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Background: Although there are numerous studies reflecting predictors of atrial fibrillation (AF) recur-
rence (AFR) after pulmonary vein isolation (PVI), data on atrial appendages’ mechanics is scarce. This
study aimed to assess atrial appendages’ mechanics by 2-dimensional (2D) and 3-dimenssional (3D) tran-
soesphageal echocardiography (TEE) and to explore its value to predict AFR after PVI.
Methods: Consecutive patients with paroxysmal AF undergoing first PVIwere analysed. 3D and 2D-TEE
with tissue Doppler imaging (TDI) and strain analysis was obtained prior to the PVI, including: left atrial
appendage (LAA) TDI and strain analysis, LAA ostium surface area, right atrial appendage’s TDI velocity
and superior vena cava (SVC) ostium surface area. The primary end-point was freedom from any docu-
mented recurrence of atrial arrhythmia lasting > 30 s.
Results: This single-centre, prospective study included 74 patients with paroxysmal AF (median age
59 years; 36% female; BMI 27.4 ± 4.1 kg/m2, LA volume index 32 ± 11 mL/m2). After a median follow-
up of 14 (IQR 10–22) months, 21 (28%) patients had AFR. In a univariate and multivariate Cox-
regression analysis LAA TDI velocity (HR 1.48, 95%CI 1.28–1.62, p < 0.001) and LAA ostium surface area
(HR 1.58, 95%CI 1.06–1.81, p = 0.033) both independently predicted AFR after single PVI. RAA TDI velocity
and SVC ostium surface area were not correlated to AFR.
Conclusion: Paroxysmal AF patients with lower LAA TDI tissue velocity and LAA ostium surface area have
higher risk of developing AFR after PVI. To our knowledge, this is the first study assessing atrial appen-
dages’ mechanics in predicting AFR after PVI.
Clinical trial registration: www.drks.de(Identifier: DRKS00010495)
� 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Pulmonary vein isolation (PVI) is well established treatment of
paroxysmal atrial fibrillation (AF) [1]. However, atrial fibrillation
recurrence (AFR) is relatively common after first (index) PVI proce-
dure with a progressive rise of AFR rate during long-term follow-
up [1–2]. Due to mentioned, there are numerous studies reflecting
the AFR predictive factors [2–7]. Among different echocardio-
graphic parameters proved as predictors of AFR after PVI, dimen-
sions of the left atrium (LA): LA diameter in parasternal long axis
view (PLAX), LA volume and the LA volume index (LAVI), seem to
be the most consistent [4–8]. Also, the extension of fibrosis within
the LA myocardium (atrial cardiomyopathy) has been found to be a
vicious predictor of a new incident AF, but also as a predictor of
AFR after ablation procedures [9]. However, data on the mechanics
of atrial appendages and superior vena cava is sparse, especially in
patients with paroxysmal AF [8,10]. Tissue Doppler imaging and
strain analysis are specific echocardiography derivied parameters
applied to the analysis of chamber function providing highly repro-
ducible measures of tissue deformation and velocities [11–12]. In
recent years, data regarding accuracy and clinical application of
TDI and strain analysis are rapidly increasing [11–12]. We there-
fore aimed to assess left (LAA) and right atrial appendage (RAA)
mechanics as well as superior vena cava (SVC) dimenssion by
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three-dimensional (3D) transoesphageal echocardiography (TEE)
to explore its value in prediction of AFR after index PVI in patients
with paroxysmal AF. We hypothesized that a lower LAA tissue
velocity, assessed by 3D TEE tissue doppler imaging (TDI), is a sig-
nificant predictor of AFR in long-term follow-up after index PVI.
2. Methods

We conducted a single-centre, non-randomized, observational,
prospective cohort study. From January 2017 until June 2018, we
enrolled consecutive patients with symptomatic paroxysmal AF
who were scheduled for an initial PVI using a focal radiofrequency
or 2nd-generation cryoballoon ablation. Patients in whom addi-
tional linear lesions (posterior wall box isolation, mitral isthmus
or left atrium roof line) or complex fractionated atrial electrogram
(CFAE) ablation in the left atrium (LA) were performed during PVI
procedure and who were not in sinus rhythm during the transoe-
sophageal echocardiography were excluded from the study. Other
exclusion criteria were as follows: age < 18 years, left ventricle
ejection fraction < 50%, prior cardiac surgery, severe mitral valve
disease, any cardiac device implanted, as well as non existing
Holter-ECG during follow-up period. Baseline demographic charac-
teristics, medical history and chronic medication usage data were
collected.
2.1. Procedure

All included patients had a standardized transthoracic and tran-
soesophageal echocardiogram within 24 h prior to PVI procedure,
including 3D dataset acquisitions (Vivid 9, General Electrics, Chi-
cago, Illinois, USA) with tissue Doppler imaging (TDI) and strain
analysis. All datasets were analyzed offline using the Q-Analysis
software (General Electric EchoPac workstation, version 112).
One experianced cardiologist, who was blinded for the study end-
point, did the measuraments as well as performed the analyses off-
line in a standardized manner. Therefore, the interobserver
variability was eliminated, while the intraobserver variability
was minimized with five consecutive measurements for each
parameter in every patient.

LA size and the left ventricular ejection fraction (LVEF) were
obtained from 2D image acquisitions. LVEF was calculated using
the Simpson’s method from the apical four chamber and the apical
two chamber views [13]. The parasternal long axis (PLAX) LA diam-
eter was measured at end diastole. For 2-dimenssional LA volume
quantification (in mililiters), modified Simpson’s biplane volume
equation was used [14]. Indexed 2D left atrial volume (LAVI, ml/
m2) was calculated by dividing the estimated end-systolic LA vol-
ume with the body surface area (m2) [13–14]. During a TEE proce-
dure the patient’s ECG was recorded. TDI and strain analysis were
obtained in 2D TEE settings. Only patients in sinus rhythm during
the echocardiography were included in the study.

Parameters including LAA strain, LAA strain rate imaging, LAA
TDI tissue velocity, LAA peak emptying velocity and RAA TDI veloc-
ity were assessed by 3D TEE using TEE omniplane 6Tc (6–8 MHz)
transducer. LAA ostium surface area and SVC ostium surface area
were assessed by real-time 3D TEE using the same transducer.
LAA images were obtained in the long axis view (bypositioning
the transducer in a range of 50-110�) at the left lateral wall/ridge
in the view which included appendage itself, LA cavity, left supe-
rior pulmonary vein, mitral valve and basal parts of left ventricle
[14]. RAA TDI tissue velocity and SVC ostium surface area were
assessed in the midoesophageal bicaval view (transducer in a
range of 90-120� with a clockwise rotation). TDI was performed
at a frame rate of over 100 frames per second. The TDI recording
at 150 ms before the QRS complex and at 800–900 ms before the
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QRS complex was selected for analysis of the systolic phase and
diastolic phase in all segments, respectively [12].

PVI procedure was done either using focal RF ablation with the
3D-electroanatomic mapping system (CARTO3, Biosense Webster,
Diamond Bar, California, USA) or using the 2nd-generation cryobal-
loon (Arctic Front Advance 23 mm or 28 mm, Medtronic Inc., Min-
neapolis, Minnesota, USA) as described in detail previously [1,15].
No additional ablation lesions in the LA other than PVI were per-
formed. In patients with documented typical, cavotricuspid isth-
mus dependant atrial flutter, ablation of cavotricuspid isthmus
was performed.
3. Follow-up and endpoint

Outcomes were measured based on the recurrence of AF during
follow-up. Episodes of atrial tachyaarrhythmia lasting > 30 s occur-
ring after a blanking period of 3 months were considered as an AFR.
Follow-up was performed at 3, 6 and 12 months after the PVI pro-
cedure with 12-lead ECG and 24-hour Holter-ECG monitoring, and
afterwards yearly with outpatient clinic visits also including 12-
lead ECG and 24-hour Holter-ECG.

The primary end-point was the prediction accuracy of LAA TDI
tissue velocity, assessed by 3D TEE in prediction of AFR after PVI
in patients with paroxysmal AF. The secondary end-points were
prediction accuracy of the left and right atrial appendages’
mechanics and SVC ostium surface area.
4. Ethics

Before performing 3D TEE and pulmonary vein isolation, signed
informed consent for participation in the study as well as in the
SECE-PVI registry was obtained from all enrolled patients. The
Hospital Ethics Committee gave its approval of the study, which
was conducted according to the current version of the Declaration
of Helsinki. The study was registered in DRKS registry (Deutschen
Registers Klinischer Studien) with identifier DRKS00010495 since
May 2016 as a prospective, non-randomized clinical trial with uni-
versal trial number U1111-1182–4844.

4.1. Statistical analysis

Categorical variables are presented as absolute values and per-
centages. Categorical variables were compared by the chi-square
test. Continuous data are expressed as means and standard devia-
tions or median with corresponding interquartile range (IQR) in
case of skewed distribution. For continuous variables, comparisons
were made using Student’s T-test, or Mann-Whitney U test, as
appropriate. To investigate the associations between the various
clinical or echocardiographic parameters with AF recurrence, a uni-
variable Cox proportional-hazard regression analysis was made.
Multivariable Cox proportional-hazard models using a stepwise
forward procedure was constructed to assess the associations with
AF recurrence. This minimized the risk for collinearity among the
different models and echocardiographic variables. Categorized
variables with a p-value < 0.05 in the univariate analysis were then
considered in a multivariate analysis to identify any independent
predictors of AF recurrence. In addition, the multivariable models
were adjusted for age, sex, BMI and arterial hypertension. The
appendages’ parameters and SVC ostium surface area were studied
by using a receiver operating characteristics (ROC) curve to deter-
mine area under curve (AUC) of the variable’s predictive power as
well as the optimal cut-off values for the prediction of AF recur-
rence. The best cut-off value was defined as the point combining
the highest sensitivity and specificity. The arrhythmia-free survival
curves during 12-month follow-up were charted by Kaplan-Meier



Table 1
Baseline characteristics of the complete study population and long-term follow-up data after the pulmonary vein isolation.

Total (N = 74) No AF recurrence (N = 53) AF recurrence (N = 21) P value

Demographics
Age (years) 60 (53–66) 60 (53–67) 59 (53–65) 0.94
Male sex (% (n)) 64 (47) 60 (32) 71 (15) 0.43
BMI (kg/m2) 27.4 ± 4.1 27.3 ± 3.8 27.9 ± 4.7 0.59
History (% (n))
Hypertension 73 (54) 72 (38) 76 (16) 0.78
Diabetes mellitus 9.4 (7) 9.4 (5) 9.5 (2) 1
Hyperlipidaemia 59 (44) 64 (34) 48 (10) 0.20
Smoking 20 (15) 17 (9) 29 (6) 0.32
Stroke / TIA 9.4 (7) 11 (6) 4.8 (1) 0.67
Coronary artery disease 6.8 (5) 7.5 (4) 4.8 (1) 1
Chronic kidney disease 6.8 (5) 5.7 (3) 9.5 (2) 0.14
COPD 11 (8) 11 (6) 9.5 (2) 0.98
OSA syndrome 4.1 (3) 3.8 (2) 4.8 (1) 0.85
Typical right atrial flutter 18 (13) 15 (8) 22 (5) 0.49
AF history (months) 36 (12–81) 24 (12–72) 48 (23–102) 0.98
CHA2DS2VASc score 1.82 ± 1.14 1.87 ± 1.16 1.71 ± 1.10 0.60
Ablation modality 0.36
Focal RF 77 (57) 68 (39) 32 (18)
2nd-generation CB 23 (17) 82 (14) 18 (3)
Laboratory results
Haemoglobin (g/L) 141 (133–148) 141 (133–148) 143 (132–154) 0.67
Creatinine (mmol/L) 90 (77–106) 90 (76–103) 88 (79–109) 0.99
Total cholesterol (mmol/L) 6 (5–6) 6 (5–6) 5 (5–6) 0.96
HDL cholesterol (mmol/L) 1 (1–2) 1 (1–2) 1 (0.8–1.75) 0.09
Creatin-kinase (IU/L at 37 �C) 109 (67–144) 108 (65–139) 111 (77–157) 0.64
Hs-cTnT before PVI (ng/L) 1.9 (1–3) 1 (1–2) 1 (1–1.5) 0.21
Hs-cTnT after PVI (ng/L) 1434 (676–2330) 1529 (560–2404) 1064 (624–1886) 0.38
Delta hs-cTnT (ng/L) 1431 (591–2308) 1530 (540–2488) 1063 (623–1885) 0.30
C-reactive protein (mmol/L) 2 (1–4) 2 (1–4) 2 (1–4) 0.17
TTE
LA diameter (in PLAX) (mm) 39 ± 6 38 ± 8 40 ± 6 0.65
LVEF (%) 60 ± 3 60 ± 3 60 ± 4 0.76
LA volume index (mL/m2) 32 ± 11 31 ± 10 32 ± 11 0.91
3D-TEE
LAA strain (%) 12.19 ± 3.57 12.07 ± 3.24 12.51 ± 4.35 0.68
LAA strain rate imaging (1/s) 2.78 ± 0.88 2.75 ± 0.88 2.86 ± 0.91 0.66
LAA TDI tissue velocity (cm/s) 10.51 ± 1.68 10.79 ± 1.60 8.92 ± 1.12 <0.001
LAA peak emptying velocity (cm/s) 65.32 ± 18.5 64.30 ± 17.35 67.90 ± 21.36 0.49
LAA ostium surface area (cm2) 2.53 ± 0.66 2.6 ± 0.67 2.27 ± 0.65 0.043
RAA TDI tissue velocity (cm/s) 10.28 ± 1.29 10.32 ± 1.22 10.19 ± 1.5 0.73
SVC ostium surface area (cm2) 2.58 ± 3.17 2.85 ± 3.7 1.9 ± 0.63 0.078

Values are percentage (total number) for categorical and mean ± standard deviation for continuous variables.
BMI – Body Mass Index; chronic kidney disease = estimated glomerular filtration rate < 60 mL/min; TIA - transient ischemic attack; COPD - chronic obstructive pulmonary
disease; OSA – obstructive sleep apnoea; AF – atrial fibrillation; RF – radiofrequency; CB – cryoballoon; HDL – high density cholesterol; hs-cTnT – high sensitive cardiac
troponin T; Delta hs-cTnT - hs-cTnT release per procedure; LA – left atrium; PLAX – parasternal long axis; LVEF – left ventricular ejection fraction; LAA – left atrial appendage;
TDI – tissue Doppler imaging; RAA – right atrial appendage; SVC – superior vena cava.

Table 2
Univariate receiver operating characteristics (ROC) curve analysis of the value of transoesphageal echocardiographic parameters in the prediction of atrial fibrillation recurrence
after pulmonary vein isolation.

Parameter AUC SE 95% CI P value

LAA strain 0.486 0.092 0.305 0.667 0.872
LAA strain rate imaging 0.527 0.094 0.342 0.712 0.747
LAA TDI tissue velocity 0.831 0.050 0.732 0.929 0.000
LAA peak emptying velocity 0.401 0.089 0.225 0.576 0.237
LAA ostium surface area 0.710 0.077 0.558 0.861 0.013
RAA TDI tissue velocity 0.579 0.080 0.422 0.735 0.350
SVC ostium surface area 0.547 0.088 0.374 0.720 0.577

AUC – area under curve; SE – standard error; CI – confidence interval; LAA – left atrial appendage; TDI – tissue Doppler imaging; RAA – right atrial appendage; SVC – superior
vena cava.
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analysisfor evaluated patients according to 3D-TEE variables, and
comparisons between different groups were done by a log-rank
test. All significance tests were two-tailed and a p-value of < 0.05
was pre-specified to indicate statistical significance. The statistical
analysis was done using SPSS Version 20 (IBM SPSS Statistics, New
York, USA).
3

5. Results

We conducted a single-centre, non-randomized, observational,
prospective cohort study. Total of 74 consecutive patients with
paroxysmal AF, in whom TTE and 3D TEE with tissue Doppler
imaging (TDI) and strain analysis prior to index PVI were done,
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were included in the study. Median age of the study group was
59 years (IQR 53–66), 36% were female. The most prevalent comor-
bidity was hypertension (73%) followed by hyperlipidaemia (59%)
and smoking (20%). The remaining risk factors, including diabetes,
stroke and coronary artery disease had prevalence of < 10%. Mean
LA diameter and LAVI were 39 ± 6 mm and 32 ± 11 mL/m2, respec-
tively. Focal radiofrequency and cryoballoon ablation were per-
formed in 57 (77%) and 17 (23%) patients, respectively. A total of
68 included patients (92%) underwent at least 12-month follow-
up. After a median follow-up of 14 (IQR 11–22) months, off
antiarrhythmic-drug AFR occurred in 21 (28%) patients. The base-
line characteristics of the study group, including the stratification
according to AFR after the follow-up period, are shown in Table 1.
Baseline demographic and clinical characteristics did not differ
between the patients with and without AFR (Table 1). Compared
to patients without AFR, patients with AFR had lower LAA TDI
velocity (10.79 ± 1.60 vs. 8.92 ± 1.12 cm/sec, p < 0.001) and lower
LAA ostium surface area (2.6 ± 0.67 vs. 2.27 ± 0.65 cm2, p = 0.043)
(Table 1). The remaining LAA’s mechanics parameters were not dif-
ferent between the patients with and without AFR. RAA TDI veloc-
ity and SVC ostium surface area were not significantly different
between the two groups. Echocardiographic characteristics of the
patients with and without AFR are shown in Table 1.

The prognostic accuracies as quantified by the ROC curve anal-
ysis for all evaluated appendages’ parameters and SVC ostium sur-
face area are presented in Table 2. The area under the ROC curve
(AUC) for the LAA TDI velocity was 0.83 (95% confidence interval
[CI] 0.73–0.93, p < 0.001) and for LAA ostium surface area was
0.71 (95% CI 0.56–0.76, p = 0.013), respectively (Fig. 1). The AUCs
for the remaining LAA parameters as well as for the RAA TDI veloc-
ity and SVC ostium surface area were lower than 0.60 (Table 2).

In the univariate Cox-regression analysis, LAA TDI tissue veloc-
ity (hazard ratio [HR] 1.48, 95% confidence interval [CI] 1.29–1.62,
p < 0.001) and LAA ostium surface area (HR 1.67, 95% CI 1.22–1.86,
p = 0.12) were significantly correlated to AFR after PVI (Table 3).
Fig. 1. Univariate receiver operating characteristics (ROC) curves of LAA TDI tissue veloci
recurrence after pulmonary vein isolation. LAA - left atrial appendage; TDI - tissue Dopp
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RAA TDI tissue velocity and SVC ostium surface area appeared to
be non-predictive, as well as the remaining transthoracic and tran-
soesophageal echocardiographic parameters (Table 3). Among dif-
ferent clinical factors, none proved to be predictive for AFR. In a
multivariable stepwise Cox-regression analysis corrected for age,
sex, BMI and hypertension, LAA TDI velocity (HR 1.48, 95% CI
1.28–1.62, p < 0.001) and LAA ostium surface area(HR 1.58, 95%
CI 1.06–1.81, p = 0.033) both independently predicted AFR after
PVI procedure (Table 3).

An ROC curve analysis revealed that, for the prediction of an
AFR, the best cut-off value of the LAA TDI tissue velocity was
9.81 cm/sec with a sensitivity of 68% and specificity of 81%, and
of the LAA ostium surface area 2.28 cm2 with a sensitivity of 63%
and specificity of 66%, respectively.When the study patients were
divided into two groups by the cut-off value of the LAA TDI tissue
velocity, a Kaplan–Meier analysis demonstrated a significantly
lower AFR survival-free time in the low LAA TDI tissue velocity
group (<9.81 cm/sec) in comparison to the high value group
(p < 0.001) (Fig. 2a). Also, when the patients were divided into
two groups by the cut-off value of the LAA ostium surface area, a
Kaplan–Meier analysisdemonstrated that patients with a lower
LAA ostium surface area (<2.28 cm2) had a lower AFR survival-
free time (p = 0.015) (Fig. 2b).

6. Discussion

To the best of our knowledge, this is the first study evaluating
both atrial appendages’ mechanics for the prediction of one-year
success after a single PVI procedure in patients with paroxysmal
AF. The main findings of this single-centre, observational, prospec-
tive cohort study are the following: 1) patients with AFR had signif-
icantly lower LAA TDI tissue velocity and LAA ostium surface area
in comparison to patients without AFR; 2) in the ROC curve analy-
sis LAA TDI velocity and LAA ostium surface area showed very good
and good discriminative power in predicting AFR; 3) in multivari-
ty and LAA ostium surface area predictive value in the prediction of atrial fibrillation
ler imaging.
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able stepwise Cox-regression analysis corrected for age, sex, BMI
and hypertension, LAA TDI velocity (HR 1.48, p < 0.001) and LAA
ostium surface area(HR 1.58, p = 0.033) remained significant pre-
dictors of AFR after single PVI procedure; 4) RAA TDI tissue velocity
and SVC ostium surface area were not significantly correlated to
AFR.

The long-term AFR rate after ablation procedures varies signif-
icantly from 20 to 50% depending mostly on the age, sex, AF type
and the prevalence of comorbidities (e.g. hypertension, chronic
renal failure, diabetes mellitus, obesity, etc.) as well as on the use
of antiarrhythmic drugs [1,3,16,6–10]. Total AFR rate in our study
was 23% after first PVI in off-drug paroxysmal AF population which
is, despite being on the lower cut-off, still in line with earlier stud-
ies [16,6–10].Moreover, there were no significant differences
between the patients with and without AFR with respect to age,
sex and comorbidities which is not in line with the majority of pre-
vious studies [1–2,16–17].In addition, left atrial enlargement
assessed by TTE and/or TEE has been frequently reported as one
of the strongest predictors of AFR after PVI, but our data does not
support these findings [5–10]. Moreover, both LA diameter and
LAVI in our study population are not widely distributed. It is pos-
sible that our study population is a highly selected population
(normal LVEF, only paroxysmal AF, relatively young population)
partially created as a consequence of possibly biased (mostly by
reimburesement issues) evaluation of AF patients for PVI. The eval-
Table 3
Univariate and multivariate Cox regression analysis to predict outcome after pulmonary v

Parameter Univariate

HR (95% CI)

Age 1.00 (0.96–1.04)
Male 0.72 (0.43–1.20)
BMI 1.08 (0.97–1.20)
Hypertension 1.34 (0.49–3.69)
Diabetes mellitus 1.13 (0.26–4.89)
Hyperlipidaemia 0.64 (0.27–1.54)
Smoking 1.01 (0.98–1.03)
Chronic kidney disease 3.42 (0.99–11.83)
Cerebral stroke / TIA 1.96 (0.1–80.8)
Coronary artery disease 0.83 (0.11–6.28)
COPD 1.27 (0.62–2.21)
OSA syndrome 1.96 (0.45–7.65)
Atrial flutter 1.62 (0.59–4.46)
AF history 1 (0.99–1.05)
CHA2DS2VASc score � 2 1.89 (0.59–3.35)
Ablation modality 1.71 (0.50–5.84)
Haemoglobin 1.02 (0.98–1.06)
Creatinine 1.01 (0.98–1.02)
Total cholesterol 0.86 (0.52–1.39)
HDL cholesterol 0.18 (0.03–1.09)
Creatin-kinase 1.01 (0.99–1.07)
Hs-cTnT before PVI 1.14 (0.31–1.56)
Delta hs-cTnT 1.00 (0.99–1.00)
C-reactive protein 0.96 (0.85–1.10)
Echocardiography
LA diameter (in PLAX) 1.03 (0.98–1.07)
LA volume index 1.16 (0.96–1.38)
LVEF 1.01 (0.87–1.14)
LAA strain 1.05 (0.95–1.15)
LAA strain rate imaging 1.17 (0.59–1.52)
LAA TDI tissue velocity 1.48 (1.29–1.62)
LAA peak emptying velocity 1.02 (0.99–1.04)
LAA ostium surface area 1.67 (1.22–1.86)
RAA TDI tissue velocity 1.20 (0.87–1.44)
SVC ostium surface area 1.18 (0.36–1.59)

BMI – Body Mass Index; chronic kidney disease = estimated glomerular filtration rate <
disease; OSA – obstructive sleep apnoea; AF – atrial fibrillation; HDL – high density chole
per procedure; LA – left atrium; PLAX – parasternal long axis; LVEF – left ventricular ejec
atrial appendage; SVC – superior vena cava.
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uation could have been influenced by favorizing patients with low
prevalence of comorbidities and positive echocardiographic
parameters (e.g. not dilated left atria).

The embryological origin suggests that LAA derives from the
primordial LA and contributes significantly to the LA mechanical
function, both in sinus rhythm and atrial fibrillation [18]. LA sys-
tolic function decreases after PVI despite significant decrease in
LA volume, within the stiff LA syndrome which is a consequence
of LA myocardium scar formation [19–21]. However, LAA volume
enlarges after PVI and due to scar formation including > 30% of
the LA endocardium, LAA contraction accounts for>50% of com-
plete LA contraction [14,21–24]. Moreover, the higher the LAA peak
flow velocity, the greater the likelihood of sinus rhythm main-
tainance after cardioversion and ablation procedures. However,
the mentioned was proved mostly in patients with persistent AF
[20,23–26]. Our study showed similar results, but in paroxysmal
AF patients after single PVI, with LAA TDI tissue velocity having
very good (AUC 0.83) and LAA ostium surface area good (AUC
0.71) discriminative power in predicting AFR. Also, these two 3D-
TEE LAA’s parameters proved as significant predictors of AFR after
ablation both in univariate and multivariate Cox regression ana-
lyiss, which was corrected for most usual AFR risk factors (age,
sex, body mass index, hypertension). Moreover, Kurzawski et al.
showed that the lower values of LAA’s lateral wall strain rate is a
significant predictor of thrombi formation within LAA, regardless
ein isolation.

Multivariate

p value HR (95% CI) p value

0.94 1.01 (0.97–1.06) 0.61
0.21 0.77 (0.46–1.31) 0.34
0.16 1.08 (0.97–1.20) 0.16
0.57 1.09 (0.36–3.30) 0.88
0.87
0.32
0.82
0.07
0.42
0.86
0.79
0.54
0.35
0.96
0.19
0.39
0.25
0.76
0.53
0.06
0.76
0.66
0.21
0.58

0.25
0.11
0.89
0.31
0.48
< 0.001 1.48 (1.28–1.62) < 0.001
0.18
0.012 1.58 (1.06–1.81) 0.033
0.20
0.58

60 mL/min; TIA - transient ischemic attack; COPD - chronic obstructive pulmonary
sterol; hs-cTnT – high sensitive cardiac troponin T; Delta hs-cTnT - hs-cTnT release
tion fraction; LAA – left atrial appendage; TDI – tissue Doppler imaging; RAA – right



Fig. 2a. Kaplan-Meier analysis curve of the time to atrial fibrillation recurrence after pulmonary vein isolation. Kaplan-Meier analysis of the time to atrial fibrillation
recurrence (AFR). The study patients were divided into two groups based on the best cut-off value of the LAA TDI tissue velocityof 9.81 cm/s. Patients with LAA TDI tissue
velocity of < 9.81 cm/s had a lower AFR survival freedom rate, p < 0.001 using log-rank test.

Fig. 2b. Kaplan-Meier analysis curve of the time to atrial fibrillation recurrence after pulmonary vein isolation. Kaplan-Meier analysis of the time to atrial fibrillation
recurrence (AFR). The study patients were divided into two groups based on the best cut-off value of the LAA ostium surface area of 2.28 cm2. Patients with LAA TDI tissue
velocity of < 2.28 cm2 had a lower AFR survival freedom rate, p = 0.015 using log-rank test.
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of the AF type and underlying rhythm during TEE assessement
[14]. Our study also showed that a lower LAA ostium surface area
is predictive for AFR. There are no studies focusing on LAA ostium,
however couple of studies showed that LAA volume rises after PVI,
probably due to development of stiff LA syndrome, but was not
correlated to AFR unlike LAA tissue velocity [21,24–25]. Therefore,
the mechanism of increased LAA ostium surface area and higher
PVI success rate is unknown.Although there is no definite parame-
ter of LAA remodeling, the LAA tissue velocity could reflect, beyond
its contractility, stage of LAA fibrosis. Therefore, the LAA tissue
velocity might represent the comprehensive LAA function and also
severity of the negative LAA remodeling which could be a signifi-
cant part of LA electroanatomical remodeling within the LA car-
diomiopathy which results in higher AFR rates after ablation
[5,9,14,22–26]. On the contrary, RAA tissue velocity assessed by
3D TEE TDI was not predictive of AFR in our study. This could be
due to the fact that although the right atrium plays a role in the
pathophisiology of atrial fibrillation, it is in much lesser extent
compared with the left atrium, and we did not do any ablation in
the anatomical right atrium, consequently there is a lower contri-
bution of the RAA in the atrial contraction in comparison to LAA
contribution to LA contraction after PVI [27–28]. There are no sim-
ilar studies to compare our results with, however, there are studies
that highlight the role of the right atrium in the pathophysiology of
AFR after ablation [27–28]. One of the mechanisms is the SVC
arrhythmogenicity, which is one of the main sources of non-
pulmonary vein ectopies that initiate AF. Although there are stud-
ies that investigate the electrical properties of SVC, impact of SVC
isolation in addition to PVI, and its correlation to AFR after ablation,
there are no studies focusing on the SVC anatomy and enlargement
as a risk factor of AFR after PVI [29–30]. Our study found no corre-
lation between SVC ostium surface area and AFR after PVI.
7. Limitations

Results of the present study should be interpreted in the light of
several limitations. Firstly, this was a single-centre experience per-
formed in a small group of patients. Secondly, our analysis only
included patients undergoing PVI. Therefore, our results may not
pertain to patients undergoing additional ablation in the LA, which
was not shown to improve long-term success. Thirdly, despite
standardized follow-up including visits with symptom assessment
and 24 h Holter-ECG, the non-continuous nature of monitoring
could underestimate AFR rate and it is conceivable that predictors
perform differently in a setting of continuous monitoring. Finally,
the results refer to a rather specific patient population with parox-
ysmal AF that underwent single PVI with either focal RF or 2nd-
generation CB ablation. Therefore, conclusions cannot be drawn
for patients undergoing ablation using different technologies.
However, focal RF and 2nd-generation CB are the most widely used
modalities for AF ablation, and symptomatic patients with parox-
ysmal AF are the majority of those undergoing PVI procedure.

In conclusion, LAA TDI tissue velocity and LAA ostium surface
area measured using 3D-TEE appear to be reliable parameters for
prediction of AFR after single PVI in patients with paroxysmal AF,
with very good and good discriminative power. On the other hand,
the remaining LAA parameters, RAA TDI tissue velocity and SVC
ostium surface area were not significantly correlated to AFR. These
data point to the importance of LAA function for the long-term
freedom from atrial arrhythmia after PVI, as well as highlight the
potential of 3D-TEE in this context.
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