (Kapitel 5). Dementsprechend ist der prädiktiver Wert, des transversalen LA-
Durchmessers, vergleichbar zu dem LA-Volumen und besser als von dem meist-verwendeten 
echokardiographischen Durchmesser (Kapitel 6). Obwohl sich das LA Volumen als der beste 
Erfolgsprädiktor für paroxysmales VHF zeigte, war nur ASI der wichtigste Prädiktor für 
Patienten mit persistentem VHF (Kapitel 7). Darüber hinaus zeigte sich eine Assoziation 
zwischen ASI, LA-Dilatation, der diastolischen Dysfunktion und erhöhte Werte von Interleukin-6 
(Kapitel 8-9). Zusätzlich haben wir gezeigt, dass die Wanddeformation mit der Ausdehnung von 
Arealen mit Niedervoltage korreliert (Kapitel 10).  

Zusammengenommen unterstreichen diese Ergebnisse die Bedeutung der atrialen Anatomie bei 
VHF-Patienten und den Bedarf an patientenspezifischen anatomischen Informationen vor dem 
Eingriff. Diese Ergebnisse könnten den Weg für eine verbesserte, auf den Patienten 
zugeschnittene Therapie bei VHF-Patienten ebnen und weitere Studien veranlassen. 
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Σύνοψη 
 

Η θεραπεία της κολπικής μαρμαρυγής έχει στόχο την προφύλαξη από θρομβοεμβολές με την 
χρήση αντιπηκτικών φαρμάκων ή άλλων εναλλακτικών και την ελάττωση των συμπτωμάτων ή 
των υποτροπών. Η διατήρηση του φλεβοκομβικού ρυθμού επιτυγχάνεται είτε με φάρμακα είτε 
επεμβατικά με τη μέθοδο της κατάλυσης. Παρά τον σημαντικό ρόλο της κολπικής ανατομίας για 
την παθοφυσιολογία της μαρμαρυγής, η σχέση της με θρομβοεμβολικά επεισόδια (ΘΕ) ή 
υποτροπές μετά από επεμβατική κατάλυση με καθετήρα, δεν έχουν ακόμη εξεταστεί επαρκώς.  

Σκοπός της παρούσας διατριβής είναι η διερεύνηση της σχέσης μεταξύ της ανατομίας του 
αριστερού κόλπου (ΑΚ) και των κλινικών αποτελεσμάτων στις ακόλουθες περιπτώσεις: (1) η 
σχέση του αριστερού ωτίου και των ΘΕ σε ασθενείς που δεν χαρακτηρίζονται επαρκώς από τα 
παρόντα εργαλεία λήψης κλινικών αποφάσεων, (2) τα χαρακτηριστικά της αναδιαμόρφωσης της 
αριστερής κολπικής κοιλότητας στους ασθενείς με κολπική μαρμαρυγή, (3) η επίδραση αυτών 
των αλλαγών στα αποτελέσματα της επεμβατικής κατάλυσης, (4) η σχέση της αναδιαμόρφωσης 
της ΑΚ με τη διαστολική δυσλειτουργία της αριστερής κοιλίας, τους δείκτες πλάσματος και τις 
περιοχές με χαμηλά δυναμικά τάσης ως υπόστρωμα της κολπικής μαρμαρυγής (Κεφάλαιο 1). 

Διαπιστώσαμε ότι η υποτροπή της κολπικής μαρμαρυγής και η υψηλότερη θέση εκβολής του 
αριστερού ωτίου συνδέονται με αυξημένο κίνδυνο ΘΕ μετά από θεραπεία κατάλυσης. Σε αυτούς 
τους ασθενείς όπως και σε ασθενείς με χαμηλή βαθμολογία εργαλείων λήψης αποφάσεων (π.χ. 
CHA2DS2-VASc) παρατηρήσαμε τη δημιουργία θρομβογόνου ροής που σχετίζεται με την 
ταχυκαρδία και την υψηλότερη θέση του ωτίου (Κεφάλαιο 2-3). Αντίθετα, διαπιστώσαμε ότι 
διεγχειρητικά θρομβοεμβολικά επεισόδια σχετίζονται με αριστερά ωτία που έχουν πολλές γωνίες 
και μοιάζουν με πτερύγια πτηνού («chicken wing”), ενδεχομένως λόγω της λειτουργίας τους ως 
δεξαμενή θρόμβων κατά τη διάρκεια της κατάλυσης. Τα παρόντα ευρήματα θα μπορούσαν να 
βελτιώσουν την θεραπεία των ασθενών και σέβουν περαιτέρω αξιολόγησης (Κεφάλαιο 4). 

Προκειμένου να περιγράψουμε την αναδιαμόρφωση του αριστερού κόλπου, αναπτύξαμε ένα 
νέο δείκτη ασυμμετρίας (ASI) και συγκρίναμε την ανατομία των ασθενών με κολπική 
μαρμαρυγή με υγιή άτομα. Διαπιστώσαμε ότι η αναδιαμόρφωση του κόλπου περιλαμβάνει τόσο 
αλλαγές σε μέγεθος όσο και σε σχήμα. Αυτές οι αλλαγές σχετίζονται με τον τύπο της κολπικής 
μαρμαρυγής (παροξυσμική ή εμμένουσα) και τις υποτροπές μετά από την θεραπεία κατάλυσης. 
Παρατηρήσαμε ότι η ασυμμετρία αυξάνεται με την διάταση του κόλπου, αλλά αυτή η ασύμμετρη 
αλλαγή ελαττώνεται σε ασθενείς με προχωρημένα στάδια μαρμαρυγής και ήδη διατεταμένους 
κόλπους (Κεφάλαιο 5). Διαπιστώσαμε ότι η εγκάρσια διάμετρος του κόλπου είναι ο καλύτερος 
μονο-διάστατος προγνωστικός δείκτης υποτροπών, συγκρίσιμος με τον όγκο του κόλπου και 
καλύτερος από την κοινώς χρησιμοποιούμενη διάμετρο του κόλπου στο υπερηχοκαρδιογράφημα 
(Κεφάλαιο 6). Επιπλέον, δείξαμε ότι αν και ο όγκος είναι ο καλύτερος προγνωστικός δείκτης 
επιτυχίας για ασθενείς με παροξυσμική μαρμαρυγή, η ασυμμετρία (ASI) είναι πιο σημαντικός 
προγνωστικός παράγοντας σε ασθενείς με εμμένουσα μαρμαρυγή (Κεφάλαιο 7). Διαπιστώσαμε 
επίσης ότι οι μεταβολές συμμετρίας του κόλπου σχετίζονται με τη διαστολή του, τη διαστολική 
δυσλειτουργία και τα υψηλότερα επίπεδα ιντερλευκίνης-6 δείκτη φλεγμονής (Κεφάλαιο 8-9). 
Τέλος, διαπιστώσαμε ότι η παραμόρφωση των τοιχωμάτων του κόλπου συσχετίζονται με την 
έκταση των περιοχών χαμηλής τάσης δυναμικού (Κεφάλαιο 10). 

Συνοψίζοντας, τα ευρήματα της παρούσας διατριβής υπογραμμίζουν τη σημασία της κολπικής 
ανατομίας σε ασθενείς με κολπική μαρμαρυγή και την ανάγκη για εξατομικευμένες πληροφορίες 
και καλύτερη θεραπεία ανάλογα με τα χαρακτηριστικά του κάθε ασθενή. Περαιτέρω μελέτες θα 
διερευνήσουν την σημασία των παρατηρήσεων μας στην κλινική πράξη.  



 136 

Impact 
 

This chapter describes how the outcomes of this thesis could contribute to society and 
specifically to the great number of patients we serve, to the physicians that treat them and the 
industry. The results described in this thesis are relevant for future research especially for 
imaging-based prognostic models that will guide clinical management of patients with atrial 
fibrillation (AF) as explained below. Our publications have influenced the current guidelines and 
clinical practice;1-6 inspired other groups to conduct relevant research7-15 and have spawned 
projects and collaborations16-18 that brought together expertise from across different departments 
of renowned research institutions like the Heart Center Leipzig, the Maastricht University, the 
Massachusetts General Hospital of Harvard University and the Department of Bioengineering in 
the University of Pittsburgh.19-22 
 
Background 

AF is the most common arrhythmia with an increasing prevalence in an aging population. AF 
patients are expected to double in the next 30 years to more than 14 million in Europe alone.23 
Despite good progress in AF treatment, this arrhythmia remains one of the major causes of 
stroke, heart failure, sudden death and cardiovascular morbidity.24-26 Due to the epidemic 
proportions of AF and the significant burden for public health, identification of surrogates 
associated with AF pathophysiology that could improve treatment of AF patients is very 
important. 

Although the principal clinical determinant of AF is age, potent adjuvants include hypertension, 
atherosclerosis and ventricular dysfunction. These determinants are unified by their tendency to 
increase atrial pressure and volume, which in turn causes chronic elevation in wall stress and 
elicits an adverse biological response in atrial tissue, culminating in an AF promoting substrate. 
LA remodeling is in-fact a well-recognized factor in AF pathogenesis. Specific LA changes or 
specific characteristics of the left atrial appendage (LAA) anatomy may have serious 
implications, as shown in the results of this thesis. Our work focuses on the identification of 
specific anatomical characteristics that will allow clinical decisions in a patient-specific way. 

 
Contributions of this thesis to society 

This thesis elaborates the significance of atrial anatomy and ablation outcomes in the following 
specific cases: (1) the relation of LAA and thromboembolic events (TEs) in patients not well 
described by the common clinical risk scores, (2) the characteristics of LA remodeling in AF 
patients, (3) the effect of these changes on ablation outcomes, (4) the relationship of LA 
remodeling with LV diastolic dysfunction or plasma markers and (5) the effect of AF ablation on 
LV function in patients with heart failure. 

In order to evaluate the importance of LAA for the TE risk in patients not adequately described 
by the common CHA2DS2-VASc criteria, we compared patients that had prior-, post- or 
periinterventional TEs with matched patients from our prospective AF catheter ablation registry. 
We found that TEs after an AF ablation are associated with AF recurrence and a higher LAA-
takeoff, implying a possible tachycardia-mediated thrombogenic risk, depending on the distance 
to the mitral valve rather than the LAA morphology. Although this association was also found in 
low CHA2DS2-VASc score (≤1) patients, for peri-interventional TE LAA morphology was more 
important, presumably through a reservoir function. In summary, our findings showed that the 
LAA anatomy might be useful for predicting strokes and guide anticoagulation in such patients. 
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These results have influenced the current guidelines and clinical practice1, 2 and encouraged 
further studies from other groups,7-11 that elaborated on the TE risk and thus the therapy of 
patients beyond the limitations of CHAS-VASc score.27 

Our work on LA remodeling has better described the complex three-dimensional LA shape 
changes by measuring different diameters and introducing a novel index of LA asymmetry (ASI). 
We found that ASI is a reliable measurement that together with volume carries a significant 
predictive value for the rhythm outcomes after AF catheter ablation. We also found that 
anatomical remodeling is associated with diastolic dysfunction and plasma markers like hsIL-6. 
These findings have contributed to the establishment of a more comprehensive pre-procedural 
evaluation of AF patients, a better understanding of atrial cardiomyopathies2-5 and further 
relevant research.12-15 Patients could benefit enormously from a better risk stratification process, 
where those with early stages are rooted to simple single-shot AF ablation techniques and those 
with advanced LA remodeling would undergo a more sophisticated approach. However, 
additional studies are needed to prove the clinical benefit of our studies. 

Finally, we studied the changes in LV function following AF ablation in patients with systolic 
heart failure. We found that the initial LV-EF improvement could be partially attributed to a 
better heart rate control, but the long-term improvement was independent of rate changes. This 
supports the presence of an AF-mediated cardiomyopathy that could be reversed by catheter 
ablation irrespective of rate control. This has since been confirmed by other independent 
researches28, 29 and the randomized trial CASTLE-AF, 30-33 that revealed a reduction in mortality 
and hospitalization by catheter ablation of heart failure patients. Patients with AF now can better 
understand the benefits form catheter ablation and discuss it with their physician. 

 
Future perspectives 

Anatomical characterization has been proven to be a difficult task for physicians, since it is 
associated with high inter- and intra-observer variability.11 Currently there is no accurate 
automated mathematical model relating anatomical characteristics with clinical outcomes. For 
this purpose we have joined our efforts with the Bioengineering Lab of Prof. Menon in the 
University of Pittsburgh. We created new mathematical calculations for describing LAA 
morphologies using principal component analysis21 and wall deformation indexes, validating the 
relationship between quantitative imaging markers and adverse remodeling (Figure 1).34  

 

Figure 1. Color-maps of regional shape deviation, volumes (LAV), average radius (AR), LA 
sphericity (S) and asymmetry (ASI) of two patient-specific anatomical reconstructions. 
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Based on our preliminary results, we aim to further investigate the hypothesis that geometry 
metrics derived from patient-specific LA imaging data can provide an improved characterization 
of the extent of the disease, as represented by fibrosis or low-voltage areas, and help predict the 
occurrence of clinical events, such as TEs or recurrence after catheter ablation. To that end we 
will implement imaging data and plasma markers into a machine-learning based prognostic 
model developed in collaboration with Prof. Menon (Figure 2, © Prof. Menon).  

 

 
Figure 2. Illustration of the foundation behind the computational research of machine learning. 
 

This represents a kind of artificial intelligence that will spawn simulation projects and results, 
which are not easy to obtain with common statistical methods. As part of the successful execution 
of this effort, an open-access software will be released to facilitate 3D atrial model 
reconstruction, region partitioning and sphericity analysis, starting from DICOM medical images, 
in the interest of making the science behind this proposal accessible to physicians and surgeons 
around the world. Additionally, it is proposed to integrate results obtained within a cloud-based 
system architecture, which facilitates interactive training and testing of specific machine learning 
classifiers.  

This could benefit the society by improving patient selection and thus clinical outcomes, thus 
reducing healthcare costs. Additionally new opportunities arise for spin-off companies 
performing such image analysis in a commercial setting and further development of better 
imaging protocols or tools that could be integrated in the workflow of hospitals. In order to 
disseminate this knowledge, the results and ongoing research of this thesis will be promoted 
through the Internet and through established networks of professionals (e.g. DAS-CAM), 
promoting usage and further collaboration with interested researchers and the future leaders of 
electrophysiology.  

We are entering a new era of “big data” and “artificial intelligence”, where collaborations 
across disciplines will be crucial to implement innovations and advance the field of 
cardiovascular medicine.35, 36 There is an urgency to bring together multidisciplinary groups to 
generate and share “large clean datasets” to expedite the creation of meaningful algorithms. It is 
towards that end that we extend our expertise to researchers from the bioengineering and 
medicine fields from around the globe. It is our responsibility to embrace technology and add 
value to our patient care without loosing our humane touch and keep “technology as a useful 
servant and not as a dangerous master.”  
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