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Chapter 1  

Introduction and study protocol 

 

Atrial fibrillation  

For a long time, the pulse of patients was the only way to reach the heart. Irregular pulse 

was first described by the Andalusian Philosopher Moses Maimonides ten centuries ago. 

After him, William Stokes, Karel Frederik Wenckebach, and J. McKenckie described what we 

would today consider atrial fibrillation (AF) [1]. With the introduction of electrocardiogram 

by Willem Einthoven in 1901, AF was later clearly defined by him and Sir Thomas Lewis [1].  

At present, AF is the most common cardiac arrhythmia with an estimated worldwide 

prevalence of 1.5–2.0% in the general population [2]. The incidence of AF is further 

predicted to increase twofold over the next decades owing mainly to a steadily aging 

population with growing burden of cardiovascular comorbidities [3]. Atrial arrhythmias, 

especially AF, are often associated with complex electrical and structural remodeling of the 

heart, which often lead to a deterioration in cardiac performance [4].  

Catheter Ablation  

The use of catheter ablation (CA) was first introduced in the late 1960s; it was designed first 

for recording, where the surgical treatment of the cardiac arrhythmia was the main concept 

[5]. In 1981, the concept of the transvenous catheter was first defined when a patient that 

was undergoing an electrophysiological recording following defibrillation, where a high-

voltage discharge was emitted when the defibrillator electrode hit the catheter electrode at 

His. Direct current cardioversion was first used in AF ablation. The direct current was 

delivered to the distal electrode and a surface electrode; this led to uncontrollable tissue 

damage. In the 1990s, radiofrequency CA replaced the direct current [5].  

Nowadays, the CA is a widely used therapy option for patients with symptomatic AF and it 

can safely performed with a higher success rate and results in significant clinical and 

functional improvements. However, management of patients undergoing AF ablation varies 

in daily practice and is incompletely defined by current guidelines [6]. Also, with the 

increasing number of ablation modalities available, the CA practices may further vary 

between centres [6].  

Left atrial mechanics  

Myocardial atrial contraction is a complex process that involves shortening and thickening of 

atrial cardiomyocytes. Left atrium (LA) is the most posterior of the cardiac chambers. Blood 

coming from the lungs enters the posterior part of the LA by the four pulmonary veins, then 
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passes in the vestibule, which is the outlet part of the atrial chamber surrounding the mitral 

orifice [7]. The LA function shows phasic variations during different periods of the cardiac 

cycle. The LA function as a receiving and dilating chamber during ventricular systole, allowing 

uninterrupted flow to arrive into the atrium even when the mitral valve is closed. In early 

diastole, blood flow rotation ceases in the LA as the body of blood drops into the left 

ventricule (LV) cavity. In late diastole, the onset of atrial contraction redirects LA flow toward 

the LV outflow region [7]. 

Myocardial functional imaging markers  

For many decades, standard echocardiography has still been considered the first-line tool for 

myocardial function description. Nowadays, Speckle Tracking Echocardiography (STE) is a 

non-invasive method that allows the assessment of the global and regional function of both 

the ventricles and the atria, independently of the angle of insonation [8,9] STE is based on 

the observation that the interaction between the ultrasound beam and the myocardium 

generates acoustic markers, defined speckle, which can be tracked in their displacement 

during the cardiac cycle. Atrial strain measured by SLE is angle-independent, thus 

overcoming Doppler limitations. 2D-STE is performed from 4- and 2-chamber apical views 

and evaluated in accordance to the recommendations described in the consensus document 

of the EACVI/ASE/Industry task force [10]. Importantly, two longitudinal strain parameters of 

the LA are recognized: the atrial reservoir strain, measured at the end of the atrial reservoir 

phase, and the atrial contraction strain, identified just before the start of the active atrial 

contraction [10]. Strain is calculated as the average value from all LA segments. 

The assessment of atrial remodeling by SLE adds a clincial value, especially in patients with 

atrial arrhythmias and diastolic dysfunction [7-9]. Furthermore, a great effort is made to 

classify atrial cardiomyopathy based on strain derived indices to provide enhanced 

diagnostic accuracy beyond conventional echocardiographic measures [7-9]. Focucing on 

patterns of atrial longitudinal strain beyond volume is the key factor to define phyentypes of 

atrial mechanics and to determine stages of atrial cardiomyopathy [8,9]. Many studies 

demonstrating that LA strain can detect impairment of LA function without LA enlargement 

and has incremental predictive value for AF over LA enlargement in a variety of cardiac 

conditions [11-13]. 

LA strain has been proposed as more sensitive measure to detect subtle atrial dysfunction as 

compared with volume derived indices and it is preload dependent but to a lesser degree 

than LA volume [14,15]. Recently, it is proposed as an additional parameter to improve risk 

scoring systems for AF and other cardiac comorbidities [16-18]. Furthermore, recent studies 

reported that it may provide an overall better estimation of LV filling pressures than other 

non-invasive LV filling pressure ratios such as mitral E/e' average septal-lateral ratio [19-21]. 

Importantly, in patients with normal LV ejection fraction, LA strain presents a good 

correlation with LV end-diastolic pressure and demonstrate better agreement with the 

invasive reference than E/e' [22]. However, LA strain is determined not only by LV diastolic 
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function but also to a large degree by LV systolic function and the interaction between LA 

strain and LV global longitudinal strain should be considered [19]. On the other hand, atrial 

deformation analysis brings some difficulties compared to ventricles and many 

considerations should be given to improve the functional quantification of the atrial 

myocardium [10,22]. Today, the measurement of LA phasic strain becomes an automatic 

process which keeps the benefits continuous in this clinical field [23,26].  

It has been hypothesized that the use of multiple bio-imaging markers, specifically in 

patients with cardiac comorbidities such as heart failure (HF), could be more beneficial than 

the use of a single parameter. Pulsed and tissue Doppler assessments are useful tools to 

estimate LV filling pressure and diastolic dysfunction but these tools need to be enriched 

with LA evaluation in terms of morphology and function [24]. Recently, LA reservoir strain is 

proposed as an additional parameter to improve the European Society of Cardiology HFA-

PEFF risk scoring system for the diagnosis of HF with preserved ejection fraction (HFpEF) in 

the presence of AF versus the absence of AF [25]. Furthermore, the combination of Tissue 

Doppler indices, LV gloabl strain and LA phasic strian could bring more benefits for risk 

stratification and patient selection for early treatment of AF [26,27].  

In the same context, it has been hypothesized that not only an increased LA volume but also 

LA functional changes, as a consequence of myocardial fibrosis induced by chronic disorders 

or procedure-related factors might contribute to a reduction in LA reverse remodeling 

following sinus rhythm restoration [14]. Little is known, however, about how myocardial 

fibrosis occurring in chronic AF and/or HF are related to measurable functional changes by 

SLE and to which extent LA functional parameters have prognostic and diagnostic value.  

Many studies have been investigated the association of AF recurrence with LA strain [28-30]. 

In all of these studies, there was a close relationship between AF recurrence and decreased 

LA strain and patients with non-severe imapired LA strain would benefit more from AF 

ablation [28-30]. Recent meta-analysises have suggested that LA enlargement and reduced 

LA function in the form of strain and emptying fraction are powerful predictors of AF 

ablation failure [31,32]. The pooled analysis showed that patients with reduced LA function 

at the time of CA had more AF recurrence during follow-up compared to those with 

preserved LA function, and LA strain and LA emptying fraction were significantly lower in the 

AF recurrence group compared with the no recurrence group [32]. However, in current 

clinical practice there are no predefined cut-offs of LA dimension and function able to guide 

physicians in selection of patients for CA.  

In the last decade, several studies have reported that, in the case of failing recovery of atrial 

function, there is an increased risk of AF recurrence [33-35]. Furthermore, a recent study has 

shown that inhomogeneous timing of LA contraction, presented as mechanical dispersion 

which can be detected by strain curve, may be more sensitive than LA strian to predict AF 

recurrence after CA [36]. Moreover, this parameter could be used to describe the complex 

myocardial changes associated with AF or related to ablation technics. However, it remains 
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unclear if LA strain will add a clinical value over the traditional echocardiographic markers to 

predict the outcome in this clinical scenario. In fact, the impact of earlier markers of LA 

reverse remodeling on post-ablation outcome requires further research.  

The reference values for atrial strain are determined in several studies [37-39]. According to 

EACVI NORRE study, the lowest expected values of LA function were 26.1%, 12.0% and 7.7% 

for LA reservoir, conduit and contraction strain respectively [37]. Other recent published 

systematic review reported that normal reference range for reservoir strain of 39% (95% CI, 

38%-41%), for conduit strain of 23% (95% CI, 21%-25%), and for contractile strain of 17% 

(95% CI, 16%-19%) [38]. On the other hand, LA strain across vendors was investigated in two 

recent studies [40,41]. Both studies demonstrated that the LAS across vender platforms are 

not recommended and although the variation among multi vendors was small, it should be 

considered in performing serial studies [40,41]. Since the current lack of consensus on 

normal reference values and vendor independence remains, more attention should be 

considered when we describe the SLE-derived strain as a part of echocardiographic atrial 

assessment. 

Study background and protocol  

AF recurrence is common post catheter ablation [1-5]. AF recurrence is associated with 

symptomatic deterioration, thromboembolic events, hospital admissions and worse 

prognosis [6-9]. Therefore, definition of an accurate and easily obtainable predictor of AF 

recurrence is of crucial importance.  

AF is associated with left atrial (LA) structural remodeling and functional deterioration due to 

a variable degree of myocardial hypertrophy, disarray, apoptosis and fibrosis [4,14,16]. In 

clinical practice, M mode and B mode echocardiography-derived indices of LA size are 

routinely used to assess left atrium (LA) [10]. However, these parameters have important 

limitations to describe complex myocardial changes associated with AF [11].  

Speckle tracking is an echocardiographic technique which has gradually gained relevance in 

the last decade. Quantification of myocardial deformation based on SLE overcomes most of 

the limitations of classic echocardiography and provides an early detection of myocardial 

funticonal impairment. Today, its feasibility and usefulness to measure LA function are highly 

supported by literature and several studies demonstrated that STE could provide additional 

prognostic information beyond conventional echocardiographic parameters [12].  

Recent advances in echocardiography equipment and image post-processing allow an 

assessment of LA strain and strain rate [12]. The speckle-tracking echocardiography (STE)-

derived LA longitudinal strain has been shown to be an accurate and reproducible parameter 

to evaluate LA longitudinal shortening [13-16]. Furthermore, LA strain has significantly 

correlated with underlying LA fibrosis [16-19] (figure 1).  
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Figure 1A,1B: Example showed a model of LA myocardial fibrosis dervied from cardiac 

magnetic resonance image and curves of LA phasic strain and strain rate derived by SLE.  

  

 

A recent standardization of speckle tracking analysis regarding all cardiac chambers 

supported the integration of STE in diagnostic and prognostic protocols in daily practice. This 

suggests that LA strain provides a comprehensive and quantitative assessment of LA 

structure and function. Hence, it is tempting to speculate that the analysis of LA strain will 

show high accuracy to predict AF recurrence post catheter ablation [20]. However, LA strain 

can be affected by several factors not related to LA structural damage such as loading 

conditions or arrhythmias [21,22]. Moreover, in the real-world setting, the value of LA strain 

to predict AF recurrence following catheter ablation is not known.  

Therefore, the aim of the present study is fourfold:  

(1. To evaluate feasibility of STE-derived strain assessment in patients undergoing catheter 

ablation for paroxysmal or persistent AF. 

(2. To determine the acute effect of catheter ablation on LA structure and function. 

(3. To define echocardiographic predictors of AF recurrence during long-term follow-up.  

(4. To define the role of LA strain in the diagnosis of HFpEF in patients with history of AF. 
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Chapter 2 

How to assess left atrial function in patients with paroxysmal atrial 

fibrillation undergoing first or redo catheter ablation 

 

Background:  

Both atrial fibrillation (AF) and catheter ablation (CA) may be associated with changes in left 

atrial (LA) structure and function. However, the data describing acute effects of CA on LA 

function are scarce.   

Purpose:  

To assess the potential value of different indices of LA morphology and function in patients 

with paroxysmal AF undergoing the first or the redo CA during sinus rhythm.  

Methods:  

We prospectively enrolled 114 consecutive patients (age 63±21 years, 32% females) with 

symptomatic paroxysmal AF and preserved left ventricular (LV) ejection fraction (≥ 50%) 

undergoing CA during sinus rhythm, and 23 age, sex matched healthy controls. Patients with 

valvular AF, reduced LV ejection fraction or in AF at the time of CA were excluded.  

All patients underwent comprehensive echocardiography at one-day pre and at one-day 

post CA. The longitudinal component of LA reservoir, conduit and contractile strain (LAS) and 

strain rate (LASR) were assessed using the two-dimensional speckle tracking 

echocardiography as average of segmental values in apical views. Intra- and interobserver 

variability was assessed by two operators in 12 randomly selected patients.  

Results:  

A total of 88 (77%) patients underwent the first CA (First-CA) while the remaining 26 (23%) 

patients had the redo procedure (Redo-CA) after initially successful CA. Pre-ablation, both 

groups of patients with paroxysmal AF had significantly lower magnitude of all three 

components of LAS and LASR compared with controls (all p <0.01). However, the Redo-CA 

versus the First-CA group showed significantly lower contractile LAS and LASR, reservoir LAS, 

and LA emptying fraction (all p<0.05). In contrast, all remaining indices of LA or LV size and 

function, including conduit LAS or LSR, were similar.  

Catheter ablation was associated with significant decrease in contractile and reservoir LAS 

and LASR in both groups while no significant difference was observed for conduit LAS or 
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LASR. Out of the conventional parameters, LA emptying fraction significantly decreased 

while LA volume index and E/e’ ratio significantly increased in both groups (all p<0.05). 

Table 1: Comparison of physical characteristics and echocardiography parameters between 
group I (first time-ablation) and group II (redo-ablation) before ablation with control group. 
 
 

Variables  Control group  AF group I 
(pre-ablation)  

AF group II 
(pre-ablation)  

P value 

Age, y 55 ± 11 63 ± 9 59 ± 10 0.14 

Males, n (%) 14 (60) 47 (63) 13 (59) 0.46 

BMI  23.4 ± 4.2 26.9 ± 4 26.9 ± 3.9 0.02 

HR  65 ± 7 64 ± 12 69 ± 10 0.85 

LV end-diastolic diameter (cm) 4.8 ± 0.3 5.0 ± 0.6 5.0 ± 0.5 0.66 

LV end-systolic diameter (cm) 3.2 ± 0.4 3.2 ± 0.5 3.3 ± 0.5 0.44 

LV relative wall thickness 0.41 ± 0.05 0.45 ± 0.06 0.44 ± 0.05 0.06 

LV mass index (g/m2) 86 ± 18 93 ± 27 93 ± 20 0.16 

LV end-diastolic volume index (mL/m2) 52 ± 11 57 ± 13 56 ± 12 0.34 

LV end-systolic volume index (mL/m2) 20 ± 9 22 ± 8 21 ± 7 0.52 

LV ejection fraction (%) 65.4 ± 6.7 63.05±6.1 62.69±7.8 0.47 

LV global LS (%) -21.3 ± 2.7 -19.2±2.6 -18.5±3.5 0.09 

E/e' Ratio 6.9 ± 2.1 7.96±1.96 7.85±2.36 0.69 

E/A Ratio 1.15±0.5 1.18±0.49 1.41±0.49 0.07 

LA volume index (mL/m2) 26 ± 9 35 ± 8 34 ± 7 <0.01 

LA reservoir LS (%) 37.02±7.23 27.01±6.94 23.14±8.46 <0.01 

LA reservoir LSR (s−1) 1.66±0.37 1.28±0.28 1.17±0.37 <0.01 

LA conduit LS (%) 19.45±6.02 14.32±4.49 13.88±5.30 <0.01 

LA conduit LSR (s−1) -1.73±0.61 -1.13±0.41 -1.10±0.42 <0.01 

LA contractile LS (%) 16.25±0.63 13.58±5.08 10.09±4.10 <0.01 

LA contractile LSR (s−1) -2.1±0.35 -1.64±0.46 -1.31±0.49 <0.01 
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Table 2: Comparison of LA parameters in both group of catheters ablation (pre-ablation and 
post-ablation).  
 
 

Variables  Group I (pre-
ablation) 

Group I (post-
ablation) 

P value Group II (pre-
ablation)  

Group II (post- 
ablation) 

P value 

LA reservoir LS (%) 27.01±6.94 21.39±6.56 <0.001 23.14±8.46 19.75±7.47 0.006 

LA reservoir LSR (s−1) 1.28±0.28 1.12±0.30 <0.001 1.17±0.37 0.96±0.23 0.001 

LA conduit LS (%) 14.32±4.49 12.65±4.41 0.22 13.88±5.30 12.35±3.90 0.24 

LA conduit LSR (s−1) -1.13±0.41 -1.12±0.4 0.8 -1.10±0.42 -1.10±0.37 0.9 

LA contractile LS (%) 13.58±5.08 9.26±3.63 <0.001 10.09±4.10 8.73±3.47 0.01 

LA contractile LSR (s−1) -1.64±0.46 -1.17±0.42 <0.001 -1.31±0.49 -1.09±0.42 0.008 

LA volume index (mL/m2) 35.49±7.2 38.71±7.84 0.001 34.32±8.11 37.54±8.69 0.015 

LA emptying fraction (%) 53.7±10.74 48.41±11.51 <0.001 48.62±9.44 42.72±12.06 0.008 

LA stiffness index 0.32±0.13 0.47±0.199 <0.001 0.39±0.22 0.46±0.26 0.13 

LV ejection fraction (%) 63.05±6.11 63.02±5.12 0.29 62.69±7.88 62.54±7.12 0.91 

LV global LS (%) -19.2±2.61 -18.77±3.24 0.21 -18.59±3.49 -19.29±3.66 0.52 

E/e' Ratio 7.96±1.96 9.13±2.22 0.01 7.85±2.36 8.57±2.22 0.16 

E/A Ratio 1.18±0.49 1.42±0.52 0.01 1.41±0.49 1.45±0.47 0.14 

 

Technical drawing and analysis of LA strain 

The data on the accuracy of automated analysis of LA strain (LAS) are unavailable and 

despite standardization efforts, LAS is reported to be vendor specific. Furthermore, the level 

of agreement between 2D and 3D left atrial strain (LAS) and its correlates to 2D LVGLS has 

never been adequately studied. Therefore, we aimed to assess potential value of LA 

reservoir and contractile strain obtained with different vendors and to compare automated 

with manual LAS analysis in patients with atrial fibrillation (AF) undergoing CA during sinus 

rhythm. Secondly, to investigate the consistency between 3D and 2D LAS and to assess its 

relationship to 2D LVGLS.  

A comparison of two vendors 

We prospectively enrolled 60 consecutive patients (age:62±21 years, 66% male) with 

symptomatic AF and preserved left ventricular (LV) ejection fraction (≥ 50%) undergoing the 

first CA during sinus rhythm. All patients underwent comprehensive echocardiography at 

one day pre-CA and at one day post-CA (36 scanned by Philips and 24 scanned by GE). 

Reservoir and contractile LAS were assessed using the two-dimensional SLE as average of 

segmental values in four-chamber 4CH and 2CH apical views using the onset of QRS as a 

reference point. From 36 patients scanned by Philips, 14 subjects were scanned by GE in the 
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same time and LA strain was measured in LA data sets of different image quality using 

software packages from two companies (GE and TomTec).  

CA was associated with significant decrease in magnitude of reservoir and contractile LAS in 

both groups of patients (all p<0.001) (figure 1A,1B), decrease of LA emptying fraction, and 

increase in LA volume index and LA stiffness index (table 1). Among all the indices of LA size 

and function, LA contractile strain showed the largest differences between the pre- and 

post-CA values in both groups of patients (p<0.001). Test-retest variability of reservoir and 

contractile LAS values showed no significant difference between the two vendors (figure 2). 

Figure 1: Comparisons of the values of reservoir and contractile LA strain at pre-CA with 

values at post-CA in both groups.

 

Figure 2: Correlation between values of LA reservoir strain (LASres) and contractile strain 

(LAScont) in 14 patients (13 at SR) scanned by the two vendors. 
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AutoStrain-derived LAS  

We prospectively enrolled 36 consecutive patients (age:62±22 years, 33% female) with 

symptomatic AF and preserved left ventricular (LV) ejection fraction (≥ 50%) undergoing the 

CA during sinus rhythm. All patients underwent comprehensive echocardiography at 1-day 

pre-CA and at 1-day post-CA. Reservoir and contractile LAS were assessed using both the 

automated (AutoStrain LA; Philips, Andover, USA) and the manual technique as average of 

segmental values in apical 4CH view using the onset of QRS as a reference point.  

Radio-frequency CA was associated with significant decrease in magnitude of reservoir and 

contractile LAS in all patients, and increase in LA end-systolic (max) and end-diastolic (min) 

volume index (all p<0.001) (figure 1). The correlation between (semi-) automated and 

manual LAS assessment was excellent (r ≥ 0.8) in all measurements (figure 2A,2B). The 

manual correction was needed in 7 out of 36 patients (19%). Despite this, the time needed 

to perform AutoStrain-derived analysis was significantly lower than the time needed for the 

manual LAS analysis (12±3 ms vs. 40±5 ms, p<0.01). Moreover, in 10 randomly selected 

patients, the AutoStrain showed significantly lower interobserver variability than the manual 

LAS analysis (3.1% vs. 6.7%, p<0.01). 

Figure 1: Comparisons of the values of LA strain and volume indices at pre-CA with values at 
post-CA using automated software. 

 

 
Figure 2A: The correlation between automated and manual analysis of reservoir and 
contractile LA strain (LAS) in 36 patients. 
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Figure 2B: Bland-Altman plots showing differences between inter- and intra-observer 
measurements of LA reservoir strain in 20 patients.  

 
 

 

 

Comparison between 2D and 3D LA strain and its correlates to LV global longitudinal strain 

We included 38 patients who have consecutively undergone 2D-and 3D-SLE. Reservoir, 

conduit and contractile LAS have been calculated from 2D acquisitions and 3D full volume 

data using semi-automatic quantification. 3D LAS analysis was feasible in 35 patients (92%) 

were appropriate for 3D tracking (Figure 1). 

Figure 1: Image showing LAS reservoir (LASr), conduit (LAScd) and contractile (LASct) using 

semi-automatic 4DGE Left Atrial Quantification (LAQ). 

 

The correlation between 2D and 3D LA volume and strain in 35 patients. 2D and 3D LA strain 

(LAS) values present a moderate agreement which is related to technical considerations. 

Among the three LA phasic functional indices, LAS reservoir showed the best agreement. 
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The correlation between 2D LV GLS, LA max volume and LA strain (LAS) reservoir, calculated 

from 2D acquisitions and 3D full volume data using semi-automatic quantification in 35 

patients, was modest.  

 

Conclusions:  

Radio-frequency CA is associated with changes of LA structure and function. Reservoir LAS 

measured by 2D speckle tracking remains the most reproducible parameter to assess LA 

function. Although the variation among the two vendors was small, it should be considered 

in performing serial studies.  

The AutoStrain-derived LAS analysis showed a high correlation with manual LAS analysis. 

Moreover, the AutoStrain technique was associated with significantly shorter analysis time 

and lower interobserver variability compared with the manual technique. Performance of 3D 

speckle tracking in the evaluation of LA reverse remodelling needs more invitagation.   
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Chapter 3 

Catheter ablation during sinus rhythm is associated with acute loss 

of left atrial contractile function in paroxysmal atrial fibrillation        

 

Background:  

Catheter ablation is the recommended treatment in patients with paroxysmal atrial 

fibrillation (AF). However, the data on acute effects of catheter ablation on left atrial (LA) 

contractile function are scarce.  

Purpose:  

Firstly, to describe acute effects of catheter ablation on LA contractile function in patients 

with paroxysmal AF and in sinus rhythm at the time of ablation. Secondly, to assess potential 

value of different indices of LA morphology and function.  

Methods:  

We prospectively enrolled 50 consecutive patients (age:62±21 years, 56% female) with 

symptomatic paroxysmal AF and preserved left ventricular (LV) ejection fraction (≥ 50%) 

undergoing the first catheter ablation during sinus rhythm, and 23 healthy controls.  

Patients with valvular AF, reduced LV ejection fraction or in AF at the time of ablation were 

excluded. All patients underwent comprehensive echocardiography at one day pre and at 

one day post ablation. The LA reservoir, conduit and contractile strain and strain rate (SR) 

were assessed using the two-dimensional speckle tracking echocardiography as average of 

segmental values in apical views.  

Results:  

Pre ablation, patients with paroxysmal AF had significantly lower magnitude of all three 

components of LA strain and SR compared with controls (all p <0.01) (Figure 1A, 1B). 

Catheter ablation was associated with significant decrease in magnitude of all three 

components of LA strain and SR (all p<0.05) (Figure 1A,1B), decrease of LA emptying fraction 

(54±10% vs. 49±12%, p<0.01), and increase in LA stiffness index (0.32±0.12 vs. 0.45±0.14, 

p<0.001), LA volume index (36±8% vs. 38±8%, p<0.01), and E/e’ ratio (8±2% vs. 9±2%, 

p<0.01). Among all the indices of LA size and contractile function, LA contractile strain and 

SR showed the largest differences between the pre- and post- ablation values (p<0.01).   

Conclusion:  
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In paroxysmal AF, catheter ablation is associated with acute loss of LA contractile function in 

patients undergoing ablation during sinus rhythm. LA contractile strain and strain rate 

appear to be the most promising parameters to describe LA contractile function.   

Figure 1: LA strain (1A) and strain rate (SR) (1B) in the control group and the AF (pre- and 
post-ablation).  
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Chapter 4 

Left atrial performance in patients with paroxysmal and long-

standing persistent atrial fibrillation undergoing catheter ablation 

 

Background:  

Both atrial fibrillation (AF) and catheter ablation (CA) may be associated with changes in left 

atrial (LA) structure and function. However, the data describing acute and short-term effects 

of CA on LA contractile function in different types of AF are scarce. Therefore, the aim of the 

present study was to assess patterns of LA structural and functional remodeling in patients 

with paroxysmal or long-standing persistent AF undergoing first or redo CA.  

Methods:  

We prospectively enrolled 111 consecutive patients (age: 63±9 years, 35% females) with 

paroxysmal AF undergoing first (66%) CA (first-CA group) or redo (20%) CA (redo-CA group) 

during sinus rhythm, 15 individuals (14%) with long-standing persistent AF (PAP group) 

undergoing first CA during AF. All patients were symptomatic and had preserved (≥50%) left 

ventricular ejection fraction. Control group consisted of 23 healthy controls.  

All patients underwent comprehensive transthoracic echocardiography one day pre-CA and 

one day post-CA, and at 3-month follow-up. The LA reservoir, conduit and contractile 

longitudinal strain (LAS) and strain rate (LASR) were assessed using two-dimensional speckle 

tracking echocardiography as average of segmental values in apical views.  

Results:  

Pre-CA, the largest LA volume index (44±15 ml/m²) was observed in the PAF group, followed 

by both groups of paroxysmal AF (35±8 ml/m²) and controls (24±10 ml/m²) (p<0.001). The 

lowest reservoir and contractile LAS were noted in the PAF group (13±5% and 0%), followed 

by the redo-CA group (22±6% and 9±4%), versus the first-CA group (27±8% and 13±4%) and 

controls (37±7% and 16±4%) (p<0.001). LASR followed similar trend. Post-CA, LA volume 

index showed acute small increase in all groups. Reservoir and contractile LAS and LASR 

decreased only in the first-CA group while they remained unchanged in the redo-CA group or 

even increased in the PAF group. At 3-month follow-up, LA volume index was reduced 

compared with baseline although significantly only in the PAF group. In contrast, LAS and 

LASR did not show uniform improvement in all AF groups and on average they remained 

significantly lower compared with controls (p<0.01).  
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Three distinct patterns of reservoir and contractile LAS were recognized. The concave (U) 

LAS pattern with an acute drop of LAS after CA and almost complete recovery during follow-

up, which was observed mostly in the first-CA group. The flat LAS pattern without significant 

changes between examinations, which was characteristic mainly for the redo-CA group. The 

gradually improving LAS pattern, which was observed in the PAF group.   

Conclusion:  

LAS seems to be useful and powerful tool to monitor LA phasic function during CA. LAS 

shows distinct behavior in patients with different types of AF undergoing CA. The AF-type-

specific LAS patterns reflect complex interaction between extent of LA remodeling and CA.  

Introduction 

Atrial fibrillation (AF) is a one of the major causes of cardiovascular morbidity in developed 

countries with steadily increasing prevalence (1). In selected patients, catheter ablation (CA) 

is recommended therapy to improve symptoms and to prevent AF recurrence (1). Both AF 

and CA are associated with left atrial (LA) structural and functional remodeling, which may 

determine the success of CA and AF recurrence (1-3). Thus, accurate assessment of LA 

structure and function is of crucial importance.  

In clinical practice, Doppler echocardiography-derived indices of LA size, pulmonary vein or 

transmitral flow are routinely used for LA assessment. However, these parameters are not 

accurate to describe complex myocardial changes associated with AF and CA (4,5). Two-

dimensional speckle tracking echocardiography-derived LA longitudinal strain (LAS) has 

emerged as an accurate and reproducible parameter to quantify LA longitudinal function 

(6,7). Low baseline LAS has been shown to predict AF reverse LA remodeling and AF 

recurrence after CA (8-12). Furthermore, LAS is inversely associated with LA fibrosis 

evaluated using magnetic resonance or electro-anatomical mapping (13-15). This suggests 

that LAS may provide a comprehensive and quantitative assessment of LA performance. 

However, data describing acute and short-term effects of CA on LA contractile function in 

different types of AF are scarce. Therefore, the aim of the present study was to assess 

patterns of LA structural and functional remodeling in patients with paroxysmal or long-

standing persistent AF undergoing first or redo CA.  

Methods 

Design A prospective, observational and single-center study. 

Patients All consecutive patients (n=212) with symptomatic AF undergoing elective CA 

between 10/2017 and 7/2018 were screened for eligibility according the following inclusion 

criteria: (1) paroxysmal or long-standing persistent AF; (2) preserved LV ejection fraction (≥ 

50%). Patients with permanent or valvular AF, cardiomyopathy or congenital heart diseases, 

history of myocardial infarction or coronary revascularization, post cardiac surgery for any 
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cause, pacemaker, and reduced LV ejection fraction (< 50%) were excluded. The final study 

population consisted of 118 patients with paroxysmal AF undergoing first (81%) or redo 

(19%) CA during sinus rhythm, and 20 individuals with long-standing persistent AF 

undergoing first CA during AF. Control group consisted of 23 healthy controls. Study was 

approved by the Ethics Committee of our institution. Each patient signed informed consent 

before participating in the study.  

Protocol All participants underwent extensive encircling pulmonary vein isolation guided by 

an electro-anatomical map using the Carto 3 mapping system (Biosense-Webster, CA, USA). 

History, physical examination and laboratory data were recorded during the admission for 

CA. Furthermore, all patients underwent comprehensive transthoracic echocardiography at 

1-day pre-CA, at 1-day post-CA and at 3-month follow up. Patients were followed for 3 

months. All hospitalizations, emergency room admissions or outpatients visit were recorded. 

Any suspicious symptoms or abnormal electrical activity recordings at Holter were 

adjudicated by an experienced interventional electrophysiologist. The AF recurrence was 

defined as any documented AF episode lasting ≥ 30 seconds that occurs after the first 3 

months post-CA (1,16). In our study, a total of 13 patients (12%) had early AF recurrence 

after CA but we considered the period of the first 3 months after CA as a blanking period 

(16). 

 

 

 

Doppler echocardiography A comprehensive 2D transthoracic echocardiographic 

examination was performed using Vivid E95 (GE HealthCare, Horten, Norway) ultrasound 

system. All acquired images were stored digitally for offline analysis using a commercially 

available software EchoPac (GE HealthCare). All examinations were recorded and analyzed 

by the same operator. Average of at least 3 beats (in sinus rhythm) or 5 beats (in AF) was 
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taken for each measurement. Blood pressure and heart rate was recorded during each 

examination. The biplane Simpson method was used to assess LV volumes and ejection 

fraction (4). LA antero-posterior diameter was measured at end-systole using the parasternal 

long-axis view (4). Maximum and minimum LA volume and LA emptying fraction were 

calculated from the apical 4- and 2-chamber views using the area-length method (4). Right 

atrial (RA) area and volume, and right ventricular (RV) end-diastolic basal and mid-cavity 

diameters were measured in the modified apical 4-chamber view (4). LV global longitudinal 

strain (GLS), RV GLS and free wall longitudinal strain, and RA reservoir strain (RASr) were 

assessed using speckle tracking technique in views optimized for each chamber and at frame 

rate of >60 FPS (4,17).  

Assessment of longitudinal LAS and LASR was performed using speckle tracking 

echocardiography as recommended (17). In brief, optimized apical 4-, 3, and 2-chamber 

views were recorded during breath hold. LA endocardial borders were traced manually in all 

views. Region of interest was manually adjusted and tracking quality was previewed before 

generating LAS and LASR curves. The LA reservoir (LASr), conduit (LAScd) and contractile 

(LASct) longitudinal strain and strain rate (SR) were assessed as average of segmental values 

in apical 4- and 2-chamber views using the onset of QRS as a reference point (17). LA 

stiffness index was calculated as the E/e’ divided by LASr. LA mechanical dispersion (MD) 

was derived as the standard deviation of time from the onset of QRS complex to peak 

positive LAS in 6 segments using the apical 4-chamber view (18). Furthermore, RA-LA MD 

was assessed as the standard deviation of time from the onset of P wave to peak negative 

LAS.   

Intra- and inter-observer variability for indices of LA size and function was assessed by two 

operators in 12 randomly selected patients. The intra- and the inter-observer variability for 

LAS and LASR assessment were below 5%, which was lower than that of the conventional LA 

indices.  

Statistical analysis  

Data are expressed as mean ± SD for continuous variables and as counts or percentages for 

categorical variables. One-way or repeated measures ANOVA, unpaired or paired Student t-

test, Pearson χ2 or Fisher exact tests were used as appropriate. Tukey-Kramer test was used 

for multiple comparisons. For all tests, values of p<0.05 were considered significant. 

Statistical analysis was performed using the SPSS version 23 (SPSS inc, Chicago, Illinois, USA) 

and the GraphPad Prism version 6.0 (GraphPad Software, San Diego, California, USA). 

Results 

The images quality for LAS analysis was suboptimal in 13 patients (feasibility 92%) and they 

were excluded. Additional 14 patients (10%) missed post-CA or follow-up echocardiography 

or withdrew informed consent. Final study population of 111 patients (63±9 years, 65% 

males) was divided into three groups. The first-CA group consisted of 74 patients (66%) with 
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paroxysmal AF undergoing the first CA. The redo-CA group consisted of 22 individuals (20%) 

with paroxysmal AF undergoing the redo CA. In both groups of patients with paroxysmal AF, 

both CA and all the echocardiographic recordings were performed during sinus rhythm. No 

clinical episode of AF was recorded within 4 weeks leading to CA.  The PAF group consisted 

of 15 patients (14%) with long-standing persistent AF undergoing the first CA. In contrast to 

paroxysmal AF groups, PAF patients had both CA and pre-CA echocardiographic examination 

during AF while the post CA and follow-up echocardiography during sinus rhythm. The blood 

pressure did not show significant differences between groups or between different 

echocardiographic examinations.  

Baseline clinical and echocardiographic characteristics are shown in Table 1. Compared with 

two groups of patients with paroxysmal AF, patients with PAF were significantly older, had 

higher NT Pro-BNP and lower MDRD (all p < 0.05). We observed significantly lower LV 

ejection fraction, LV GLS, TAPSE and RV GLS in the PAF versus the first-CA or the redo-CA 

group (all p < 0.05). RASr was highest in the first-CA group followed by the redo-CA and the 

PAF group (all p < 0.01). Table 2 shows indices of LA size and function in three groups. 

Patients with PAF had significantly larger LA volume and stiffness index, and lower LA 

emptying fraction compared with other two groups (both p < 0.01). The lowest LASr and 

LASct were observed in the PAF group (13±5% and 0%), followed by the redo-CA group 

(22±5% and 9±4%), the first-CA group (27±8% and 13±4%) and healthy controls (37±7% and 

16±4%) (p<0.001). LASR followed similar trend. LA MD was significantly larger in the PAF 

versus the other two groups (p<0.001). 

Acute effects of CA At 1-day post CA, all patients had sinus rhythm. We observed small acute 

increase of LA volume index in all groups (Figure 1A). LASr, LASct, LASRr and LASRct 

decreased only in the first-CA group. In contrast, they remained unchanged in the redo-CA 

group or increased in the PAF group (Figure 1B, 1C). LA MD increased in all groups (Figure 

1D). In contrast, LV GLS did not show any significant differences compared with pre-CA (table 

2). 

At 3-month follow-up, LA volume index was slightly reduced compared with pre-CA in all 

groups but significantly only in the PAF group (p<0.05) (Figure 1A, Table 2). In contrast, LAS 

and LASR did not show uniform changes in all AF groups (Figure 1B, 1C, Table 2). In the first-

CA group, LASr, LASct, LASRr and LASRct showed almost complete recovery to pre-CA values 

(all p < 0.001 versus post-CA). In the redo-CA group, no significant changes in LAS or LASR 

were observed between pre-CA, post-CA or 3-month follow up. In the PAF group, LAS and 

LASR showed gradual improvement with 3-month follow-up values approaching the ones 

observed in the redo-CA group. At follow up, patients in the first-CA group had significantly 

higher LAS and LASR compared with other two AF groups (p<0.01). Yet, LAS and LASR 

remained significantly lower than those observed in healthy controls (p<0.001). LA MD 

significantly decreased in the first-CA and PAF groups (both p < 0.001) while it slightly 

increased in the redo-CA group (NS). 
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Patterns of LAS  

Figure 2 shows representative examples while figure 1B and 1C shows average values of LASr 

and LASct, respectively, in three groups of patients. Three distinct patterns of LAS were 

recognized. The concave (U) LAS pattern with an acute drop of LAS after CA and almost 

complete recovery during follow-up, which was observed mostly in the first-CA group. The 

flat LAS pattern without significant changes between examinations, which was characteristic 

for the redo-CA group. The gradually improving LAS pattern, which was observed in the PAF 

group.   

Impact of age, gender, hypertension and metabolic risks factors on left atrial function  

The effects of CA on LA function were analyzed in several subgroups of patients with 

paroxysmal AF undergoing the first CA. In the first sub-analysis, patients were divided into 

four groups according to the hypertension, dyslipidemia and diabetes mellitus. A total of 37 

(50%) patients had hypertension with (n=18; 24%) or without (n=19, 26%) metabolic risks 

factors. The remaining 37 (50%) individuals had normal blood pressure with (n=11, 15%) or 

without (n=26, 35%) metabolic risks factors. All four groups of patients had concave LAS 

pattern characteristic for the first-CA group (Figure 3). Pre-CA, patients with hypertension 

and metabolic risks factors showed significantly lower LASr, LASct, LASRr and LASRct 

compared with other three groups (all p < 0.05). Post-CA, LAS and LASR significantly 

decreased in all groups (all p<0.05). At 3-month follow up, LAS and LASR showed almost 

complete recovery to pre-CA values in all groups. Yet, patients with metabolic risk factors 

had significantly lower LAS than metabolically healthy individuals (p<0.05). In different sub-

analyses, at pre-CA, elderly (≥ 65 years old) patients and individuals with obesity (BMI ≥ 

30kg/m²) or overweight (25 ≤ BMI < 30kg/m²) showed significantly lower LAS and LASR than 

younger ones with normal weight (all p<0.05). In obese patients, these differences remained 

significant also at follow-up. In contrast, elderly patients had similar follow-up LAS as 

younger ones (NS). No significant differences in LAS magnitude or pattern were noted 

between males and females. 

Impact of LA size and function  

A total of 34 (46%) patients had normal LA size (LAVI ≤ 34 mL/m²), while 18 (24%) had mild 

LA dilation (35 ≤ LAVI ≤ 41 mL/m²), and 22 (30%) had moderate LA dilation (LAVI ≥ 42 

mL/m²). Similar LAS time course was observed in all three groups (Figure 4A). Although, 

patients with moderate LA dilation had significantly lower LASr throughout the study 

compared with subjects with less dilated LA. Patients with reduced (< 50%) versus preserved 

(≥ 50%) LA emptying fraction had lower LASr at each time point (all p < 0.05) while the LAS 

pattern was similar (Figure 4B).  

Low versus high LASr at follow-up  
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In the first-CA group, a total of 25 (30%) patients had low follow-up LASr (< 22%), which was 

below the average pre-CA value in the redo-CA group. Out of these patients with low LASr at 

follow-up, 1 subject (1%) had flat LAS pattern with no CA-induced stunning suggesting 

insufficient CA, 8 patients (11%) had CA-induced stunning but no recovery of LASr  between 

post-CA and follow-up despite absence of recurrent AF, and 16 patients (18%) had already 

low baseline LASr despite preserved concave pattern, which was typical for the first-CA 

group. Pre-CA, patients with lower versus higher LASr at follow-up had significantly higher 

BMI (29±6 kg/m² versus 26±3 kg/m², p = 0.005) and NT Pro-BNP (394±467 mg/ml versus 

179±289 pg/ml, p = 0.034), lower MDRD (72±14 ml/min/1.73 m² versus 82±9 um/min/1.73 

m², p = 0.003) and tended to have lower LV GLS (-18±3 % versus -20±3 %, p = 0.055). Pre-CA, 

LA volume index (34±6 versus 28±9 ml/m², p = 0.037) was larger while LA emptying fraction 

(52±11 % versus 59±9 %, p = 0.012) and LASr (23±7 % versus 31±6 %, p < 0.001) were lower 

in patients with low versus high LASr at follow-up. All other pre-CA characteristics were 

similar. 

Discussion 

In patients with paroxysmal or long-standing persistent AF undergoing the first- or the redo-

CA we have found that: (1) Assessment of LAS was highly feasible and allowed for accurate 

quantification of LA phasic function in different subgroups of patients regardless of their 

clinical or imaging characteristics; (2) Both LASr and LASct appeared to be the most useful 

parameters to monitor (19) the three distinct patterns recognized in different types of AF, 

i.e. the concave pattern in the first-CA group, the flat pattern in the redo-CA group, and the 

improving pattern in the PAF group. Thus, each LAS pattern seems to reflect a specific stage 

of the LA remodeling process caused by complex interaction between AF and CA. 

Assessment of LA phasic function AF is associated with LA structural remodeling and 

functional deterioration due to a variable degree of myocardial hypertrophy, disarray, 

apoptosis and fibrosis (2). Accurate assessment of extent of LA deterioration is important to 

guide therapeutic management. Several studies have shown high feasibility and 

reproducibility of LAS to detect early abnormalities of LA phasic function in patients with 

paroxysmal or persistent AF undergoing CA (7-12,17). Furthermore, low baseline LAS has 

been associated with AF recurrence and large extent of LA fibrosis detected using magnetic 

resonance or electro-anatomical mapping (13-15). Corroborating these results, we have 

shown high feasibility (91%) and reproducibility of LAS assessment using recommended 

speckle tracking technique (4,17). Pre-CA, LAS was significantly lower in patients with AF 

versus healthy controls. The lowest LAS was observed in persistent AF, followed by 

paroxysmal AF undergoing the redo CA and finally, the first CA. Moreover, in the present 

study, age, obesity, hypertension, metabolic risks factors and LA dilation were all associated 

with lower LAS. This suggests that LAS may accurately reflect the extent of LA structural 

damage induced by AF and CA (19-21). Out of all the indices of phasic LA function, LASr and 

LASct showed to be the most clinically useful to monitor LA function throughout the study. 
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Assessment of LASr may be superior to LASct because LASr can be measured also during AF 

rhythm, when LASct is negligible. Strain rate curve was noisy, which made the timing of 

phasic LA events challenging. In contrast, different components of phasic LA function were 

easily recognizable on LAS curve in the majority of patients. There is an ongoing debate 

whether LAS can provide incremental information over LV GLS. In patients with sinus rhythm 

and different LV disorders, LV end-diastolic pressure, LV end-systolic volume index and LV 

GLS have been shown to be independently associated with LAS (22,23). In contrast, we have 

not observed these relationships, i.e. LV GLS was similar in different types of AF or study 

time points while LAS showed significant changes. An explanation could be that, in contrast 

to previous reports, our study included patients with primary LA problem, i.e. non valvular 

AF, with preserved LV size and ejection fraction (22,23). This suggests that in AF undergoing 

CA, LASr may be a widely applicable tool to monitor LA function while providing incremental 

information over LV assessment.  

Patterns of LA structural and functional remodeling  

In all three groups of AF, LA volume index and mechanical dispersion showed acute increase, 

suggesting LA stunning, followed by decrease during follow up, reflecting LA reverse 

remodeling. LA MD has been recently introduced to measure intersegmental differences in 

shape of LAS curves reflecting the complex geometry and scarring of the LA (18,24). In 

paroxysmal AF, feature or speckle tracking – derived LA MD was associated with history of 

stroke or AF recurrence post CA, respectively (18,24). In contrast to LAVI and LA MD showing 

similar changes in all three groups, a AF-type specific time course of LASr and LASct was 

observed. Firstly, the concave LAS pattern, characterized by an acute decrease of LAS post 

CA followed by almost complete recovery to pre-CA values during follow up, was observed 

only in patients with paroxysmal AF undergoing the first CA. Exceptions to this pattern were 

noted in 14 (19%) patients, out of whom a total of 6 (8%) subject had no LA functional 

stunning and 8 (11%) individuals had no recovery during follow up. The remaining 60 (81%) 

showed the concave LAS pattern regardless of their clinical or imaging characteristics. LA 

stunning following electrical cardioversion of AF is a known phenomenon (25). However, we 

have demonstrated for the first time, that, CA during sinus rhythm leads to LA mechanical 

dysfunction. Secondly, the flat LAS pattern was observed in all subjects (100%) in the redo-

CA group and in 6 (8%) patients in the first-CA group. The flat LAS pattern was characterized 

by only a minimal CA-induced decrease followed by a slight increase at follow-up. This 

pattern may reflect more extensive LA fibrosis associated with longer duration of AF and 

redo CA ablation. Finally, the improving LAS pattern with gradual increase of LAS at each 

time point from pre-CA to follow up was characteristic for patients with long-standing 

persistent AF. It is of note, that a small recovery of LASct was observed already at 1-day post 

CA despite combined effect of CA and electrical cardioversion followed by a large (225%) 

LASct increase during follow up. In fact, in the PAF group, follow-up LAS and LA MD 

approached values of these parameters observed in the redo-CA group despite persistently 

larger LA volume index. The first-CA group showed the highest LAS and the lowest LA MD at 
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follow up. This supports the hypothesis that both LAS and LA MD may reflect the extent of 

LA fibrosis induced by redo CA or by long-standing persistent AF (13-15,26).  

Limitations  

The analysis of LAS using speckle tracking may be vendor dependent, similarly to the LV GLS 

(4). However, inter-vendor variability affects absolute values of LAS rather than relative 

changes between serial examinations (4). In the present study, the same echo machine and 

analyzing software were used for all the analyses. This suggests that our findings may be 

extrapolated also to different vendors or software versions as long as the same equipment is 

used for serial assessment. 

Conclusions 

LAS seems to be useful and powerful tool to monitor LA phasic function during CA. LAS 

shows distinct behavior in patients with different types of AF undergoing CA. The AF-type-

specific LAS patterns reflect complex interaction between extent of LA remodeling and CA. 

The potential role of these characteristic patterns to predict CA efficacy remains to be 

investigated in long-term study. 
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Figure 1. Time course of LA volume index (1A), reservoir LAS (1B), contractile LAS (1C) and LA 
mechanical dispersion (1D) in the First-CA, the Redo-CA and the PAF groups. 
 
 

 

Figure 2. Individual examples of LAS from apical four chamber view at 1-day pre-CA 
(2A2D2G), at 1-day post-CA (2B2E2H) and at 3-month follow-up (2C2F2I) in the First-CA, 
(2ABC), the Redo-CA (2DEF) and the PAF (2GHI) groups. LASr = reservoir left atrial strain 
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Figure 3. Reservoir (LASr) and contractile (LASct) strain in 4 subgroups of patients with 
paroxysmal AF undergoing the first CA ablation (First-CA group) according to the presence of 
hypertension and metabolic risk factors, i.e. dyslipidemia and or diabetes mellitus.  
 

 

 
Figure 4. Reservoir (LASr) and contractile (LASct) strain in subgroups of patients with 
paroxysmal AF undergoing the first CA ablation (First-CA group) according to LA volume 
index (4A) and LA emptying fraction (4B).  
 

 
 



page 31 of 216 
 

Table 1: Baseline clinical and echocardiographic characteristics in patients with paroxysmal AF undergoing the first or the 
redo CA, and with long-standing persistent AF. 
 

 Paroxysmal 
AF (first-CA 

group) 
n=74 

Paroxysmal AF (redo-
CA group) 

n=22 

Long-standing 
persistent AF (PAF 

group) 
n=15 

P 
(ANOVA) 

Age, y 63 ± 9 59 ± 10 67 ± 10 0.04 

Males, n (%) 47 (63) 13 (59) 12 (80) 0.458 

Obesity, n (%)  18 (24) 6 (27) 5 (33) 0.54 

Hypertension, n (%) 37 (50) 6 (27) 10 (50) 0.14 

Diabetes mellitus, n (%) 5 (7) 1 (5) 2 (13) 0.577 

Cardiovascular disease, n (%) 4 (5) 2 (9) 1 (7) 0.394 

Heart failure, n (%) 10 (14) 2 (9) 3 (20) 0.908 

NT Pro-BNP (pg/mL) 274 ± 381 299 ± 319 904 ± 628 < 0.001 

MDRD (mL/min/1.73m2) 78 ± 12 73 ± 14 68 ± 17 0.01 

LV end-diastolic diameter (cm) 5.0 ± 0.6 5.0 ± 0.5 4.9 ± 0.4 0.852 

LV end-systolic diameter (cm) 3.2 ± 0.5 3.3 ± 0.5 3.2 ± 0.3 0.66 

LV relative wall thickness 0.45 ± 0.06 0.44 ± 0.05 0.43 ± 0.05 0.443 

LV mass index (g/m2) 93 ± 27 93 ± 20 94 ± 19 0.962 

LV end-diastolic volume index (mL/m2) 57 ± 13 56 ± 12 51 ± 10 0.156 

LV end-systolic volume index (mL/m2) 22 ± 8 21 ± 7 21 ± 7 0.512 

LV ejection fraction (%) 64 ± 6 62 ± 8 58 ± 14 0.021 

LV global longitudinal strain (%) -19 ± 3 -18 ± 3 -16 ± 2 < 0.001 

Transmitral flow E wave (m/s) 0.85 ± 0.18 0.80 ± 0.19 0.94 ± 0.22 0.912 

Transmitral flow A wave (m/s) 0.68±0.17 0.62±0.18 NA NA 

E/A 1.17 ± 0.49 1.35 ± 0.45 NA NA 

Deceleration time (ms) 206 ± 60 171 ± 47 161 ± 50 0.004 

e′ septal (m/s) 0.09 ± 0.07 0.08 ± 0.02 0.09 ± 0.03 0.764 

e′ lateral (m/s) 0.11 ± 0.03 0.11 ± 0.03 0.12 ± 0.04 0.103 

E/e′  9 ± 2 8 ± 3 9 ± 3 0.223 

Systolic PAP (mmHg) 28 ± 5 29 ± 7 31 ±76 0.251 

RV end-diastolic diameter basal (cm) 3.7 ± 0.4 3.7 ± 0.5 3.9 ± 0.4 0.779 

RV end-diastolic diameter mid (cm) 2.5 ± 0.4 2.6 ± 0.4 2.6 ± 0.3 0.628 

TAPSE (mm) 24 ± 3 23 ± 4 22 ± 3 0.016 

RV global longitudinal strain (%) -21 ± 4 -20 ± 5 -16 ± 3 0.004 

RV free-wall longitudinal strain (%) -24 ± 5 -22 ± 6 -20 ± 3 0.04 

RA volume index (ml/m²) 27 ± 7 25 ± 6 28 ± 9 0.104 

RA reservoir strain (%) 35 ± 11 29 ± 9 18 ± 6 < 0.001 

Abbreviations LV = left ventricular, MDRD = modification of diet in renal disease, PAP = pulmonary artery pressure, RA = right 

atrial, RV = right ventricular, TAPSE = tricuspid annular plane systolic excursion  

Table 2: Left atrial size and function 1-day pre-CA, 1-day post-CA and at 3-month follow-up in 3 groups of patients with AF. 

 First-CA group 
n=74 

Redo-CA group 
n=22 

PAF group 
n=15 

P (ANOVA) 

Heart rhythm 
   Pre-CA 
   Post-CA 
   3-month follow up 

 
Sinus 
Sinus 
Sinus 

 
Sinus 
Sinus 
Sinus 

 
AF 

Sinus 
Sinus 

 
NA 
NA 
NA 

Heart rate (bpm) 
   Pre-CA 
   Post-CA 
   3-month follow up  

 
64 ± 12 
68 ± 12 
66 ± 11 

 
69 ± 10 
68 ± 9 

69 ± 10 

 
85 ± 15 

71 ± 12† 
69 ± 14† 

 
< 0.001 
0.657 
0.436 

LA volume index (mL/m2) 
   Pre-CA 
   Post-CA 
   3-month follow up  

 
35 ± 8 

38 ± 8† 

33 ± 8Ⅱ 

 
34 ± 7 
36 ± 8 

31 ± 6§ 

 
44 ± 15 
48 ± 14 

39 ± 10 

 
0.003  
0.002  
0.015  

LA sphericity index 
   Pre-CA 
   Post-CA 

 
0.68 ± 0.08 
0.67 ± 0.10 

 
0.68 ± 0.06 
0.70 ± 0.08 

 
0.69 ± 0.08 
0.66 ± 0.08 

 
0.766 
0.388 
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   3-month follow up  0.67 ± 0.12 0.71 ± 0.05 0.64 ± 0.19 0.230 

LA stiffness index 
   Pre-CA 
   Post-CA 
   3-month follow up  

 
0.32 ± 0.14 

0.47 ± 0.20‡ 

0.33 ± 0.13Ⅱ 

 
0.43 ± 0.22 
0.46 ± 0.27 
0.43 ± 0.23 

 
0.81 ± 0.47 
0.87 ± 0.63 

0.59 ± 0.28§ 

 
< 0.001  
< 0.001  
< 0.001  

LA emptying fraction (%) 
   Pre-CA 
   Post-CA 
   3-month follow up  

 
55 ± 11 

50 ± 11† 
53 ± 10 

 
48± 11 
45 ± 11 
50 ± 10 

 
35 ± 11 
38 ± 7 

44 ± 9 

 
< 0.001  
< 0.001  
< 0.003  

Reservoir LAS (%) 
   Pre-CA 
   Post-CA 
   3-month follow up  

 
27 ± 8 

21 ± 7‡ 

25 ± 6Ⅱ 

 
22 ± 6 
20 ± 5 
21 ± 7 

 
13 ± 5 
16 ± 7 

20 ± 7 

 
< 0.001  
0.056  
0.002  

Reservoir LASR (s−1) 
   Pre-CA 
   Post-CA 
   3-month follow up  

 
1.27 ± 0.30 

1.09 ± 0.35‡ 

1.25 ± 0.28Ⅱ 

 
1.10 ± 0.30 
1.01 ± 0.31 
1.10 ± 0.36 

 
0.81 ± 0.22 
0.83 ± 0.40 
1.10 ± 0.27 

 
< 0.001  
0.053  
0.031 

Conduit LAS (%) 
   Pre-CA 
   Post-CA 
   3-month follow up  

 
15 ± 5 

12 ± 5 
13 ± 4 

 
13 ± 5 
12 ± 4 
12 ± 4 

 
NA 

13 ± 6 
11 ± 4 

 
0.235 (t test) 

0.934 
0.073 

Conduit LASR (s−1) 
   Pre-CA 
   Post-CA 
   3-month follow up  

 
-1.14 ± 0.45 

-1.08 ± 0.43 
-1.10 ± 0.36 

 
-1.18 ± 0.41 
-1.14 ± 0.35 
-1.08 ± 0.36 

 
NA 

-1.11 ± 0.56 
-0.99 ± 0.42 

 
0.695 (t test) 

0.866 
0.584 

Contractile LAS (%) 
   Pre-CA 
   Post-CA 
   3-month follow up  

 
13 ± 4 
9 ± 4‡ 

12 ± 4Ⅱ 

 
9 ± 4 
8 ± 3 

10 ± 4 

 
NA 

4 ± 2 

9 ± 4Ⅱ 

 
< 0.001 (t test) 

< 0.001 
0.002 

Contractile LASR (s−1) 

   Pre-CA 
   Post-CA 
   3-month follow up  

 
-1.62 ± 0.45 

-1.10 ± 0.43‡ 

-1.50 ± 0.46Ⅱ 

 
-1.18 ± 0.46 
-1.13 ± 0.41 
-1.24 ± 0.52 

 
NA 

-0.49 ± 0.28 

-0.90 ± 0.47Ⅱ 

 
< 0.001 (t test) 

< 0.001  
< 0.001  

LA mechanical dispersion (ms) 
   Pre-CA 
   Post-CA 
   3-month follow up  

 
79 ± 27 

100 ± 27‡ 

56 ± 20‡Ⅱ 

 
68 ± 29 

96 ± 25 
84 ± 24 

 
114 ± 22 
116 ± 21 

78 ± 28‡Ⅱ 

 
< 0.001  
0.073 

< 0.001  

RA-LA mechanical dispersion 
(ms) 
   Pre-CA 
   Post-CA 
   3-month follow up  

 
-21 ± 7 

-25 ± 10‡ 

-16 ± 5‡Ⅱ 

 
-18 ± 4 
-19 ± 4 
-18 ± 4 

 
NA 

-22 ± 3 
-19 ± 2 

 
0.039 (t test) 

0.048  
0.319 

LV global longitudinal strain 
(%) 
   Pre-CA 
   Post-CA 
   3-month follow up  

 
-19 ± 3 
-19 ± 3 
-19 ± 2 

 
-18 ± 3 

-18 ± 3 
-18 ± 4 

 
-16 ± 2 
-17 ± 3 
-17 ± 3 

 
< 0.001  
0.166 
0.196 

 p<0.05, † p<0.01, ‡ p<0.001 Pre-CA versus Post-CA or pre-CA versus 3-month follow up, § p<0.05, Ⅱp<0.001 Post-CA versus 

3-month follow up 

Abbreviations:  

CA = catheter ablation, LA = left atrial, LAS = LA strain, LASR = LA strain rate, LV = left ventricular, NA = not applicable, RA = 

right atrial 
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Chapter 5 

Impact of obesity and age on left atrial function in patients with 

paroxysmal atrial fibrillation undergoing catheter ablation 

 

Background:  

Obesity and older age are associated with increased risk of atrial fibrillation (AF) and heart 

failure (HF). Previous studies assessing the efficacy of catheter ablation (CA) in obese and 

elderly patients have shown conflicting data. 

Purpose:  

We thought to assess the impact of obesity and age on left atrial (LA) phasic function in 

patients with paroxysmal AF undergoing the first CA.  

Methods:  

We prospectively enrolled 112 consecutive patients (age:63±21 years; 32% female) with 

symptomatic paroxysmal AF and preserved left ventricular ejection fraction (≥ 50%) 

undergoing the first CA during sinus rhythm, and 23 healthy controls. Patients with valvular 

AF or in AF at the time of ablation were excluded.  

All patients underwent comprehensive echocardiography at one day pre-CA and at one day 

post-CA, and after 3 months. The LA reservoir, conduit and contractile strain and strain rate 

(SR) were assessed using the 2D speckle tracking echocardiography as average of segmental 

values in apical views.  

Results:  

A total of 36 (32%) patients had normal weight (BMI < 25 kg/m²), while 50 (45%) overweight 

(25 ≤ BMI < 30 kg/m²), and 26 (23%) obesity (BMI ≥ 30 kg/m²). A total of 42 (38%) individuals 

were elderly (≥ 65 years old).  

Pre-CA, all groups of patients with paroxysmal AF had significantly lower magnitude of all 

three components of LA strain and SR compared with controls (all p<0.01). Obese patients 

showed significantly lower magnitude of reservoir strain, contractile strain and SR compared 

with normal-weight patients (all p<0.05). Reservoir but not contractile strain was also 

significantly lower in over-weight versus normal-weight individuals.  

Middle-age compared with elderly patients had significantly higher magnitude of reservoir 

strain, reservoir and contractile SR (all p<0.05). Post-CA, LA strain and SR significantly 

decreased in all groups of patients regardless of BMI or age (all p<0.05) (figure 1AB,2AB). At 
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3-month follow-up, LA strain and SR showed almost complete recovery to pre-CA values in 

all groups of patients. Yet, LA function remained significantly lower compared with controls 

(all p<0.01).  

Moreover, individuals with obesity remained to have significantly lower LA function than 

patients with normal weight. Elderly patients with overweight tended to have lower follow-

up LA function compared with middle-age patients with normal weight (p: 0.06). Out of the 

all indices of phasic LA function, reservoir strain showed to be the most clinically useful to 

monitor LA function throughout the study. 

Conclusion:  

Obese patients with paroxysmal AF had significantly lower LA function both pre- and post-CA 

than individuals with normal weight. This may imply a higher AF recurrent rate and risk for 

development of HF. Reservoir LA strain appears to be the most useful parameter to monitor 

LA function. 
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Chapter 6  

Atrial mechanical dispersion in patients with atrial fibrillation 

undergoing catheter ablation: a strain study 

 

Background:  

Atrial mechanical dispersion (MD) might increase the risk of atrial fibrillation (AF). However, 

the data on atrial mechanical dispersion in patients with AF undergoing catheter ablation 

(CA) are scarce. 

 

Purpose:  

To describe effects of CA on inter- and left intra-atrial MD in patients with different sub-

types of AF undergoing CA. 

 

Methods:  

We prospectively enrolled 138 symptomatic patients (age: 63±21 years, 32% females) with 

paroxysmal AF undergoing first (81%) or redo (19%) CA during sinus rhythm, and 20 

individuals (age: 66±23 years, 20% females) with long-standing persistent AF undergoing first 

CA during AF. All patients had normal (≥50%) left ventricular ejection fraction. Control group 

consisted of 23 healthy controls.  

The atrial strain and strain rate (SR) were assessed using the two-dimensional speckle 

tracking echocardiography as average of segmental values in all apical views for LA and in 

four chamber (4CH) apical view for RA. We quantified inter-atrial MD as the standard 

deviation of time from the onset of the P wave to peak negative strain curves (Image 1), and 

left intra-atrial MD as the standard deviation of time from the onset of QRS wave to peak 

positive strain curves (image 2) of all LA segmental components in 4CH apical view after 

setting adjusting the reference frame to coincide with the onset of the QRS. 
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Results: 

At 1-day pre-ablation, patients with long-standing persistent AF showed significantly lower 

reservoir strain of both atria and higher left intra-atrial MD as compared with both 

paroxysmal AF groups and controls (all p<0.01). The Redo-CA versus the First-CA group 

showed significantly lower LA reservoir strain (p<0.01) while left intra-atrial MD was similar. 

RA reservoir strain and inter-atrial MD was similar between groups with paroxysmal AF. At 1-

day post-ablation, we observed a significant deterioration of reservoir LA strain and left 

intra-atrial MD only in the First-CA group.  

After 3-month follow-up, left intra-atrial synchrony was significantly improved compared 

with pre-ablation in both groups of paroxysmal AF undergoing the first CA and long-standing 

persistent AF (p<0.05). The reservoir LA strain showed partial recovery to pre-ablation values 

in paroxysmal AF undergoing first-CA while it showed a continuous improvement in long-

standing persistent AF. In contrast, patients with paroxysmal AF undergoing redo-CA did not 

show significant improvement in any of these indices. Inter-atrial MD and RA strain did not 

show significant improvement in either group. 

 

Conclusion:  

Atrial strain and MD shows distinct behavior in patients with different sub-types of AF post 

CA. Atrial MD may provide a complimentary information to strain when assessing LA 

function. This novel index might has a predictive value for AF recurrence after CA and could 

be used as a sensitive tool for the long-term follow-up of patients with AF. 
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Figures 1A,1B: showing the value and time course of LA reservoir strain (pre-ca, post-ca and 

at 3m FU) for 3 groups of patients. 

 

 

Figures 2A,2B: showing the value and time course of LA intra-atrial mechanical dispersion 

(pre-ca, post-ca and at 3m FU) for 3 groups of patients. 

 

 

Figures 3A,3B,3C: showing the value and time course of LA reservoir strain and intra-atrial 

mechanical dispersion (pre-ca, post-ca and at 3m FU) for 3 groups of patients. 
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Chapter 7 

Effects of catheter ablation on left atrial performance in different 

types of atrial fibrillation: a strain study 

 

Background:  

Atrial structural and functional changes may develop as a result of catheter ablation (CA) in 

patients with paroxysmal and persistent atrial fibrillation (AF). However, there is limited 

knowledge regarding the long-term impact of successful CA on atrial morphology and 

mechanics, and the relation between AF recurrence and atrial performance following CA is 

still under debate.  

Aims: 

Firstly, to describe the long-term effects of CA on LA remodeling and its correlates to the 

maintenance of sinus rhythm. Secondly, to compare the time course of LA and right atrial 

(RA) performance in patients with paroxysmal atrial fibrillation (AF) undergoing the first 

successful CA. 

Methods:  

We prospectively enrolled 178 consecutive patients (age: 63±9 years, 35% females) with 

paroxysmal AF undergoing first-CA (67%) or redo-CA (22%), and 20 individuals (11%) with 

long-standing persistent AF (PAF) undergoing first CA. All patients underwent comprehensive 

transthoracic echocardiography at baseline and at 12-month follow-up, including assessment 

of reservoir and contractile strain for both LA and RA using two-dimensional speckle tracking 

echocardiography in apical views.  

Results:  

During one-year follow-up, 144 (81%) patients maintained sinus rhythm whereas 34 (19%) 

patients had AF recurrence [first-CA group 16 (13%), redo-CA 8 (20%) and PAF 10 (50%)]. 

Significant improvement of LAS was observed only in patients with paroxysmal and long-

standing persistent AF who underwent the first CA and who remained in sinus rhythm. In 

contrast, recurrent AF was associated with absence of LAS improvement. In the redo-CA 

group, LAS did not show significant increase from baseline regardless of long-term 

maintenance of sinus rhythm.  

Moreover, at follow-up, no significant differences in LAS between redo-CA patients with 

sinus rhythm versus AF were observed. Of note, in patients with long-standing persistent AF 

and SR, follow-up LAS increased to values observed in the redo-CA group. Although the RA 
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motion was not affected in the early phase, both reservoir and contractile RAS showed a 

significant increase between 3-month and 12-month follow up. 

Conclusion: 

LA performance following CA is strongly affected by complex interplay between extent of 

atrial electro-structural remodeling and CA procedure.  

Introduction 

Radio-frequency catheter isolation (CA) is associated with changes of left atrial (LA) size and 

shape [1,2]. However, the impact of successful CA on LA and right atrial (RA) morphology 

and mechanics is still under debated [3]. Furthermore, while atrial fibrillation (AF) is 

considered more like a LA disease, the contribution of right atrium (RA) to the AF 

pathogenesis is not fully studied and its relationship to the CA outcome is still under 

investigation [4,5]. Recent advances in echocardiography equipment and image post-

processing allow an assessment of atrial strain and strain rate (SR) [6]. The Speckle Tracking 

Echocardiography (STE)-derived LA longitudinal strain has been shown to be an accurate and 

reproducible parameter to evaluate LA longitudinal shortening [7,8]. Furthermore, LA strain 

(LAS) has significantly correlated with underlying LA fibrosis [9]. This suggests that the LAS 

provides a comprehensive and quantitative assessment of LA structure and function. Hence, 

it is tempting to speculate that the analysis of LAS will show high accuracy to predict AF 

recurrence post CA. However, LA strain can be affected by several factors not related to LA 

structural damage such as loading conditions or arrhythmias [6,10]. Therefore, we aimed to 

describe atrial performance in patients with a history of AF who underwent radio-frequency 

CA and its long-term impact on overall cardiac performance.  

Methods 

Design: Prospective, single-center, observational study.  

Patients: All consecutive patients (n=212) with symptomatic AF undergoing elective CA 

between 10/2017 and 7/2018 were screened for eligibility according to the following 

inclusion criteria: (1) paroxysmal or long-standing persistent AF; (2) preserved left ventricular 

ejection fraction (LVEF) (≥ 50%). Patients with permanent or valvular AF, cardiomyopathy or 

congenital heart diseases, history of myocardial infarction or coronary revascularization, 

post cardiac surgery for any cause, pacemaker, and reduced LVEF (< 50%) were excluded. 

The final study population consisted of 178 patients with paroxysmal AF undergoing the first 

(67%) or the redo-CA (22%), and 20 individuals (11%) with long-standing persistent AF (PAF) 

undergoing first CA. Control group consisted of 23 healthy controls. Study was approved by 

the Ethics Committee of our institution. Each patient signed informed consent before 

participating in the study.  
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Protocol: All participants underwent extensive encircling pulmonary vein isolation guided by 

an electro-anatomical map using the Carto 3 mapping system (Biosense-Webster, CA, USA). 

History, physical examination and laboratory data were recorded during the admission for 

CA. Furthermore, all patients underwent comprehensive transthoracic echocardiography at 

baseline and after one-year follow-up. All hospitalizations, emergency room admissions or 

outpatients visit were recorded. Any suspicious symptoms or abnormal electrical activity 

recordings at Holter were adjudicated by an experienced electrophysiologist. The AF 

recurrence was defined as any documented AF episode lasting ≥ 30 seconds that occurs after 

CA [11].  

Echocardiography: A comprehensive 2D transthoracic echocardiographic examination was 

performed using Vivid E95 (GE HealthCare, Horten, Norway) ultrasound system. All acquired 

images were stored digitally for offline analysis using a commercially available software 

(EchoPac, GE HealthCare). All examinations were recorded and analyzed by the same 

operator. Average of at least 3 beats (in sinus rhythm) or 5 beats (in AF) was taken for each 

measurement. Blood pressure and heart rate was recorded during each examination. The 

biplane Simpson method was used to assess LV volumes and ejection fraction [7]. LA antero-

posterior diameter was measured at end-systole using the parasternal long-axis view [7]. 

Maximum and minimum LA volume, LA emptying fraction and LA expansion index were 

calculated from the apical 4- and 2-chamber views using the area-length method [7]. RA area 

and volume, and right ventricular (RV) end-diastolic basal and mid-cavity diameters were 

measured in the modified apical 4-chamber view [7]. LV global longitudinal strain (GLS), RV 

GLS and RV free wall longitudinal strain were assessed using speckle tracking technique in 

views optimized for each chamber and at frame rate of >60 FPS [7,12]. 

Assessment of longitudinal LAS, LASR, RAS and RASR were performed using SLE as 

recommended [12]. In brief, optimized apical 4-, 3, and 2-chamber views were recorded 

during breath hold. LA endocardial borders were traced manually in all views. Region of 

interest was manually adjusted and tracking quality was previewed before generating LAS 

and LASR curves. The LA reservoir (LASr), conduit (LAScd) and contractile (LASct) strain and 

SR were assessed as average of segmental values in apical views using the onset of QRS as a 

reference point [12]. The RA reservoir (RASr), conduit (RAScd) and contractile (RASct) strain 

and SR were assessed as average of segmental values in apical 4-chamber view [12]. 

Furthermore, LA stiffness index (LASI) was calculated as the E/e’ divided by LASr and LA 

mechanical dispersion (LAMD) was derived as the standard deviation of time from the onset 

of QRS complex to peak positive LAS in 6 segments using the apical 4-chamber view. RA-LA 

MD was assessed as the standard deviation of time from the onset of P wave to peak 

negative RASr and LASr.    

Statistical analysis 

All analyses were performed using SPSS statistics software (Version 23; Chicago, IL, USA). 

Continuous variables were expressed as the means and standard deviations; categorical 
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variables were expressed as proportions. The paired t‐test was used to test differences in 

normally distributed continuous variables in the same group, and unpaired t-test and 

ANOVA with post hoc test were used for exploration of differences among means of 

variables between different groups. A two‐sided p value of less than 0.05 was considered to 

represent a statistically significant difference. The lack of inter- and intra-operator variability 

was assessed using Wilcoxon’s non-parametric test for matched data.  

Results 

The baseline clinical and echocardiographic characteristics of the study population are 

summarized in table 1. At baseline, there were no differences between the three groups 

with regard to the use of cardiovascular medications, except for the use of anti-coagulants 

drugs (table 1). At mid-term follow-up, a total of 13 patients (12%) had early AF recurrence 

after CA but we considered the period of the first 3 months after CA as a blanking period 

[11]. At long-term follow-up, 144 (81%) patients maintained sinus rhythm whereas 34 (19%) 

patients had AF recurrence [first-CA group 16 (13%), redo-CA group 8 (20%) and PAF group 

10 (50%)]. Importantly, it was noticed that there was a significant decrease in the use of 

beta-blockers, anti-arrhythmic and anti-coagulants drugs in patients who maintained sinus 

rhythm (at baseline: 72%, 16% and 67% versus at follow-up: 52%, 6% and 49% respectively, 

all p<0.05) whereas a significant increase in the use of anti-arrhythmic drugs in patients who 

develop AF recurrence (at baseline: 19% versus at follow-up: 35%, p<0.05). In addition, no 

difference in mean systolic or diastolic blood pressure was noted during clinical follow-up in 

all groups of patients.  

Echocardiographic changes during follow-up 

The study population was subsequently divided into 6 groups according to the success of CA 

procedure. A significant improvement of LAS was observed only in patients with paroxysmal 

and long-standing persistent AF who underwent the first CA and who remained in sinus 

rhythm. In contrast, recurrent AF was associated with absence of LAS improvement. In the 

redo-CA group, LAS did not show significant increase from baseline regardless of long-term 

maintenance of sinus rhythm. Moreover, at follow-up, no significant differences in LAS 

between redo-CA patients with sinus rhythm versus AF were observed. Of note, in patients 

with long-standing persistent AF and SR, follow-up LAS increased to values observed in the 

redo-CA group. In the same direction, patients in the First-CA group had a lower LASI than 

those in the redo-CA and PAF groups. In all three groups, the LASI was highest in patients 

with AF recurrence compared to patients who maintained sinus rhythm (table 2). 

The mid- and long-term effects of CA on LA and RA function were analyzed in group of 

patients with paroxysmal AF undergoing the first CA who maintained sinus rhythm during 

follow-up. At baseline, all patients with paroxysmal AF showed a significant reduction of 

reservoir and contractile LAS and RAS compared with controls (all p<0.01). CA was 

associated with a significant decrease in reservoir and contractile LAS while no significant 
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difference was observed for RAS. At 3-month follow up, the LAS showed full recovery, 

whereas the RAS did not show any significant change from 1-day post CA values. At 12-

month follow-up, both reservoir and contractile LAS showed further improvement compared 

to baseline and 3-month values. LAMD derived from the LA strain curve followed a similar 

trend (figure 1). Although the RA motion was not affected in the early phase, both reservoir 

and contractile RAS showed a significant increase between 3-month and 12-month follow-up 

(figure 2). In brief, successful first CA in patients with paroxysmal AF is associated with acute 

decrease in LAS, followed by recovery to baseline value within 3 months and further 

improvement of both LAS and RAS during one year, whereas no significant change was 

noticed in the LV and RV longitudinal strains over time. The time course of LA and RA 

echocardiographic characteristics in this group of patients are summarized in table 3. 

Discussion  

In this real word sample, we have focused on functional atrial response to the CA procedure 

by studying the deformation of atrial myocardium taking into account the hemodynamic 

state. We have described the long-term consequence of the CA on the LA reverse 

remodeling and the impact of sinus rhythm restoration on overall cardiac performance. 

Importantly, a significant improvement in the LA performance was observed in patients who 

maintained SR during follow-up. In contrast, in patients who had recurrence of AF, this 

performance remained unchanged or deteriorated specifically in group of patients under the 

repeated CA. Interestingly, while the CA leads to symptoms improvement by reducing AF 

burden, it has not convincingly shown to improve atrial performance, from our experience, 

in all AF phenotypes.  

It is well-known that the LA compliance is not only related to structural changes of atrial 

myocardium, but also related to pressure overload [10,13]. The stiff LA syndrome, related to 

fibrosis induced by chronic AF or subsequent to CA, is associated with a worsening LA 

expansion and it might also affect LA contractile [14,15]. On the other hand, atrial stunning 

occurring during the procedure affects negatively LA function and could be responsible for 

early AF recurrence within 3 months after the procedure [14,15]. Therefore, the temporary 

change in LA functional indices around the procedure should be interpreted with caution 

during the assessment of LA dysfunction related to AF. Furthermore, many studies reported 

that atrial MD has been linked to changes in atrial synchronous and remodeling following CA 

and it might contribute to AF recurrence after CA [16,17]. Our findings suggested atrial 

dyssynchrony linked to paroxysmal AF is reverse if the AF is diagnosed early and treated 

optimally. Thus, LAMD present at initial stages of symptomatic AF is an important parameter 

might be considered when assessing LA performance. 

In accordance to a recent study reported that earlier AF was also associated with reduced RA 

reservoir strain [18], our study demonstrated that the improvement in reservoir LAS after 

the long-term maintenance of sinus rhythm highlights the positive effect of the CA on RA 

function. However, it was unclear whether changes in the RA function were representative 
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of the LA dysfunction, so we could not determine precisely the mechanical relationship 

between the LA and RA and if the LA remodeling had any potential influence on the RA 

reverse remodeling and vice versa [19]. Although, the stretch forces related to LA scars 

affected negatively RA motion, the RA-LA MD did not show any significant change over time 

and the RA showed a homogenous improvement in work distribution in long-term follow-up. 

This suggests, that in contrast to LAS, the RAS is mainly affected by AF self while CA has no 

direct effect, thus successful CA might lead to right heart reverse remodelling in the long-

term follow-up. 

There is an ongoing debate whether LAS and derived indices can provide incremental 

information over LV GLS. An explanation could be that, in contrast to previous reports, our 

study included patients with primary LA problem, i.e. non valvular AF, and with preserved LV 

size and ejection fraction. LV GLS is still the most sensitive component of myocardial 

deformation indices to monitor ventricular dysfunction in patients with AF [20]. On the 

contrary to previous studies reported that the LV longitudinal strain and SR improve 

significantly in patients who maintain SR [21,26], no significant change was noticed in group 

of patients with paroxysmal AF who maintain sinus rhythm after CA procedure. These 

findings suggest that the positive effect of sinus rhythm maintenance on ventricular systolic 

function might be a little bit late, perhaps beyond the first year after SR restoration. 

Furthermore, RV GLS and free wall LS followed the same trend although the RV is more 

sensitive to load changes than the LV. Thus, our study emphasized that atrial strain curve is a 

non-plane mirror of the curve of ventricular strain and it could reflex earlier ventricular 

dysfunction than other ventricular strain indices in patients with asymptomatic AF [22]. That 

supports the hypothesis that atrial strain is more sensitive to pressure overload than 

ventricular strain, specifically in left heart side, so LASI should be considered when we assess 

LA function under different loading conditions [23]. However, repeated CA might be 

associated with increased LA stiffness which lead to further atrial structural alterations and 

functional impairment specially in patients with high-burden AF [24,25].  

Conclusion 

Although the radio-frequency CA affected negatively LA performance in the acute phase, it 

has a long-term positive impact on both left and right atrial function. The integration of 

morphological and functional characteristics of atrial myocardium, specifically in patients 

with high risk of AF recurrence, will add value to determine atrial myocardial injury related 

to the CA. Repeated wide CA might affect negatively LA compliance and contractility despite 

sinus rhythm restoration.  
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Figure 1: Time course of LA reservoir and contractile strain, LA max and min volume index, 

and LA mechanical dispersion (Baseline, 1-day FUP, 3- and 12-month FUP) in group of 

patients with paroxysmal AF undergoing the first CA who maintained sinus rhythm during 

follow-up. 
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Figure 2: Time course of reservoir and contractile LAS and RAS at Baseline, 1-day, 3-month 
and 12-month follow-up in group of patients with paroxysmal AF undergoing the first CA 
who maintained sinus rhythm during follow-up.  
 

 
 

 

Figure 3. Reservoir and contractile LAS at Baseline and 12-month follow-up in the First-CA 

(3A), the Redo-CA (3B) and the long-standing persistent AF (3C) group in patients who 

maintained sinus rhythm (SR) versus patients who had AF recurrence. 
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Table 1: Baseline clinical and echocardiographic characteristics in patients with paroxysmal 

AF undergoing the first or the redo CA, and with long-standing persistent AF. 

 Paroxysmal AF 
(first-CA group) 

n=112 

Paroxysmal AF 
(redo-CA group) 

n=37 

Long-standing 
persistent AF (PAF 

group) 
n=20 

P (ANOVA) 

Age, y 62 ± 9 61 ± 10 66 ± 10 0.239 

Males, n (%) 75 (67) 24 (65) 16 (80) 0.458 

Obesity, n (%)  25 (22) 12 (32) 8 (40) 0.173 

Hypertension, n (%) 51 (45) 13 (35) 10 (50) 0.459 

Diabetes mellitus, n (%) 6 (5) 1 (3) 2 (10) 0.508 

Cardiovascular disease, n (%) 9 (8) 2 (5) 1 (5) 0.804 

Heart failure, n (%) 15 (13) 3 (8) 3 (15) 0.657 

NT Pro-BNP (pg/mL) 257 ± 345 311 ± 346 864 ± 577 < 0.001 

MDRD (mL/min/1.73m2) 78 ± 12 73 ± 14 70 ± 16 0.022 

LV end-diastolic diameter (cm) 5.0 ± 0.6 5.0 ± 0.5 4.9 ± 0.4 0.646 

LV end-systolic diameter (cm) 3.2 ± 0.5 3.3 ± 0.5 3.2 ± 0.4 0.577 

LV relative wall thickness 0.45 ± 0.06 0.44 ± 0.05 0.44 ± 0.05 0.561 

LV mass index (g/m2) 88 ± 27 92 ± 20 91 ± 18 0.591 

LV end-diastolic volume index (mL/m2) 41 ± 14 43 ± 17 40 ± 15 0.837 

LV end-systolic volume index (mL/m2) 22 ± 8 21 ± 7 20 ± 7 0.564 

LV ejection fraction (%) 63 ± 6 63 ± 8 60 ± 7 0.301 

LV GLS (%) -19 ± 3 -18 ± 3 -17 ± 3 0.013 

E/A ratio 1.19 ± 0.46 1.47 ± 0.46 NA NA 

E/e′ ratio 8 ± 2 8 ± 3 9 ± 2 0.239 

Systolic PAP (mmHg) 28 ± 5 29 ± 7 31 ±6 0.027 

LA max volume index (mL/m2)  34.9±7.6 35.4±8.1 41.1±13.1 0.011 

LA min volume index (mL/m2)  18.1±4.1 19.4±8.4 26.7±13.1 < 0.001 

LA emptying fraction (%)   53.7±10 45.6±10.9 37.2±11.5 < 0.001 

LA expansion index   128.6±54 98.2±49 65.6±29.8 < 0.001 

Reservoir LA strain (%) 27±7.2 21.6±7.1 13.9±5 < 0.001 

Contractile LA strain (%) 13.1±4.3 9.5±4.2 4.4±2 < 0.001 

LA stiffness index 0.32±0.13 0.45±0.24 0.75±0.44 < 0.001 

 Abbreviations: LV = left ventricular, MDRD = modification of diet in renal disease, PAP = pulmonary artery pressure. 
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Table 2: Left atrial size and function at baseline and after 12-month follow-up in 3 groups of 

patients. 

 First-CA 
group 

(baseline) 

First-CA 
group 

(follow-
up) 

P 
value 

(t 
test) 

Redo-CA 
group 

(baseline) 
 

Redo-CA 
group 

(follow-up) 

P 
value 

(t-
test) 

PAF group 
(baseline) 

 

PAF group 
(follow-up) 

P 
value 

(t-
test) 

 

LA max VI (mL/m2) 
  SR maintenance 
  AF recurrence  
       

 
34.17±6.2 
35.3±5.5 

 
29.5±8.20 
34.13±5.9 

 
<0.001 
0.387 

 
36.3±8.7 

32.05±4.5 

 
30.38±8.5 
32.3±6.7 

 
0.002 
0.912 

 
44.1±13.4 
38.2±12.9 

 
33.8±11.5 
39.4±4.5 

 

 
0.008 
0.789 

LA min VI (mL/m2) 
   SR maintenance 
  AF recurrence  
 

 
18.14±3.6 
18.1±4.1 

 

 
13.01±5.4 
17.5±4.9 

 
<0.001 
0.626 

 
20.5±9 
15.3±3 

 

 
14.4±6.4 
18.9±6.4 

 
<0.001 
0.095 

 
30±14.4 

   
23.3±11.3 

 

 
17.2±8.8 

   24.02±5.4 

 
0.006 
0.867 

LA EF (%) 
  SR maintenance 
  AF recurrence  
 

 
53.9±10 
51.2±9.9 

 

 
57.06±6.9 
48.9±7.4 

 
0.087 
0.323 

 
44.4±11.8 
50.2±5.2 

 

 
53.07±8.1 
46.9±11.8 

 
0.001 
0.363 

 
34.1±13.2 
40.3±9.2 

 

 
50.7±9.8 
38.8±8.8 

 
0.004 
0.706 

LA expansion index 
  SR maintenance 
  AF recurrence  
 

 
132.2±56 
112.1±49 

 

 
140.7±38.4 
102.0±30 

 
0.350 
0.343 

 
94.3±52.4 

113.4±32.3 
 

 
123.2±42.7 
100.1±53.6 

 
0.002 
0.541 

 
58.9±32.6 
72.2±26 

 

 
112.2±42 
67.8±23.2 

 
0.003 
0.690 

Reservoir LAS (%) 
   SR maintenance 
  AF recurrence  
 

 
27.59±7.2 

24.9±6 
 

 
29.62±6.7 
24.4±4.3 

 
0.010 
0.723 

 
21.5±7.8 

22.02±3.3 
 

 
23.8±7.6 

22.04±7.2 

 
0.168 
0.988 

 
13.3±4.9 

14.62±5.3 
 

 
23.86±7.2 

16.04±4.89 

 
0.001 
0.433 

Contractile LAS (%) 
  SR maintenance 
  AF recurrence  
 

 
13.73±4.56 

11.6±3.4 
 

 
15.11±4.61 

10.9±2.8 

 
0.051 
0.276 

 
9.84±4.4 
8.34±3.1 

 

 
11.1±4.2 
9.4±4.8 

 
0.410 
0.413 

 
4.4±2 

(Post-CA) 
……. 

 
11.25±4.5 

…… 

 
<0.001 

NA 

LA stiffness index 
   SR maintenance 
   AF recurrence  
 

 
0.30±0.12 
0.36±0.13 

 
0.30±0.13 
0.39±0.14 

 
0.414 
0.530 

 
0.46±0.26 
0.39±0.15 

 

 
0.44±0.28 
0.46±0.28 

 
0.616 
0.393 

 
0.73±0.31 
0.77±0.55 

 

 
0.44±0.19 
0.72±0.20 

 
0.022 
0.719 

 

E/e’ ratio    
   SR maintenance 
  AF recurrence  
 

 
7.65±1.9 

8.9±2 
 

 
8.39±2.27 
9.05±2.3 

 
0.071 
0.830 

 
8.5±2.6 
8.17±2 

 

 
8.4±2.3 
9.3±3.5 

 
0.905 
0.383 

 
8.23±2 
9.6±2.4 

 

 
9.3±1.8 

10.5±2.2 

 
0.114 
0.312 

Abbreviations: CA = catheter ablation, LA = left atrial, LAS = LA strain, LAVI = LA volume index, NA = not applicable, SR = sinus 

rhythm.  

 

 

 

 

 

 

 

 

 



page 48 of 216 
 

Table 3: Values of structural and functional indices of the LA and RA at Baseline, 1-day, 3-

month and 12-month follow-up in the first-CA group underwent successful CA. 

 First-CA 
group 

(baseline) 

First-CA 
group 

(1-day post-
CA) 

P 

value 
t-test  

First-CA group 
(3-month 
follow-up) 

P value† 
t-test 

First-CA group 
(12-month 
follow-up) 

P value‡ 
t-test 

Reservoir strain (%) 
   LA 
   RA  
 

 
27.59±7.2 

35.41±11.5 

 
21.05±6.62 
35.05±8.39 

 
<0.001 
0.832 

 
25.5±6.3 

36.25±10.7 

 
0.003 
0.126 

 
29.62±6.7 

41.22±9.41 

 
0.010 
0.001 

Reservoir SR (s−1)    
   LA 
   RA  
 

 
1.29±0.35 
1.52±0.53 

 
1.10±0.31 
1.58±0.51 

 
<0.001 
0. 929 

 
1.28±0.31 
1.54±0.45 

 
0.364 
0.721 

 
1.41±0.30 
1.79±0.48 

 
0.033 
0.005 

Conduit strain (%) 
   LA 
   RA  
 

 
14.59±4.79 
19.02±8.2 

 
12.38±4.29 
18.8±6.18 

 
<0.001 
0.924 

 
13.23±4.15 
17.47±8.20 

 
0.032 
0.350 

 
14.61±4.0 

23.08±0.61 

 
0.504 
0.005 

  Conduit SR (s−1)    
   LA 
   RA  
 

 
-1.13±0.41 
-1.28±0.55 

 
-1.07±0.4 

-1.42±0.39 

 
0.249 
0.103 

 
-1.12±0.37 
-1.11±0.33 

 
0.584 
0.131 

 
-1.18±0.33 
-1.30±0.32 

 
0.715 
0.640 

Contractile strain (%) 
  LA 
  RA  
 

 
13.73±4.56 
16.09±5.9 

 

 
9.05±3.71 

16.26±4.53 

 
<0.001 
0.847 

 
12.55±4.12 
15.52±4.38 

 
0.053 
0.105 

 
15.11±4.61 
18.25±5.21 

 
0.051 
0.013 

Contractile SR (s−1)    
  LA 
  RA  
 

 
-1.66±0.46 
-1.86±0.62 

 
-1.14±0.43 
-1.88±0.51 

 
<0.001 
0.869 

 
-1.51±0.46 
-1.74±0.49 

 
0.040 
0.058 

 
-1.77±0.51 
-2.10±0.47 

 
0.154 
0.079 

Volume indices (ml/m2) 
   LA max VI 
   LA min VI 
   RA max VI 

 
34.17±6.2 

18.140±3.6 
26.96±6.27 

 

 
37.68±6.8 
19.97±6.1 

24.96±7.75 
 

 
<0.001 
0.002 
0.087 

 

 
32.76±8 

15.2±6.67 
23.11±4.91 

 

 
0.016 
0.747 

<0.001 
 

 
29.5±8.20 

13.01±5.46 
22.15±5.7 

 

 
<0.001 
<0.001 
<0.001 

 Mechanical dispersion (ms) 
    LA 
    RA-LA 

 
77.26±26.9 
-20.9 ± 6.6 

 
106.58±34.8 
-24.7 ± 8.7 

 
<0.001 
<0.001 

 

 
54.75±18.8 
-16.1 ± 4.9 

 
0.001 
0.001 

 
54.74±21.7 
-18.79±5.7 

 
0.008 
0.026 

Derived functional indices  
    LA emptying fraction (%) 
    LA expansion index 
    LA stiffness index 

 
53.9±10 

132.2±56 
0.30±0.12 

 

 
49.2±10.57 
106.3±48 
0.45±0.18 

 
<0.001 
<0.001 
<0.001 

 
53.49±9.6 

125.48±44.8 
0.32±0.12 

 
0.241 
0.070 
0.642 

 
57.06±6.9 

140.7±38.4 
0.30±0.13 

 
0.087 
0.350 
0.414 

Hemodynamics indices 
   E/A ratio 
   E/e’ ratio 
   SPAP  
   Heart rate (bpm) 
 

 
1.11±0.36 
7.65±1.9 

28.39±5.13 
61.87±10.3 

 
1.40±0.51 
9.06±2.23 
31.4±6.9 

66.87±11.4 

 
<0.001 
<0.001 
<0.001 
<0.001 

 
1.23±0.42 
7.99±1.93 
26.9±4.3 

65.96±11.4 

 
0.039 
0.935 
0.045 
0.213 

 

 
1.34±0.45 
8.39±2.27 
28.11±5.2 

65.37±10.7 
 

 
0.002 
0.071 
0.902 
0.065 

 

Global longitudinal strain (%) 
   LV 
   RV 
   RV free wall 

 
-19.06±2.99 
-21.56±3.42 
-25.45±4.17 

 

 
-18.83±2.97 

……. 
……. 

 
0.455 

NA  
NA 

 
-18.60±2.51 
-21.13±3.16 
-24.95±3.7 

 
0.440 
0.789 
0.992 

 
-19.02±2.54 
-21.56±3.42 
-24.95±3.70 

 
0.518 
0.600 
0.607 

 p, † p, ‡ p values of comparisons between baseline vs. 1 day-post-CA, 3-month follow-up and 12-month follow-up 

respectively.  Abbreviations: CA = catheter ablation, LA = left atrial, LR = right atrium, SR= strain rate, VI = volume index, SPAP 

= systolic pulmonary artery pressure, NA = not applicable. 
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Chapter 8 

Echocardiography markers of myocardial tissue deformation as 

independent predictors of sinus rhythm maintenance after catheter 

ablation for paroxysmal atrial fibrillation 

 

Background:  

Speckle Tracking Echocardiography (STE) provides a comprehensive and quantitative 

assessment of myocardial function. However, the accuracy of STE-derived indices to predict 

maintenance of sinus rhythm following radio-frequency catheter ablation is still under 

debate. Therefore, the aim of the present study is to define the accuracy of STE-derived 

parameters to predict long-term maintenance of sinus rhythm in patients with paroxysmal 

AF undergoing CA. 

Methods:  

We prospectively enrolled 218 consecutive patients (age: 62±10 years, 30% females) with 

paroxysmal AF undergoing first-CA. All patients with preserved ejection fraction (EF ≥ 50%) 

underwent comprehensive transthoracic echocardiography at baseline, including 

assessment of left ventricular (LV) global longitudinal strain (GLS), left atrial (LA) reservoir 

strain (LASr), LA conduit strain (LAScd) and LA contractile strain (LASct) using two-

dimensional STE in apical views.  

Results:  

At 12 months follow up, a total of 39 (18%) patients had a documented recurrence of AF. 

Among imaging parameters, LASr > 23% showed the largest area under the curve (0.80) to 

predict long-term maintenance of sinus rhythm with sensitivity of 79% and specificity of 

72%. Other parameters of LA function, LA diameter, maximum or minimum LA volume index, 

LV GLS or ejection fraction, and indices of LV diastolic function had lower area under the 

curve. Using multivariable logistic regression, LASr (OR 1.19, 95% CI 1.10-1.23, p<0.001) and 

LASct (OR 1.21, 95% CI 1.07-1.37, p=0.002) were independently associated with long-term 

sinus rhythm while maximum or minimum LA volume index was not.  

Conclusion: 

In patients with paroxysmal AF undergoing radio-frequency catheter ablation, preserved LA 

reservoir and contractile strain is independently associated with long-term maintenance of 

sinus rhythm, whereas LA diameter or volumes were not. LA strain may therefore be useful 

in management of patients with paroxysmal AF. 
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Introduction: 

Atrial fibrillation (AF) recurrence is no uncommon post catheter ablation [1, 2]. AF 

recurrence is associated with symptomatic deterioration, thromboembolic events, hospital 

admissions and worse prognosis [3, 4]. Therefore, definition of an accurate and easily 

obtainable predictor of AF recurrence is of crucial importance. AF is associated with left 

atrial (LA) structural remodeling and functional deterioration due to a variable degree of 

myocardial hypertrophy, disarray, apoptosis and fibrosis [5, 6]. In clinical practice, two-

dimensional echocardiography-derived indices of LA size are routinely used to assess left 

atrium (LA) [7]. However, these parameters have important limitations to describe complex 

myocardial changes associated with AF [8].   

Recent advances in echocardiography equipment and image post-processing allow an 

assessment of LA strain and strain rate [9]. The speckle-tracking echocardiography (STE)-

derived LA longitudinal strain has been shown to be an accurate and reproducible parameter 

to evaluate LA longitudinal shortening [10]. Furthermore, LA strain has significantly 

correlated with underlying LA fibrosis [11, 12]. This suggests that LA strain provides a 

comprehensive and quantitative assessment of LA structure and function. Hence, it is 

tempting to speculate that the analysis of LA strain will show high accuracy to predict AF 

recurrence post catheter ablation. However, LA strain can be affected by several factors not 

related to LA structural damage such as loading conditions or arrhythmias [13]. Moreover, in 

the real-world setting, the value of LA strain to predict rhythm outcome following catheter 

ablation is not known. Therefore, the aim of the present study is firstly to define 

echocardiographic predictors of SR maintenance in long-term follow-up, and secondly to 

determine the relation between LA and LV strains and to compare their predictive values in 

the risk stratification for AF recurrence following catheter ablation.  

Methods:  

Design: Prospective, single-center, observational study.  

Patients: All consecutive patients with symptomatic AF undergoing elective catheter 

ablation between 10/2017 and 5/2019 were screened for eligibility according to the 

following inclusion criteria: (1) paroxysmal AF; (2) preserved left ventricular ejection fraction 

(LVEF) (≥ 50%). Patients with permanent or valvular AF, cardiomyopathy or congenital heart 

diseases, history of myocardial infarction or coronary revascularization, post cardiac surgery 

for any cause, pacemaker, and reduced LVEF (< 50%) were excluded. The final study 

population consisted of 218 patients with paroxysmal AF undergoing first catheter ablation. 

Control group consisted of 23 healthy controls. Study was approved by the Ethics Committee 

of our institution. Each patient signed informed consent before participating in the study.  

Protocol: All participants underwent extensive encircling pulmonary vein isolation guided by 

an electro-anatomical map using the Carto 3 mapping system (Biosense-Webster, CA, USA). 

History, physical examination and laboratory data were recorded during the admission for 
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catheter ablation. Furthermore, all patients underwent comprehensive transthoracic 

echocardiography at baseline. Patients were discharged the day after ablation if the clinical 

status was stable. Following the procedure, all the patients were continuously monitored 

with ECG telemetry for at least 12 hours. All hospitalizations, emergency room admissions or 

outpatients visit were recorded. Any suspicious symptoms or abnormal electrical activity 

recordings at Holter were adjudicated by an experienced electrophysiologist. The AF 

recurrence was defined as any documented AF episode lasting ≥ 30 seconds that occurs after 

catheter ablation, after a blanking period of 3 months [14]. All the included patients 

underwent physical examination and a 24 h Holter recording at 3 months after the ablation. 

Additional Holter monitoring was performed if arrhythmic symptoms occurred. All 

documented AF episodes > 30 s were considered as a recurrence. Antiarrhythmic medication 

was continued for at least 3 months after catheter ablation and oral anticoagulation was 

continued for at least 6 months; and then stopped if no AF recurrences were detected or 

other indicators based on CHA2DS2-VASc cardioembolic risk score were reported.  

Echocardiography: A comprehensive 2D transthoracic echocardiographic examination was 

performed using Vivid E95 (GE HealthCare, Horten, Norway) ultrasound system. All acquired 

images were stored digitally for offline analysis using a commercially available software 

(EchoPac, GE HealthCare). All examinations were recorded and analyzed by the same 

operator. Average of at least 3 beats (in sinus rhythm) or 5 beats (in AF) was taken for each 

measurement. Blood pressure and heart rate was recorded during each examination. The 

biplane Simpson method was used to assess LV volumes and ejection fraction [7]. LA antero-

posterior diameter was measured at end-systole using the parasternal long-axis view [7]. 

Maximum and minimum LA volume, LA emptying fraction and LA expansion index were 

calculated from the apical 4- and 2-chamber views using the area-length method [7]. LV 

global longitudinal strain (GLS) was assessed using speckle tracking technique in views 

optimized for each chamber and at frame rate of >60 FPS. Assessment of longitudinal LA 

phasic strain was performed using SLE as recommended [10]. In brief, optimized apical 4- 

and 2-chamber views were recorded during breath hold. LA endocardial borders were traced 

manually in all views. Region of interest was manually adjusted and tracking quality was 

previewed before generating LAS and LASR curves. The LA reservoir (LASr), conduit (LAScd) 

and contractile (LASct) strain and SR were assessed as average of segmental values in apical 

views using the onset of QRS as a reference point [10].  

Statistical analysis 

All analyses were performed using SPSS statistics software (Version 23; Chicago, IL, USA). 

Continuous variables were expressed as the means and standard deviations; categorical 

variables were expressed as proportions. The paired t‐test was used to test differences in 

normally distributed continuous variables in the same group, and unpaired t-test and 

ANOVA with post hoc test were used for exploration of differences among means of 

variables between different groups. A two‐sided p value of less than 0.05 was considered to 
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represent a statistically significant difference. The lack of inter- and intra-operator variability 

was assessed using Wilcoxon’s non-parametric test for matched data. Receiver operating 

characteristic (ROC) curves were generated to determine optimal cutoff values of continuous 

variable. The Cox proportional-hazards regression model was used to assess the clinical risk 

associated with increasing continuous increments of strain parameters. 

Results 

The baseline clinical and echocardiographic characteristics of the study population are 

summarized in table 1, 2. At baseline, there were no differences between the two groups 

with regard to the use of cardiovascular medications (table 1). Mean time from the first 

documented AF was present to the ablation procedure was 5.8±3.7 years. At mid-term 

follow-up, a total of 13 patients (12%) had early AF recurrence after catheter ablation but we 

considered the period of the first 3 months after catheter ablation as a blanking period [11]. 

At long-term follow-up, 179 (82%) patients maintained sinus rhythm whereas 39 (18%) 

patients had AF recurrence. Importantly, it was noticed that there was a significant decrease 

in the use of beta-blockers, anti-arrhythmic and anti-coagulants drugs in patients who 

maintained sinus rhythm (at baseline: 72%, 8% and 67% versus at follow-up: 52%, 6% and 

49% respectively, all p<0.05) whereas a significant increase in the use of anti-arrhythmic 

drugs in patients who develop AF recurrence (at baseline: 19% versus at follow-up: 35%, 

p<0.05). In addition, no difference in mean systolic or diastolic blood pressure was noted 

during clinical follow-up in both groups of patients.  

There was no difference in LV and RV dimensions, volumes or derived indices between the 

two groups and with no significant difference in LA diameter or maximum volume (tables 2). 

There was a significant difference was observed in LV GLS and E/é ratio between the two 

groups. However, patients with AF recurrence showed statistically significant reduced LASr 

and LASct at baseline compared to patients without recurrence (tables 2). Based on receiver 

operating characteristics, the higher AUC was obtained with LASr with a best cutoff value of 

0.23 (sensitivity 79%, specificity 72%) than other LA functional or volume derived parameters 

(figure 1). Furthermore, the AUC for LASr was higher sensitive than LV GLS and other indices 

of LV diastolic function (figures 2, 3).  

Discussion  

The main findings of our study are: 1) In the global population of patients with non-

significant LA dilation, both LASr and LASct were independent predictors of sinus rhythm 

maintenance after catheter ablation. 2) In the group of patients with AF recurrence, LA 

longitudinal dysfunction was also present in the absence of LA enlargement assessed by LA 

size. These results suggest that patients with higher LA strain values seem to have a greater 

likelihood for maintenance of sinus rhythm following ablation. In line with these 

observations, normal LA size does not exclude the risk of AF recurrence, but LA volume 

derived indices such as LAEF and LAEI, could discriminate patients with AF recurrence after 
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catheter ablation therapy compared with patients without recurrence. However, LA volume 

derived indices have many limitations during measurement based on 2D echocardiography 

images. Thus, LA strain represents a more subtle form of LA remodeling that was closely 

associated with AF freedom after catheter ablation.  

It is well known that impaired LA strain increased risk of AF recurrence after catheter 

ablation and several studies have reported that LA strain is a predictor of AF recurrence after 

catheter ablation for paroxysmal AF, which is associated with worse outcome in the follow-

up period [15-18]. Other studies also have reported that LA strain might be used as a 

predictor of sinus rhythm maintenance after ablation procedure, which is associated with 

better prognosis in long-term follow-up [19-21]. A recent meta-analysis reported that a 

dilated LA with diameter more than 50 mm and volume above 150 ml or LASr below 19% 

reflect an unstable LA that is unlikely to hold sinus rhythm after ablation [22]. In this context, 

our study demonstrated that non-impaired LASr is associates with sinus rhythm 

maintenance independent of LA size and potentially it can be used to guide the rhythm 

monitoring in this clinical setting. Furthermore, LASct also followed a similar trend which 

emphasized that the atrial booster function importantly contributes to LA functional 

preserve. Thus, it should be considered when we assess LA longitudinal function.  

In contrast to a previous study reported that LA volume was the best predictor of AF 

recurrence following single ablation procedure in patients with paroxysmal AF, even in 

patients with a relatively small LA [23], our study demonstrated that LA volume was not an 

independent predictor of AF freedom in a multivariate logistic regression model and LA 

phasic strain showed more accuracy to predict the rhythm outcome in the patients with 

paroxysmal AF and non-significant LA enlargement. However, the interplay between LA 

dilatation and LA mechanical dysfunction and LV mechanics is critical, especially in patients 

with other risk factors associated with pressure overload, that makes the atrium susceptible 

to LA dilatation which in itself is an adaptive change related to LV high filling pressures [24]. 

Since LA pump function is less dependent on LV mechanics [25], this implies that the 

absolute value for LASr should be combined with LASct during the assessment of LA strain 

performance and LASct may be useful when the etiology of paroxysmal AF is suspected to be 

related to isolated atrial cardiomyopathy.  

In agreement with previous studies reported that both LV GLS and LAS provided incremental 

predictive values over clinical and standard echocardiographic parameters in patients with 

AF, specifically LA strain was more useful than LV GLS in patients without LA enlargement 

[25, 26], our study also demonstrated that the prognostic value of LAS for maintenance of 

sinus rhythm was incremental over LV GLS in AF patients with preserved LVEF without LA 

enlargement. However, it is useful to combine both LA phasic strain and LV GLS to uncover 

LA and LV subtle longitudinal dysfunction in AF patients with preserved LVEF, especially in 

obese patients or patients with other risk factors, such as hypertension and diabetes. This 
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combination may be useful to override some limitation of myocardial strain assessment 

under different loading conditions, especially in patients with history of recurrent AF. 

Limitation  

First, patients cannot be monitored continuously throughout the follow-up period. Thus, 

asymptomatic episodes of AF may not have been detected during the follow-up. Secondly, 

there is no clear data on the exact AF burden before ablation procedures which may provide 

more information about the relation between LA functional remodeling and rhythm 

outcome. Thirdly, grading of diastolic dysfunction based on invasive measurements of filling 

pressures is missed in our study and since measurements were obtained at a single time 

point, strain measurements might be affected by pressure overload. Consequently, the serial 

assessment of LA phasic function should be considered when we assess the LAS under 

different loading conditions. 

Conclusion 

Both poor LA reservoir capacity and impaired contractile function are associated with an 

increased risk of paroxysmal AF recurrence following radio-frequency catheter ablation. LA 

reservoir strain is more accurate predictor of AF recurrence than other standard 

echocardiographic parameters and it might provide incremental predictive value for 

maintaining normal sinus rhythm over clinical features in patients with a history of 

paroxysmal AF. Further prospective studies are needed to determine the future implications 

of LA phasic strain in the process of selecting patients with history of AF to be referred to 

catheter ablation. 
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Table 1: Baseline clinical characteristics and medication in overall patients.  

 Overall patients 
(n=218) 

SR maintenance 
group (n=179) 

AF recurrence 
group (n=39) 

P value 
(SR maintenance vs. 

AF recurrence) 

Age, y 62 ± 10 61 ± 9 66 ± 11 0.015 

Males, n (%) 153 (62) 128 (70) 25 (64) 0.362 

Body mass index (kg/m2) 26.9 ± 4 26.9 ± 3.9 27 ± 4.2 0.907 

Obesity, n (%) 58 (27) 40 (22) 18 (46) 0.466 

CAD, n (%) 11 (5) 7 (4) 4 (10) 0.102 

COPD, n (%) 14 (6) 11 (6) 3 (8) 0.723 

Hyperlipidemia, n (%) 82 (38) 68 (38) 14 (36) 0.808 

Hypertension, n (%) 88 (38) 71 (40) 17 (43) 0.653 

Diabetes mellitus, n (%) 11 (5) 7 (4) 4 (10) 0.102 

Current smoker, n (%) 21 (10) 18(10) 3 (7) 0.023 

NT Pro-BNP (pg/mL) 266 ± 344 231 ± 282 518 ±574 < 0.001 

Beta blockers 165 (76) 128 (72) 37 (95) 0.002 

ACEi  44 (20) 30 (17) 14 (36) 0.025 

ARBs 15 (6) 14 (8) 1 (2) 0.110 

CCBs 14 (6) 12 (7) 2 (5) 0.275 

Anti-platelets 26 (12) 19 (11) 7 (18) 0.697 

Anti-coagulants 153 (70) 120 (67) 33 (84) 0.012 

Anti-arrhythmic 28 (13) 14 (8) 14(36) 0.0101 

Diuretics 25 (11) 15 (8) 10 (26) 0.060 

Aldosterone antagonists  27 (12) 17 (9) 10 (26) 0.035 

Digoxin  7 (3) 4 (2) 3 (8) 0.024 

Abbreviations: ACEI = angiotensin converting enzyme inhibitors, AF = atrial fibrillation, ARBs = angiotensin II 

receptor blockers, BMI = body mass index, CCBs = calcium blockers, SR = sinus rhythm. 
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Table 2: Baseline echocardiographic characteristics in overall patients. 

 Overall patients 
(n=218) 

SR maintenance 
group (n=179) 

AF recurrence 
group (n=39) 

P value 
(SR maintenance 

vs. AF recurrence) 

Heart rate (bpm) 65 ± 10 65 ± 10 69 ± 11 0.025 

LV end-diastolic diameter (cm) 5.2 ± 0.3 5.2 ± 0.3 5.0 ± 0.5 0.740 

LV end-systolic diameter (cm) 3.2 ± 0.5 3.2 ± 0.5 3.2 ± 0.6 0.138 

LV relative wall thickness 0.43 ± 0.06 0.43 ± 0.06 0.42 ± 0.06 0.693 

LV mass index (g/m2) 94.3 ± 24 93.3 ± 23 99.3 ± 27.1 0.170 

LV end-diastolic volume index (ml/m2) 53.8 ± 12.9 55.3 ± 13.9 53.4 ±12.7 0.416 

LV end-systolic volume index (ml/m2) 21.5 ± 6.8 21 ± 6.7 22.4 ± 7.5 0.397 

LV stroke volume index (mL/m2) 32 ± 8.9 33 ± 9 33 ± 8.6 0.741 

LV ejection fraction (%) 61 ± 6 61 ± 6 60 ± 7 0.472 

LV global longitudinal strain (%) -19.4 ± 2.8 -19.8 ± 2.7 -17.7 ± 2.4  < 0.001 

E/A ratio 1.20 ± 0.45 1.18 ± 0.43 1.18 ± 0.43 0.197 

e’ lateral (m/sec) 0.09 ± 0.05 0.09 ± 0.3 0.1 ± 0.1 0.164 

e’ septal (m/sec) 0.10 ± 0.08 0.09 ± 0.03 0.11 ± 0.11 0.591 

E/e′ ratio 8.8 ± 3.6 8.1 ± 2.2 12.8 ± 6.7 < 0.001 

Systolic PAP (mmHg) 29.8 ± 5.8 29.6 ± 5.9 30.6 ± 5.74 0.321 

RV basal diameter (cm) 3.67 ± 0.38 3.7 ± 0.39 0.36 ± 0.27 0.210 

RV mid diameter (cm) 2.49 ± 0.36 2.49 ± 0.36 2.60± 0.31 0.446 

RV TAPSE 24.1 ± 3.5 24 ± 3.6 23.6 ± 3.1 0.616 

RV global longitudinal strain (%) -22.4 ± 4.8  -21.6 ± 6.8 -21.6± 6.8 0.717 

RV free wall longitudinal strain (%) -23.8± 5.2 -22.4 ± 4.8 -22.8± 6.5 0.790 

LA diameter (cm) 3.9 ± 0.42 3.9 ± 0.41 4.1 ± 0.42 0.018 

LA max volume index (ml/m2)  33.54± 8.03 32.87 ± 7.59 36.59 ± 9.32 0.008 

LA min volume index (ml/m2)  16.73 ± 5.87 16.08 ± 5.05 19.71 ± 8.12 < 0.001 

LA emptying fraction (%)   53.77 ± 9.51 54.89 ± 8.97 48.63 ± 10.28 < 0.001 

LA expansion index   126.8 ± 48.3 132.7 ± 47.8 100.1 ± 41.2 < 0.001 

Reservoir LA strain (%) 27.03 ± 7.30 28.4 ± 6.65 20.74 ± 6.92 < 0.001 

Conduit LA strain (%) 14.21 ± 4.65 15.02 ± 4.3 10.5 ± 4.31 < 0.001 

Contractile LA strain (%) 12.81 ± 3.77 13.4 ± 3.64 10.24 ± 3.26 < 0.001 

LA stiffness index 0.36 ± 0.23 0.31 ± 0.14 0.65 ± 0.40 < 0.001 

LA contractile strain index  47.69 ± 8.06 47.7 ± 8.03 50.12 ± 7.85 0.038  

Abbreviations: AF = atrial fibrillation, LV = left ventricular, MDRD = modification of diet in renal disease, PAP = 

pulmonary artery pressure, RV = right ventricular, TAPSE = tricuspid annular plane systolic excursion, LA = left 

atrial, SR = sinus rhythm.  
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Table 3. Echocardiography predictors of high probability of long-term maintenance of sinus rhythm. 

 Univariable Analysis Multivariable Analysis 
 OR (95% CI) p value OR (95% CI) p 

value 

     
Reservoir LAS 
  LV GLS 

1.20 (1.12 – 1.28) 
1.35 (1.16 – 1.56) 

<0.001 
<0.001 

1.19 (1.10-1.23) <0.001 

  LAVI 
 

0.94 (0.91 – 0.98) 0.011   

        
Contractile LAS       1.28 (1.15- 1.43) <0.001 1.21 (1.07-1.37) 0.002 
   LV GLS 
   LAVI 
    

1.35 (1.16 – 1.56) 
0.94 (0.91 – 0.98) 

<0.001 
  0.011 

  

     
     

CI = confidence interval, OR = odds ratio, LAS = left atrial strain, LV GLS = left ventricular global longitudinal strain, 
LAVI = left atrial volume index 
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Figure 1: Receiver-operating characteristic curves of left atrial reservoir strain (LASr), LA 

conduit strain (LAScd) and LA contractile strain (LASct), LA emptying fraction (LAEF), LA 

expansion index (LAEI), LA end-systolic (LAES) and end-diastolic (LAED) volume index (VI) to 

predict long-term maintenance of sinus rhythm. 

 

 

Area Under the Curve 

Test Result Variable(s) Area Std. Errora Asymptotic Sig.b 

Asymptotic 95% Confidence 

Interval 

Lower Bound Upper Bound 

LASr .802 .043 .000 .718 .886 

LAScd .788 .042 .000 .705 .871 

LASct .745 .044 .000 .658 .832 

LA_EF .680 .048 .000 .586 .773 

LA_EI .707 .045 .000 .619 .795 

LAES_VI .367 .048 .009 .274 .461 

LAED_VI .363 .048 .008 .269 .458 
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Figure 2: Receiver-operating characteristic curves of left atrial reservoir strain (LASr), left 

ventricular global longitudinal strain (LVGLS), LV ejection fraction (LVEF), LV mass index 

(LVMI), LV end- diastolic volume (LAEDV), LV end-systolic volume (LAESV) indices and LV 

stroke volume index (LVSVi) to predict long-term maintenance of sinus rhythm. 

 

 

 

Area Under the Curve 

Test Result Variable(s) Area Std. Errora Asymptotic Sig.b 

Asymptotic 95% Confidence 

Interval 

Lower Bound Upper Bound 

LASr .803 .046 .000 .714 .892 

LV_GLS .728 .047 .000 .636 .821 

LVM_index .449 .053 .331 .344 .553 

LVEDV_index .473 .054 .617 .368 .579 

LVESV_index .439 .056 .247 .328 .549 

LVSV_index .500 .051 .994 .401 .600 

LVEF .570 .055 .189 .461 .678 
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Figure 3: Receiver-operating characteristic curves of left atrial reservoir strain (LASr), left 

ventricular global longitudinal strain (LVGLS) and deceleration time (DT) and other indices 

of LV diastolic function to predict long-term maintenance of sinus rhythm.  

 

 
 

Area Under the Curve 

Test Result Variable(s) Area Std. Errora 

Asymptotic 

Sig.b 

Asymptotic 95% Confidence 

Interval 

Lower Bound Upper Bound 

LASr .760 .053 .000 .655 .864 

LV_GLS .669 .054 .004 .564 .774 

E/A .424 .061 .189 .305 .543 

E/e´ .211 .050 .000 .113 .309 

DT .531 .062 .593 .410 .652 

e´_lateral .502 .056 .974 .393 .611 

e´_septal .528 .062 .628 .407 .650 
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Chapter 9  

Impact of redo catheter ablation on left atrial geometry in patients 

with recurrent atrial fibrilation 

 

Introduction: 

Restoraion of sinus rhythm with radiofrequency catheter (RF) ablation in  patients with 

paroxysmal and persistent atrial fibrillaion (Afib) results in  left atrial (LA) remodeling. 

However, limited knowledge exists regarding the net effect of wide circumferenial RF 

pulmonary vein isolation (PVI) on the LA geometry. 

Methods:  

Over a 4 year period, all patients that underwent at least two point-by-point wide 

circumferenial PVI procedures for paroxysmal or persistent Afib in our center were included 

(n=82). In all patients a 3D rotational angiography of the left atrium was performed 

immediately before ablation, at index and repeat ablations. Left atrial geometry in terms of 

volume, sphericity, surface and anterior-posterior diameter were assessed in all patients 

between first-second and second-third PVI. 

Results:  

71 patients (31 paroxysmal Afib, 40 persistent Afib) underwent a rotational angiography 

before their first and second PVI, whereas 19 patients underwent a rotational angiography 

before their second and third PVI. There was a statistical significant reduction of the LA 

volume and the surface of the left atrium in all 71 patients.  

Patients with paroxysmal atrial fibrillation also showed significant increase of the LA 

sphericity, whereas patients with persistent atrial fibrillation showed only a trend towards 

increased sphericity, without reaching statisitcal significance. The group of the 19 patients, 

who underwent a third PVI showed no differences of their LA geometry after electrical 

mapping of the gaps and focal RF re-isolation. 
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Conlusions:  

Wide circumferential RF pulmonary vein isolation itself results in remodeling of the LA, 

irrespective of long-term maintenance of sinus rhythm, in both patients with paroxysmal and 

persistent Afib.  
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Chapter 10 

Heart failure with preserved ejection fraction or non-cardiac 

dyspnea in paroxysmal atrial fibrillation: The role of left atrial strain 

 

Background:  

Diagnosis of heart failure with preserved ejection fraction (HFpEF) in patients with dyspnea 

and paroxysmal atrial fibrillation (AF) is challenging. Speckle tracking-derived left atrial strain 

(LAS) provides an accurate estimate of left ventricular (LV) filling pressures and left atrial (LA) 

phasic function. However, data on clinical utility of LAS in patients with dyspnea and AF are 

scarce.  

Objective:  

To assess relationship between the LAS and the probability of HFpEF in patients with 

dyspnea and paroxysmal AF. 

Methods:  

The study included 205 consecutive patients (62±10 years, 58% males) with dyspnea 

(NYHA≥II), paroxysmal AF and preserved LV ejection fraction (≥50%), who underwent speckle 

tracking echocardiography during sinus rhythm. Probability of HFpEF was estimated using 

H2FPEF and HFA-PEFF scores, which combine clinical characteristics, echocardiographic 

parameters and natriuretic peptides.  

Results:  

Patients with high probability of HFpEF were significantly older, had higher body mass index, 

NT-proBNP, E/e’, pulmonary artery pressure and larger LA volume index than patients in 

low-to-intermediate probability groups (all p<0.05). All components of LAS and LA strain rate 

showed proportional impairment with increasing probability of HFpEF (all p<0.05). Out of 

the speckle tracking-derived parameters, reservoir LAS showed the largest area under the 

curve (AUC = 0.78, p<0.001) and the strongest independent predictive value (OR: 1.22, 95% 

CI 1.08-1.38) to identify patients with high probability of HFpEF. 

Conclusions:  

Reservoir LAS shows a high diagnostic performance to distinguish HFpEF from non-cardiac 

causes of dyspnea in symptomatic patients with paroxysmal AF. 
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Introduction 

Diagnosis of heart failure with preserved ejection fraction (HFpEF) in elderly patients with 

dyspnea and paroxysmal atrial fibrillation (AF) is challenging. Both HFpEF and AF show high 

concomitant prevalence (1-4). Moreover, presence of HFpEF is associated with increased risk 

of future AF while AF triggers HFpEF (1, 2, 5). As non-cardiac causes of dyspnea are also 

common (1, 2, 6), there is a clinical need for simple parameters to distinguish HFpEF from 

non-cardiac dyspnea in daily practice.  

HFpEF leads to left atrial (LA) pressure overload, fibrosis, remodeling and dysfunction (7-10). 

Speckle tracking-derived LA strain (LAS) has emerged as an accurate marker of elevated left 

ventricular (LV) filling pressures and LA functional impairment (3, 11). Several studies have 

shown high diagnostic accuracy of LAS to discriminate HFpEF from non-cardiac dyspnea in 

patients with sinus rhythm (12-14). However, the data on clinical utility of LAS to diagnose 

HFpEF in individuals with dyspnea and AF are limited. As both HFpEF and AF are associated 

with abnormalities of LA function, the accuracy of LAS to detect HFpEF may be impaired (1, 

2, 6, 14). Therefore, the aim of the present study was to assess the relationship between LAS 

and the probability of HFpEF in patients with dyspnea and paroxysmal AF. 

Methods 

Design Prospective, single-center study. 

Patients The study population consisted of 205 consecutive patients (62±10 years, 58% 

males) with limiting dyspnea (NYHA≥II), paroxysmal AF and preserved LV ejection fraction 

(≥50%) undergoing transthoracic echocardiography during sinus rhythm. Patients with 

suspected ischemic heart disease, more than mild heart valve disease, hypertrophic or 

restrictive cardiomyopathy, reduced LV ejection fraction (<50%), or post catheter ablation 

were excluded. Likelihood of HFpEF was assessed using H2FPEF and HFA-PEFF scores, which 

allow discriminating HFpEF from non-cardiac causes of dyspnea (1, 2). The H2FPEF score is a 

validated and robust algorithm relying on simple clinical and Doppler echocardiographic 

characteristics (age, body mass index, history of hypertension or atrial fibrillation, pulmonary 

artery systolic pressure and mitral E/e’) (1). The HFA-PEFF diagnostic algorithm, combining 

Doppler echocardiography and natriuretic peptides, has been recently proposed in the 

consensus recommendation from the Heart Failure Association (HFA) of the European 

Society of Cardiology (ESC) (5). The H2FPEF or HFA-PEFF scores ≥5 suggest high probability of 

HFpEF (1, 2). All patients with paroxysmal AF were considered as patients with sinus rhythm 

in the HFA-PEFF and H2FPEF scores. Study was approved by the Ethics Committee of our 

institution. Each patient signed informed consent before participating in the study.  

Echocardiography A comprehensive 2D transthoracic echocardiographic examination was 

performed using Vivid E95 (GE HealthCare, Horten, Norway) ultrasound system. All acquired 

images were stored digitally for offline analysis using a commercially available software 

(EchoPac, GE HealthCare). All examinations were recorded during sinus rhythm and analyzed 
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by the same operator. Average of at least 3 beats was taken for each measurement. Blood 

pressure and heart rate were recorded during each examination. The biplane Simpson 

method was used to assess LV volumes and ejection fraction (16). LA antero-posterior 

diameter was measured at end-systole using the parasternal long-axis view (16). Maximum 

and minimum LA volume, LA emptying fraction and LA expansion index were calculated from 

the apical 4- and 2-chamber views using the area-length method (16). Right ventricular (RV) 

end-diastolic basal and mid-cavity diameters were measured in the modified apical 4-

chamber view (16). LV global longitudinal strain (GLS), RV GLS and RV free wall longitudinal 

strain (LS) were assessed using speckle tracking technique in views optimized for each 

chamber and at frame rate of >60 FPS (16, 17). Assessment of longitudinal LAS and strain 

rate (SR) were performed as recommended (17). In brief, optimized apical 4- and 2-chamber 

views were recorded during breath hold. LA endocardial borders were traced manually in all 

views. Region of interest was manually adjusted and tracking quality was previewed before 

generating LAS and LASR curves. The LA reservoir (LASr), conduit (LAScd) and contractile 

(LASct) strain and SR were assessed as average of segmental values in apical views using the 

onset of QRS as a reference point (17). The LA stiffness index was calculated as the E/e’ 

divided by LASr. The contractile LAS index was calculated by the formula [(LASct/LASr) × 

100].  

Feasibility The echocardiographic images were suboptimal in 15 patients (feasibility 93%), 

who were excluded from the analysis. 

Intra- and inter-observer variability for LAS was assessed by two operators in 10 randomly 

selected patients in each group. The intra- and the inter-observer variability for LAS and 

LASR assessment were below 5% and significantly lower (p<0.05) than that of the 

conventional LA indices. 

Statistical analysis  

Data are expressed as mean ± SD for continuous variables and as counts or percentages for 

categorical variables. One-way ANOVA or Fisher exact tests were used as appropriate. 

Receiver operating characteristic curves were constructed to assess diagnostic performance 

of LAS to identify patients with high probability of HFpEF. The association between LAS, LV 

GLS, RV GLS, RV free wall strain and probability of HFpEF was tested using univariable and 

multivariable logistic regression. For all tests, values of p<0.05 were considered significant. 

Statistical analysis was performed using the SPSS version 23 (SPSS inc, Chicago, Illinois, USA) 

and the GraphPad Prism version 6.0 (GraphPad Software, San Diego, California, USA). 

Results 

Clinical and echocardiography characteristics Table 1 and table 2 show baseline clinical and 

echocardiography characteristics, respectively, in three groups of patients according to their 

probability of HFpEF defined by each scoring system. A total of 29 patients (14%) showed 

high probability of HFpEF concordantly using both scores (figure 1). 
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Patients with high probability of HFpEF were significantly older, had higher prevalence of 

obesity and hypertension, higher percentage of diuretics use, higher NT-proBNP, E/e’, 

pulmonary artery pressure, and larger LA volume index (LAVI) than patients in low-to-

intermediate probability groups (all p<0.05). 

Cardiac mechanics All components of LAS and LASR showed a proportional impairment with 

increasing probability of HFpEF defined by using both scores (table 2, figure 2, figure 3). 

Reservoir LAS had the most consistent changes across both scoring systems, which remained 

significant after normalization to E/e’, LAVI and LV GLS (table 2). In contrast, LV or RV GLS 

were similar between groups.  

Predicting high probability of HFpEF Out of the speckle-tracking derived parameters, 

reservoir LAS showed largest area under the curve (AUC = 0.78; p<0.001) to identify patients 

with high probability of HFpEF (figure 4). The cutoff value with high sensitivity (90%) was 

<28% while the cutoff with high specificity (80%) was <23%. In multivariable regression 

analysis, reservoir LAS emerged as the strongest independent predictors of HFpEF (table 3). 

Importantly, LA strain did not present a good correlation with E/e’ but it demonstrated 

better agreement with LA max volume and derived indices than E/e' (figure 5). 

Discussion 

The findings of the present study can be summarized as follows: [1] Speckle tracking derived 

indices of LA phasic function appear to be proportionally impaired with increasing 

probability of HFpEF defined by using both HFA-PEFF and H2FPEF scores while LV and RV GLS 

did not; [2] Among speckle tracking-derived indices, reservoir LAS showed the highest 

accuracy and the strongest independent predictive value to identify HFpEF; [3] Assessment 

of reservoir LAS was highly feasible (93%) and reproducible. This suggests clinical potential of 

reservoir LAS to diagnose HFpEF in patients with history of AF. 

LAS in diagnosis of HFpEF As causes of dyspnea in patients with AF history are not clear the 

identification of reliable parameter to distinguish HFpEF from non-cardiac causes of dyspnea 

in patients with a history of AF is clinically important. HFpEF is associated with diffuse 

abnormalities of both ventricular and atrial myocardium (1, 2). Speckle tracking-derived 

indices of LV and LA myocardial function have been recently proposed to be implemented in 

the diagnostic algorithm to identify elevated left atrial pressure or HFpEF (2, 3, 18). Out of 

these indices, LA phasic strain (3) and LAS have been demonstrated to be a sensitive marker 

of early diastolic dysfunction and elevated LA pressures, two hallmark features of HFpEF (1-

3). LAS shows also significant correlation with progression of LV diastolic function, NT-

proBNP and outcome (19-24). Likewise, reservoir LAS strain has been proposed as an 

additional parameter to grade LV diastolic dysfunction or to improve diagnostic performance 

of the HFA-PEFF score alone (6, 11, 25) or in a superior manner as compared with 

conventional echocardiographic indices to diagnose HFpEF (6, 13, 14). However, in these 

studies, the majority of patients had sinus rhythm and value of LA derived indices in patients 
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with AF is unclear. Extending these finding to patients with paroxysmal AF, our study 

demonstrates proportional reduction of phasic LAS and LASR with increasing probability of 

HFpEF. The earliest worsening in LAS performance was observed in LA reservoir function 

followed by contractile function, which deteriorated at later stages as LA afterload-work 

mismatch progresses. The relationship between LAS and probability of HFpEF remained 

significant after normalization to LV systolic function (GLS), LV filling pressures (E/e’) and LA 

size (LAVI). As the accuracy to diagnose HFpEF was comparable to previous reports in 

patients with sinus rhythm (6) and our findings indicate the diagnostic value of reservoir LAS 

to identify HFpEF in wide spectrum of patients with dyspnea regardless of AF history.  

LAS and prognostic perspective 

The LA contractile phase is most dependent on atrial function as opposed to LV diastolic 

properties. In agreement to previous studies reported that patients with deteriorated clinical 

symptoms (NYHA>II) presented worse LA contractile function (26, 27), our study showed 

that the earliest changes in LAS performance was observed in LA reservoir function followed 

by contractile function; which deteriorated in later stages as work mismatch progresses. 

Therefore, in patients with a long history of diastolic dysfunction, there is an increased 

chance of loss of LA systole, thus more likely to develop AF since the LA myocardium have 

undergone an irreversible remodeling (28). 

Similar to a previous study reported that LAS decreases with worsening diastolic dysfunction 

in a gradual manner (29), our study emphasized that the LAS curve is a non-plane mirror of 

the curve of LV strain and it could reflex earlier LV diastolic dysfunction than other LV strain 

indices. Changes in LA phasic function could be attributed to intrinsic LA myocardial 

dysfunction possibly in connection with altered LV function (28-30). This supports the 

hypothesis that the LAS is more sensitive to pressure overload than LV strain. Consequently, 

the serial assessment of LA phasic function should be considered when we assess the LAS 

under different loading conditions, especially in patients at risk of developing HF (29, 31]. 

The serial assessment of LAS may be used to unmask subclinical diastolic dysfunction, thus 

optimizing the time of referral patients to the HF clinic.  

A prognostic importance of LA function in HFpEF was reported in many studies (29, 32, 33). 

Abnormal reservoir LAS (<23%) was significantly associated with worse NYHA class and with 

the risk of HF hospitalization at 2 years independently from age and sex (32). In a study of 

more than 350 patients, LA dysfunction in HFpEF was associated with a higher risk of HF 

hospitalization independent of potential clinical confounders, but not independent of LV 

strain and filling pressure (29).  

The BNP and NT-proBNP levels were considered among the diagnostic criteria of HFA-PEFF 

risk scoring system. According to many studies demonstrated that reservoir LAS was a 

predictor of elevated serum BNP levels (25, 30, 34), it was observed in our study that 

impaired reservoir LAS was associated with an increase in NT-proBNP level independent of 
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changes in ventricular function. Our results supported the current studies that showed that 

reservoir LAS is more powerful prognostic factor in HFpEF than LV GLS and other 

dimensional and functional parameters. 

Study limitations  

The analysis of LAS using speckle tracking may be vendor dependent, similarly to the LV GLS. 

However, inter-vendor variability affects absolute values of LAS rather than relative changes 

between serial examinations. In the present study, the same echo machine and analyzing 

software were used for all the analyses. This suggests that our findings may be extrapolated 

also to different vendors or software versions as long as the same equipment is used for 

serial assessment. The pulmonary capillary wedge pressure (PCWP) was not measured. The 

PCWP measurement would create more understanding about changes in LA phasic function 

under diferent hemodynamic conditions, volume statue and heart rate variability. 

Conclusions  

In this cohort of patients with symptomatic paroxysmal AF and dyspnea, reservoir LAS 

showed to be clinically useful index to detect patients with high probability of HFpEF. This 

advocates for more liberal use of LAS in elderly patients with dyspnea. 
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Scale of H2FPEF risk score [1]. 

 

 

Scale of ESC HFA-PEFF risk score [2]. 
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Figure 1. Classification of patients according to the probability of HFpEF using the H2FPEF 

and the HFA-PEFF scores. 

 

Figure 2. RV, LV and LA phasic strain in patients with low, intermediate and high probablity 

of HFpEF defined by the H2FPEF (2A) and the HFA-PEFF (2B) scores.  
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Figure 3.  LA phasic strain per score using the H2FPEF (3A) or the HFA-PEFF (3B) score.  
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Figure 4. Receiver-operating characteristic curves of LAS, LV GLS, RV GLS and RV FWLS to 

predict high probability of HFpEF defined by H2FPEF (4A) or HFA-PEFF (4B) alone or by their 

agreement (4C). 
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Figure 5A: The correlation between LA reservoir, conduit and contractile LA strain and LA 
contractile strain index with LV filling pressure index (E/e’ ratio). 
 

 

Figure 5B: The correlation between LA reservoir strain and derived LA stiffness index with LA 
max volume and derived volume indices (LA emapting fraction and LA expanstion index). 
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Table 1: Baseline clinical characteristics in patients with low, intermediate and high 
probability of HFpEF using the HFA-PEFF and the H2FPEF scoring systems. 

 HFA-PEFF score H2FPEF score 

 Low 
(0-1 points) 

(n=29) 

Intermediate 
(2-4 points) 

(n=115) 

High 
(≥5 points) 

(n=61) 

P  
(ANOVA) 

Low 
(3 points) 

(n=37) 

Intermediate 
(4-5 points) 

(n=109) 

High risk 
(6-9 points) 

(n=59) 

P 
(ANOVA) 

Age, y 57 ± 10 60 ± 10 66 ± 10 < 0.001 50 ± 8 62 ± 8 68 ± 9 < 0.001 

Males, n (%) 18 (62) 81 (70) 45 (74) 0.528 29 (78) 77 (71) 38 (64) 0.346 

BMI, kg/m2 25.6 ± 4 27.3 ± 4 26.9 ± 3.1 0.107 25.6 ± 2.7 26 ± 3.3 29.7 ± 4.4 < 0.001 

Obesity, n (%) 5 (17) 30 (26) 12 (20) 0.466 2 (5) 11 (10) 34 (58) < 0.001 

Hyperlipidemia, n (%) 6 (21) 44 (38) 24 (39) 0.176 8 (22) 34 (31) 32 (54) 0.001 

Hypertension, n (%) 4 (14) 45 (39) 35 (57) 0.001 4 (14) 44 (40) 40 (68) < 0.001 

Diabetes, n (%) 0 (0) 5 (4) 4 (7) 0.369 0 (0) 5 (5) 4 (7) 0.288 

Smoker, n (%) 3 (10) 14 (12) 6 (10) 0.886 1 (3) 14 (13) 8 (14) 0.498 

NT Pro-BNP, pg/mL 78 ± 50 126 ± 124 526 ± 338 < 0.001 126 ± 151 224 ± 264 358 ± 343 < 0.001 

Beta blockers, n (%) 18 (62) 83 (72) 55 (82) 0.117 21 (57) 77 (71) 53 (90) 0.001 

ACEI, n (%) 1 (3) 17 (15) 16 (26) 0.018 1 (3) 18 (16) 15 (25) 0.014 

ARBs, n (%) 0 (0) 11 (10) 8 (13) 0.133 1 (3) 7 (6) 11 (19) 0.010 

CCBs, n (%) 1 (3) 3 (3) 12 (20) 0.526 0 (0) 8 (7) 8 (14) 0.053 

Antiplatelets, n (%) 4 (14) 13 (11) 5 (8) 0.697 0 (0) 13 (12) 9 (15) 0.053 

Anticoagulants, n (%) 15 (52) 73 (63) 50 (82) 0.007 15 (41) 75 (69) 48 (81) < 0.001 

Antiarrhythmics, n (%) 0 (0) 10 (9) 8 (13) 0.122 2 (5) 8 (7) 8 (14) 0.291 

Diuretics, n (%)  1 (3) 19 (17) 19 (31) 0.060 1 (3) 17 (15) 21(36) < 0.001 

Digoxin, n (%) 0 (0) 2 (2) 2 (10) 0.284 1 (3) 2 (2) 1 (2) 0.909 

 

Abbreviations: ACEI = angiotensin converting enzyme inhibitors, ARBs = angiotensin II receptor blockers, BMI = body mass index, CCBs = 

calcium blockers. 
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Table 2: Baseline echocardiography characteristics in patients with low, intermediate and 

high probability of HFpEF using the HFA-PEFF and the H2FPEF scoring systems. 

 HFA-PEFF score H2FPEF score 

 Low 
(0-1 points) 

(n=29) 

Intermediate 
(2-4 points) 

(n=115) 

High 
(≥5 points) 

(n=61) 

P 
(ANOVA) 

Low 
(3 points) 

(n=37) 

Intermediate 
(4-5 points) 

(n=109) 

High risk 
(6-9 points) 

(n=59) 

P (ANOVA) 

Heart rate, bpm 69 ± 10 64 ± 9 64 ± 11 0.065 65 ± 10 65 ± 10 65 ± 11 0.990 

LVEDD, cm 5.0 ± 0.5 5.3 ± 0.4 4.8 ± 0.3 0.664 5.0 ± 0.4 5.4 ± 0.4 4.9 ± 0.5 0.574 

LVESD, cm 3.2 ± 0.5 3.3 ± 0.5 3.1 ± 0.4 0.328 3.2 ± 0.4 3.2 ± 0.5 3.2 ± 0.5 0.742 

LVRWT 0.42 ± 0.06 0.43 ± 0.05 0.44 ± 0.06 0.640 0.41 ± 0.07 0.43 ± 0.06 0.45 ± 0.06 0.008 

LVMI, g/m2 84 ± 27 92 ± 21 98 ± 23 0.019 93 ± 22 92 ± 22 93 ± 25 0.933 

LVEDVI, mL/m2 49 ± 10 54 ± 13 53 ± 13 0.107 56 ± 13 54 ± 12 51 ± 13 0.074 

LVESVI, mL/m2 19 ± 7 22 ± 7 22 ± 6 0.024 23 ± 8 22 ± 7 20 ± 6 0.065 

LV SVI, mL/m2 32 ± 9 33 ± 9 32 ± 9 0.633 35 ± 9 33 ± 9 31 ± 9 0.054 

LVEF, % 64 ± 6 60 ± 6 59 ± 8 0.009 62 ± 7 60 ± 7 60 ± 7 0.588 

LV GLS, % -21 ± 2 -20 ± 3 -19 ± 3 0.101 -20 ± 2 -20 ± 3 -20 ± 3 0.915 

E/A ratio 1.27 ± 0.4 1.14 ± 0.36 1.31 ± 0.56 0.038 1.30 ± 0.4 1.16 ± 0.47 1.23 ± 0.42 0.217 

e’ lateral, m/s 0.11 ± 0.02 0.09 ± 0.06 0.09 ± 0.03 0.011 0.11 ± 0.02 0.09 ± 0.03 0.09 ± 0.09 0.301 

e’ septal, m/s 0.1 ± 0.02 0.1 ± 0.09 0.09 ± 0.08 0.850 0.1 ± 0.02 0.1 ± 0.09 0.1 ± 0.08 0.825 

E/e′ ratio 6.4 ± 1.3 8.1 ± 1.8 9.6 ± 2.5 < 0.001 6.4 ± 1.3 8.1 ± 1.8 9.6 ± 2.5 < 0.001 

sPAP, mmHg 26.9 ± 3.3 28.2 ± 4.6 33.9 ± 6.7 < 0.001 27.8 ± 3.7 28.5 ± 5.1 33.1 ± 6.9 < 0.001 

RVD basal, cm 3.5 ± 0.34 3.7 ± 0.39 3.71 ± 0.39 0.206 3.7 ± 0.41 3.6 ± 0.38 3.8 ± 0.40 0.363 

RVD mid, cm 2.45 ± 0.26 2.49 ± 0.39 2.52 ± 0.35 0.789 2.55 ± 0.31 2.45 ± 0.33 2.55 ± 0.42 0.399 

RV TAPSE, mm 23.8 ± 2.8 24 ± 3.8 24.8 ± 3.7 0.635 23 ± 3.5 24 ± 3.8 24 ± 3.3 0.551 

RV GLS, % -24.1 ± 2.9 -21.9 ± 4.7 -22.6 ± 5.2 0.265 -22.9 ± 4.7 -22.4 ± 5.1 -22.1 ± 4.7 0.853 

RV free wall LS, % -26.8 ± 4.9 -21.8 ± 4.7 -22.5 ± 5.8 0.035 -24.2 ± 3.9 -23.9 ± 5.6 -23.2 ± 4.8 0.743 

LA diameter, cm 3.6 ± 0.29 3.9 ± 0.4 4.1 ± 0.44 < 0.001 3.8 ± 0.32 3.9 ± 0.44 4.1 ± 0.42 0.006 

LAVI max, mL/m2  26.7 ± 4.1 31.9 ± 7.2 38.2 ± 6 < 0.001 30.1 ± 6.9 32.9 ± 6.7 35.3 ± 8.7 0.003 

LAVI min, mL/m2  13.1 ± 3.5 15.51 ± 4.8 19.2 ± 4.5 < 0.001 14.1 ± 4.5 16.3 ± 4.8 17.5 ± 5.4 0.005 

LAEF, %  58.9 ± 8.1 55.3 ± 9.2 51.4 ± 7.6 < 0.001 56.3 ± 7.6 55.8 ± 9.1 51.5 ± 8.8 0.005 

LA expansion index   159.3 ± 56 133.8 ± 47 111.5 ± 32.9 < 0.001 136.5 ± 38.5 137.9 ± 52.4 114.2 ± 39.4 0.006 

Reservoir LAS, % 32.6 ± 6.2 28.8 ± 5.9 24.2 ± 6.5 < 0.001 30.8 ± 5.8 28.5 ± 7 25.2 ± 5.8 < 0.001 

LASr/E/e’, % 5.3 ± 1.7 3.8 ± 1.2 2.8 ± 1.2 < 0.001 4.8 ± 1.8 3.9 ± 1.3 2.8 ± 1.0 < 0.001 

LASr/LAVI, %/ml 1.3 ± 0.3 1.0 ± 0.3 0.7 ± 0.2 < 0.001 1.1 ± 0.4 0.9 ± 0.4 0.8 ± 0.3 < 0.001 

LASr/LV GLS 1.6 ± 0.3 1.5 ± 0.3 1.3 ± 0.3  < 0.001 1.6 ± 0.3 1.5 ± 0.3 1.3 ± 0.4  0.004 

Reservoir LASR, s-1 1.51 ± 0.29 1.33 ± 0.31 1.06 ± 0.22 < 0.001 1.48 ± 0.39 1.32 ± 0.30 1.15 ± 0.27 0.003 

Conduit LAS, % 18.2 ± 5.2 14.8 ± 3.8 12.6 ± 4.2 < 0.001 16.9 ± 4.3 14.8 ± 4.6 13.1 ± 3.6 < 0.001 

Conduit LASR, s-1 -1.4 ± 0.34 -1.18 ± 0.41 -0.92 ± 0.31 < 0.001 -1.39 ± 0.41 -1.21 ± 0.39 -0.94 ± 0.33 < 0.001 

Contractile LAS, % 14.3 ± 2.5 13.9 ± 3.6 11.5 ± 3.5 < 0.001 13.9 ± 2.9 13.7 ± 3.7 12.1 ± 3.6 0.016 

Contractile LASR, s-1 -1.87 ± 0.3 -1.68 ± 0.42 -1.33 ± 0.48 < 0.001 -1.76 ± 0.36 -1.7 ± 0.46 -1.43 ± 0.43 0.019 

Contractile LAS 
index  

44.8 ± 8.4 48.3 ± 8.1 47.8 ± 8.9 0.128 45.3 ± 7.4 48.3 ± 8.3 48.1 ± 9.1 0.180 

 

Abbreviations: GLS = global longitudinal strain, LA = left atrial, LAEF = LA emptying fraction, LAS = LA strain, LASr = reservoir LAS, LASR = LA 
strain rate, LAVI = LA volume index, LV = left ventricular, LVEDD = LV end-diastolic diameter, LVEDVI = LV end-diastolic volume index, LVEF = 
LV ejection fraction, LVESD = LV end-systolic diameter, LVESVI = LV end-systolic volume index, LVMI = LV mass index,  RV = right ventricular,  
RVD = RV end-diastolic diameter, sPAP = systolic pulmonary artery pressure, TAPSE = tricuspid annular plane systolic excursion. 
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Table 3. Predictors of high probability of HFpEF using HFA-PEFF (≥ 5), H2FPEF (>5) and their 
combination. 

 Univariable Analysis Multivariable Analysis 
 OR (95% CI) p value OR (95% CI) p 

value 

HFA-PEFF     
   Reservoir LAS 1.15 (1.09-1.22) < 0.001 1.13 (1.04-1.22) 0.003 
   LV GLS 1.09 (0.97-1.21) 0.142   
   RV GLS 3.04 (0.44-20.96) 0.259   
   RV FWLS 1.05 (0.96-1.14) 0.271   
H2FPEF     
   Reservoir LAS 1.11 (1.05-1.16) < 0.001 1.09 (1.01-1.18) 0.022 
   LV GLS 1.03 (0.92-1.15) 0.610   

   RV GLS 1.02 (0.94-1.12) 0.609   
   RV FWLS 1.02 (0.94-1.11) 0.605   
HFA-PEFF and H2FPEF      
   Reservoir LAS 1.19 (1.10-1.28) < 0.001 1.22 (1.08-1.38) 0.001 
   LV GLS 1.03 (0.89-1.19) 0.666   
   RV GLS 1.09 (0.97-1.23) 0.139   
   RV FWLS 1.05 (0.94-1.17) 0.353   

CI = confidence interval, OR = odds ratio, LAS = left atrial strain, LV GLS = left ventricular global 
longitudinal strain, RV GLS = right ventricular global longitudinal strain, RV FWLS = right 
ventricular free wall longitudinal strain.  
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Chapter 11 

Left atrial mechanics and functional capacity in HFpEF patients with 

paroxysmal atrial fibrillation 

 

Background:  

Exercise capacity and ventilatory efficiency are often impaired in heart failure patients with 

preserved ejection fraction (HFpEF). Since left atrial (LA) pressure, particularly during 

exercise plays a major role in the exercise intolerance observed in these patients, we aimed 

to characterize the contribution of resting LA mechanical properties, assessed by two-

dimensional speckle tracking echocardiography upon exercise capacity.  

Objective:  

To evaluate relationship between LA mechanics, measured by LA strain (LAS) and 

parameters of exercise capacity, assessed by cardiopulmonary exercise testing (CPET) in 

HFpEF patients with dyspnea and paroxysmal atrial fibrillation (AF). 

Methods:  

The study included 23 consecutive patients (63 ± 8 years, 83 % males) with dyspnea 

(NYHA≥II), paroxysmal AF and preserved LV ejection fraction (≥50%), referred for elective 

pulmonary vein ablation. The probability of HFpEF was estimated using H2FPEF score. During 

sinus rhythm, all patients underwent speckle tracking echocardiography and 

cardiopulmonary exercise testing by treadmill. Peak oxygen uptake (VO2max) served as 

measure of functional capacity and ventilation/carbon dioxide output (VE/VCO2) slope as 

surrogate of ventilation/perfusion mismatch. 

Results:  

Out of all the echocardiographic indices, only LA contractile strain and strain rate showed 

significant correlation with peak VO2 (both p < 0.05). All three strain components of LA 

phasic function, i.e. reservoir, conduit and contractile LAS, had significant relationship with 

VE/VCO2 slope (all p<0.050). Patients with LA strain rate above the median had significantly 

higher VE/VCO2 slope (p=0.025) and lower peak VO2 (p=0.010). In contrast, no correlations 

were observed between exercise parameters and LA volumes or LA emptying fraction or any 

other echocardiographic indices. 

Conclusions:  
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In HFpEF patients, VO2 max and VE/VCO2 slope are closely related to LA contractile strain, 

suggesting that abnormalities in LA mechanics may contribute to the blunted exercise 

capacity observed. Therefore, these markers can be used as an echocardiographic surrogate 

of functional capacity in HFpEF patients with paroxysmal AF.   

Introduction 

The prevalence of HFpEF, which accounts for approximately half of the patients with heart 

failure [1], is increasing steadily over the last years, thereby making it a global health 

problem [2]. Whereas initially its pathophysiology has been attributed to increased left 

ventricular (LV) and vascular stiffness, it became evident that not only abnormalities in LV 

function but also left atrial (LA) dysfunction is one of the components of the multifactorial 

mechanisms contributing to the disease  [3]. Indeed, the left atrium modulates LV filling and 

alterations in atrial functional parameters have been detected at the earliest stage of HFpEF 

[4,5]. Apart from LA endocrine failure with deficient ANP production and ANP resistance, LA 

remodelling and LA regulatory failure with OS overload and excessive vasopressine, the 

mechanical failure of the left atrium itself contributes directly to the complex 

pathophysiological mechanism of HFpEF [3,6]. 

Whereas nowadays 2D-echocardiography is the recommended tool to evaluate LA function, 

speckle tracking echocardiography has emerged as a more sensitive and specific method for 

LA functional assessment[7,8]. It enables to dissect LA function in three phases of reservoir, 

conduit and contractile function, and provides deeper insight in the different components of 

LA mechanics. In HFpEF patients, studies have demonstrated that compared to healthy 

controls, LA reservoir as well as conduit and pump function are impaired [3,9]. 

HFpEF patients are characterized by exertional dyspnoea and impaired exercise capacity 

which can be objectivated by cardiopulmonary exercise testing (CPET) [10]. It offers the most 

objective and comprehensive assessment of functional capacity and provides important 

information about the individual functional capacity [10] by measuring not only peak oxygen 

uptake (VO2max) but also the ventilatory/carbondioxide output (VE/VCO2) slope reflecting 

ventilatory efficiency [10].  

As we hypothesise that LA mechanics may interfere with functional capacity in HFpEF 

patients, the present study was set up to assess the interrelationship between 2D and strain 

echocardiographic parameters of LA function and exercise capacity, determined by CPET.  

Methods 

Study population: The study population consisted of 23 consecutive patients with limiting 

exertional dyspnoea (NYHA≥II) and paroxysmal atrial fibrillation undergoing maximal 

cardiopulmonary exercise test prior to pulmonary vein isolation. Patients with ischemic 

heart disease, moderate valvular heart disease, hypertrophic or restrictive cardiomyopathy 

or reduced LV ejection fraction (<50%), were excluded.   
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Likelihood of HFpEF was assessed using H2FPEF score, which allow discriminating HFpEF 

from non-cardiac causes of dyspnea [11]. All patients had a H2FPEF score ≥5 suggesting high 

probability of HFpEF [11]. Nt-proBNP (Roche Diagnostics) levels were measured in venous 

blood at rest. The study was approved by the local Ethical Committee and all pts gave 

written informed consent before participating in the study.  

Exercise testing: All patients underwent maximal cardiopulmonary exercise test before 

enrolment in the cardiac rehabilitation program and were free of exercise-limiting co-

morbidities, such as cerebrovascular disease, musculoskeletal impairment or vascular 

disease of the lower extremities. Patients could only be included if they performed a 

maximal exercise test with a RER >1.10. The protocol used for the exercise testing has been 

reported previously. Subjects were exercised on a computer-driven cyclo-ergometer 

(Marquette Case 8000, Marquette Electronics, Milwaukee, Wisc., USA) using a ramp protocol 

starting at 20 watts with gradual increase of 10 watts every minute. The 12 lead ECG and 

heart rate were recorded continuously during the test. Cuff blood pressure was measured 

every two minutes of the exercise test with a manual manometer. Subjects were exercised 

to their self-determined maximal capacity or until the physician stopped the test because of 

significant symptoms, such as chest pain or dizziness, potentially dangerous arrhythmias, ST-

segment deviations, marked systolic hypotension or hypertension.  

Respiratory gas measurements: Continuous respiratory gas measurements were obtained 

by using a Medical Graphics Cardiopulmonary Exercise System (Medical Graphics, 

Minneapolis, Minn., USA). The oxygen consumption (VO2), carbon dioxide production 

(VCO2), minute ventilation (VE), tidal volume, respiratory rate and mixed expiratory carbon 

dioxide concentration were continuously measured on a breath-by-breath basis. In addition, 

several derived variables such as the respiratory exchange ratio(RER) and the ventilatory 

equivalent for oxygen (VE/VO2) and CO2 (VE/VCO2) were calculated. Peak VO2 was 

expressed as the highest attained VO2 during the final 30 seconds of exercise. VE/VCO2-ratio 

was determined by linear regression analysis of the relation between VE and VCO2 during 

exercise, with data obtained over the complete duration of the exercise test (including 

respiratory compensation). Flow meters and gas analysers were calibrated for accuracy and 

linearity with a syringe of known volume and with precisely analysed gas mixtures on a daily 

basis.  

Echocardiography: A comprehensive 2D transthoracic echocardiographic examination was 

performed using Vivid E95 (GE HealthCare, Horten, Norway) ultrasound system. All acquired 

images were stored digitally for offline analysis using a commercially available software 

(EchoPac, GE HealthCare). All examinations were recorded during sinus rhythm and analyzed 

by the same operator. Average of at least 3 beats was taken for each measurement. Blood 

pressure and heart rate were recorded during each examination. The biplane Simpson 

method was used to assess LV volumes and ejection fraction [12]. Maximum LA volume and 

LA emptying fraction were calculated from the apical 4- and 2-chamber views using the area-
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length method [12]. LV and RV global longitudinal strain (GLS) were assessed using speckle 

tracking technique in views optimized for each chamber and at frame rate of >60 Herz 

[12,13]. Assessment of longitudinal LAS and strain rate (SR) were performed as 

recommended [14]. In brief, optimized apical 4- and 2-chamber views were recorded during 

breath hold. LA endocardial borders were traced manually in all views. Region of interest 

was manually adjusted and tracking quality was previewed before generating LAS and LASR 

curves. The LA reservoir (LASr), conduit (LAScd) and contractile (LASct) strain and SR were 

assessed as average of segmental values in apical views using the onset of QRS as a 

reference point [14,15]. 

Statistics 

All results are expressed as mean ± SD. Student T-test and a Spearman correlation coefficient 

were used for appropriate comparisons. Statistical significance was set at a two-tailed 

probability level of less than 0.05. 

Results 

Clinical and echocardiographic characteristics of the study population are summarized in 

table 1. Demographic characteristics demonstrate a high incidence of hypertension whereas 

diabetes patients (3%) and patients with morbid obesity (BMI: 27,8 ± 5,0 kg/m2) were 

relatively rare. By definition H2FPEF score was elevated, ranging between 5 and 9 points 

suggestive for HFpEF. Also, the Nt-proBNP levels were elevated (325 ± 365 pg/ml). All 

patients showed a non-dilated left ventricle with preserved contractile function as evidenced 

by LV-EF and GLS. Pulmonary pressures were within normal limits (table 1). Table 2 

summarizes the CPET characteristics. All individuals performed a maximal exercise test as 

evidenced by a RER >1.10 with a peak VO2 of 24.7 ±7 ml/kg/min and a VE/VCO2 slope of 

28.4 ± 5,2. 

Left atrial mechanical function and exercise capacity 

Indices of LA size and function are depicted in table 3. Left atrial volume index was increased 

while LA emptying fraction was within normal limits. In contrast, LAS showed a significant 

reduction in all components of LA phasic function. Out of all the echocardiographic 

parameters, contractile LAS (Figure 1E) showed significant correlation with VO2max whereas  

the VE/VCO2 slope was inversely related to reservoir, conduit and contractile LAS (Figure 1). 

A significant correlation was observed between LASR and VO2max (r=-0,562, p=0.012) and 

VE/VCO2 slope (r=0,598, p=0.009). Pts with LASR above the median were characterized by a 

significantly higher VE/VCO2 slope (31,33± 4,54 vs 25,68 ± 3,46; p=0.025) and lower peak 

VO2 (18,59 ± 7,97 vs 25,48 ± 6,99 ml.min-1.kg-1.; p=0.010) (Figure 2). Finally, no correlations 

were observed between exercise parameters and LA volumes, LA emptying fraction or 

Doppler parameters of diastolic function.  

Discussion 
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The findings of the present study can be summarized as follows: [1] Left atrial mechanical 

function is impaired in HFpEF. [2] The close relationship between exercise parameters and 

indices of left atrial strain suggest that in HFpEF patients with paroxysmal atrial fibrillation 

left atrial mechanical dysfunction plays a key role in the pathophysiology, thereby 

contributing to  the blunted exercise capacity observed in these patients. [3] Based upon 

these observations we speculate that these left atrial strain markers can be used as an 

echocardiographic surrogate for the assessment of functional capacity in HFpEF patients 

with paroxysmal atrial fibrillation.   

The left atrium plays a key role in maintaining optimal cardiac performance. Through its 

reservoir, conduit and pump function it modulates LV filling, maintains LV preload and 

cardiac output [16,17]. In addition, the compliance characteristics of the left atrium assures 

that the lungs remain free of congestion [3].  

Recent studies have demonstrated that an impaired left atrial function more than left atrial 

remodeling bears diagnostic and prognostic value in HFpEF [18]. Left atrial mechanics 

correlate with left heart filling pressures, PA pressures, PA elastance and cardiac index at 

rest as well as during exercise [4,9] and a reduced atrial functional reserve during handgrip 

exercise is able to predict a blunted exercise capacity in HFpEF [19]. 

Our study is in line with these observations. The reported correlation between LA reservoir 

strain and maximal oxygen uptake and ventilatory efficiency suggest that abnormalities in 

left atrium mechanics might impede the augmentation of cardiac output during exercise and 

contribute to the exercise intolerance, observed in this study population. 

In addition, it shows that abnormalities in LA function, measured at rest can decipher and 

identify the dynamic responses to exercise. The interplay between LA dilatation, LA 

mechanical dysfunction and atrial fibrillation is critical. Atrial fibrillation makes the atrium 

susceptible to LA dilatation which in itself is an adaptive change in HFpEF due to heightened 

LV filling pressures. On the other hand, LA dysfunction as well as heart failure and death 

have all been associated in previously asymptomatic elderly HFpEF subjects with enlarged LA 

volume [3]. We were unable to decipher any correlation between LA volume or emptying 

fraction and exercise capacity which similarly to previous observations indicates that LA 

mechanical function more than LA structure is the predominant correlate of abnormal 

hemodynamics in HFpEF [16]. Moreover, the highest correlation was observed between LA 

contractile strain and exercise parameters which emphasizes that the atrial booster function 

importantly contributes to exercise capacity [9].  

Limitations 

The assessment of LA strain is vendor dependent, a pitfall which has partly been overcome 

by using vendor independent software. Nevertheless, the cut-off value for abnormal LA 

strain is often not well defined. This implies that the absolute values for LA strain should be 

interpreted with caution [20].  
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Since measurements were obtained at a single time point, before pulmonary vein isolation 

and a control group was not included, further longitudinal studies are required to investigate 

the impact of pulmonary vein isolation upon LA mechanics and its relation to exercise 

capacity. 

Clinical implications and Conclusion 

Effective therapy for HFpEF patients remains elusive due in part to the myriad of 

pathophysiology’s that cause this syndrome. We demonstrated that impairments in LA 

mechanics measured by LA strain play a key role in the pathophysiology and are associated 

with decreased peak oxygen consumption and ventilatory efficiency.  

Although speculative, unloading the left atrium and/or augmentation of LA function may be 

an important future therapeutic strategy in HFpEF [3,3,21]. Furthermore, speckle tracking LA 

strain measurements may be helpful in guiding therapy in this subgroup of HFpEF patients. 

Future studies deciphering left atrial mechanics in HFpEF and evaluating novel therapies 

upon LA function are warranted [18]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



page 83 of 216 
 

Table 1: Study Population: Baseline demographics and echocardiography characteristics. LV = left 

ventricular, LVEDV = LV end-diastolic volume, LVESV = LV end-systolic volume, LV GLS = LV global 

longitudinal strain, IHD = ischemic heart disease, COPD = chronic obstructive pulmonary disease, 

LVESVI = indexed LVESV, LVEDVI = indexed LVEDV, LVEF = LV ejection fraction, LVEDD = LV end-

diastolic diameter, LVMI = LV mass index, sPAP = systolic pulmonary artery pressure, RV GLS = right 

ventricular global longitudinal strain, BMI = body mass index. 

 

 

 

  

Clinical Characteristics

   Age (years) 63 ± 9

   BMI (kg/m2) 27,8 ± 5,0

   Male sex (%) 83,00

   Hypertension (%) 47

   Smoker (%) 3

   Diabetes (%) 3

   IHD (%) 3

   COPD (%) 10

Standard Echocardiogram

   LVEDVI (mL/m2) 53,9 ± 11,2

   LVEDV (mL) 109,5 ± 23,5

   LVESVI (mL/m2) 21,9 ± 7,0

   LVESV (mL) 44,4 ± 14,2

   LVEDD (mm) 50,4 ± 0,7

   LVMI (g/m2) 90,5 ± 25,9

   LVEF (%) 61,56,2

   LV GLS (%) -19,8  ± 2,3

   RV GLS (%) - 22,4 ± 4,0

   E/A 1,3 ± 0,4

   Mean E/e´ 8,5 ± 2,4

   PASP (mm Hg) 31,9 ± 7,1

   RV TAPSE (mm) 24,7 ± 3,9

Biomarkers

   Nt-proBNP (pg/ml) 325,1 ± 365,7

Variable All patients
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Table 2: Study Population: Cardiopulmonary Characteristics. Data are expressed as mean  standard 

deviation. Peak RER indicates peak respiratory exchange ratio, HRR heart rate reserve. 

 

 

Table 3: Study Population: Echocardiographic characteristics of left atrium. Data are expressed as 

mean   standard deviation or %. LA = left atrial, LAVI = LA volume index, LAS = left atrial strain, LASR 

= left atrial strain rate 

 

 

 

 

 

 

 

VO2 (mL/min) 2168 ± 532

VO2/Kg (mL/min/kg) 24,7 ± 7,0

Peak RER 1,1 ± 0,1

Peak Heart rate (bpm) 126 ± 27

HRR 19,1 ± 19,7

VE/VCO2 slope 28,4 ± 5,2

Variable All patients

   LA volume (mL) 72,8 ± 20,8

   LAVI (mL/m2) 35,8 ± 7,9

   LA ejection fraction (%) 54,3 ± 8,3

LA Reservoir Phase

    Global strain-LASr (%) 26,5 ± 8,0

    Global strain rate (/s) -1,3 ± 0,3

LA Conduit Phase

    Global strain-LAScd (%) 13,7 ± 4,6

    Global strain rate (/s) -1,1 ± 0,4

LA Contractile Phase

    Global strain-LASct (%) 12,8 ± 4,2

    Global strain rate  (/s) -1,6 ± 0,5

Variable All patients
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Figure 1: Relationship between left atrial reservoir (LASr) and contractile (LASct) strain and peak 

oxygen consumption (VO2max) and ventilatory efficiency (VE/VCO2 slope). 
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Figure 2: Peak oxygen consumption (VO2max) (upper panel) and ventilatory efficiency 

(VE/VCO2slope) (lower panel) in patients with and without left atrial strain rate above the median. 
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Chapter 12 

Final conclusion of MODI-AF study  

 

Atrial functional changes definitely precede atrial volume changes in patients with atrial 

fibrillation. Left atrial performance following catheter ablation is strongly affected by 

complex interplay between extent of atrial electro-structural remodeling and ablation 

procedure. However, left atrial electrical and structural remodeling are not always following 

each other in patients with atrial fibrillation following catheter ablation and atrial strain 

shows distinct behavior in patients with different types of atrial fibrillation.  

Catheter ablation is associated with left atrial stunning in the acute phase followed by long-

term improvement of both left and right atrial function. Repeat catheter ablation might 

affect negatively atrial compliance and contractility despite sinus rhythm restoration and 

symptomatic improvement. The atrial fibrillation-type-specific time course of left atrial strain 

reflects complex interaction between the extent of left atrial remodeling and ablation-

induced myocardial injury.  

Left atrial strain seems to be the most reproducible tool to monitor atrial phasic function 

during and after ablation procedures, and it might provide incremental predictive value for 

maintaining normal sinus rhythm over clinical features in patients with a history of 

paroxysmal atrial fibrillation. Furthermore, at early stage of atrial fibrillation, atrial 

dyssynchrony is reversible following the procedures regardless of the ablation strategies. 

Therefore, atrial mechanical dispersion could be a cofounder factor of great usefulness to 

identify patients with high risk of atrial fibrillation recurrence, specifically in patients who are 

candidates for repeat catheter ablation.  

The integration of atria-ventricular strain images with clinical data, specifically in patients 

with diastolic dysfunction, could help to describe new phenotypes of co-morbidity of atrial 

fibrillation and heart failure in patients with left ventricular preserved ejection fraction. 

Indeed, left atrial phasic strain may be considered in the heart failure risk scoring system to 

have a better diagnosis in this clinical setting and it may be used as an echocardiographic 

surrogate of functional capacity in heart failure patients with atrial fibrillation, thus 

improving clinical outcome.  

The assessment of left atrial strain is vendor dependent and the cut-off value for abnormal 

left atrial strain is not well defined. Many factors sucha as age, gender, metabolic disease or 

obesity are likely to influence left atrial strain and these factors should be considered during 

left atrial functional assessment. This implies that the absolute values for atrial strain should 

be interpreted with caution.  
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Future directions  

The optimal selection of patients with history of atrial fibrillation for catheter ablation, 

through precise serial assessment of atrial anatomy and mechanics by using non-invasive 

substrate determination such as Speckle Tracking Echocardiography, will be the main key for 

successful procedures and best clinical outcome.  

In the next decades, working on Speckle Tracking derived myocardial strain in this direction 

might help to build a new algorithm for automated diagnosis of imaging-based pathologies, 

thus monitoring myocardial function recovery in atrial fibrillation and heart failure patients 

who undergo treatment and rehabilitation.  

Machine (full) semi-automatic assessment and neural networks-based algorithms will 

probably help clinicians to predict the rhythm outcome in these clinical settings. 
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Abstract:  

Background:  

Two methods are currently available for the measurement of left atrium (LA) strain by 

speckle tracking echocardiography (STE), which use different reference timing for starting 

the analysis: QRS (QRS-LASr) and P wave (P-LASr). The aim of the MASCOT HIT study was to 

define which of the two is more reproducible, more feasible, and less time consuming and to 

provide a common standard method.  

Methods:  

26 expert centres enrolled patients with a complete 2D echocardiography study. LA strain 

was analyzed by two different independent imagers (young vs senior, defined by a proved 

experience in echocardiography) in a blinded fashion. The study population included: 

healthy subjects, patients with LA pressure overload and patients with LA volume-pressure 

overload. The difference between the inter-correlation coefficient (ICC) obtained by the two 

observers using the two techniques was analyzed. The feasibility and time for the analysis of 

the two methods were also compared. 

Results:  

The study included 938 subjects: 309 controls, 333 patients with LA pressure overload, and 

296 with LA volume-pressure overload. The ICC was slightly superior for QRS-LASr: 0.93 

(95%CI 0.92-0.94) vs 0.90 for P-LASr (95%CI 0.89-0.92). Regarding feasibility, the young 

operators calculated QRS-LASr in 90% of cases, the experts in 95%. Substantial agreement 

between the young and senior operators was found for QRS-LASr analysis (Cohen’s Kappa 

0.63). The feasibility of P-LASr was 85% when measured by young operators and 88% by 

seniors, and only a moderate agreement between the young and senior operators was found 

(Kappa coefficient 0.48). Median time for measuring QRS-LASr was 110 seconds (IR 78-149) 

for the young and 110 seconds (IR 78-155) for senior echocardiographers. Conversely, 

median time for measuring of P-LASr was 120 seconds (IR 80-165) and 120 seconds (IR 90-

161), respectively. 

Conclusions:  

STE-derived LA strain is feasible in most patients. Using the QRS complex as the reference 

point for analysis results is a more reproducible, more feasible and less time-consuming 

method compared to the use of the P wave as a reference. 
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Background 

The left atrium (LA) acts as a reservoir receiving blood from the pulmonary veins during 

ventricular systole and isovolumic relaxation, as a passive conduit during early filling and 

diastasis, and as a booster pump during late diastole, at atrial contraction.(1) The study of LA 

function gained attention in recent years, mostly due to deformation imaging and to the 

growing evidence of prognostic value of the method. Speckle tracking echocardiography 

(STE), which assesses the LA longitudinal deformation, is the most promising technique for 

direct evaluation of LA function. (2) It offers opportunities to measure quantitative 

parameters of LA function but still lacks clear standardization in this setting. There are two 

methods available for the measurement of LA strain by STE, using different ECG reference 

points for the analysis: QRS (left atrial strain during reservoir phase, QRS-LASr) and P wave 

(P-LASr).(3,4) The recent European Association of CardioVascular Imaging/American Society 

of Echocardiography (EACVI/ASE) standardization paper(5) on LA imaging using 2D STE, 

describes both methods and recommends the use of QRS onset as reference point. A multi-

centric study with a head-to-head comparison of LA strain methods in terms of 

reproducibility, feasibility and time needed for analysis is, however, not currently available. 

This is the main rational of the Multicentric Atrial Strain COmparison between Two different 

modalities (MASCOT), the study initiated by the Heart Imagers of Tomorrow (HIT), the young 

group of the EACVI. MASCOT sought to compare the agreement between 2 operators. The 

superiority of QRS-LASr over P-LASr was tested as the primary objective. Secondary 

objectives included: assessment of feasibility and time needed for the analysis with the two 

modalities; comparison of results between groups; comparison of performance between less 

experienced and more experienced readers (young vs expert).  

Methods 

Population of the study 

From July 1 to October 31, 2018, HIT Members and/or Ambassadors were asked to 

prospectively collect echocardiographic images of three groups of patients referred to echo-

laboratories for clinically indicated echocardiograms: healthy subjects, patients with aortic 

stenosis (AS) and arterial hypertension (AH), included in the LA pressure overload group, and 

patients with mitral regurgitation (MR) and heart failure (HF), included in LA pressure-

volume overload group. Inclusion criteria were: age over 18 years; informed consent. 

Inclusion criteria for the single groups are described in the Appendix. Exclusion criteria were: 

valvular prosthesis; permanent or persistent atrial fibrillation; cardiac transplantation; poor 

acoustic window. Each center obtained approval from its own Ethics committee. All subjects 

signed an informed consent for inclusion in the study. All procedures were conducted in 

accordance with the Declaration of Helsinki.  

Standard Echocardiography 
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Each echocardiogram was performed by an expert imager using a commercially available 

system (GE Medical Systems, Northen) equipped with a 1.5-3.6-MHz transducer. All the 

subjects were studied in the left lateral recumbent position. Standard left ventricular (LV) 

diameters were measured in long-axis parasternal view. LV and LA volumes were assessed 

from apical four-chambers and two-chambers views using the biplane modified Simpson’s 

method, according to current ASE/EACVI recommendations (7). Maximal and minimal LA 

volumes were measured at end-systole, just before the mitral (MV) valve opening (at the 

beginning of the P wave) and at the mitral valve closure, respectively, both in apical four- 

and two-chambers view. All LA volumes were then indexed to body surface area (BSA). Left 

ventricular mass was calculated from 2D images and subsequently indexed to BSA. LV 

diastolic function was assessed according to current recommendations (8). The E/e′ ratio 

was calculated as an estimate of LV filling pressures (8). Measurements of dimensions and 

longitudinal function of the right ventricle (RV) were made according to the ASE/EACVI 

recommendations (9). MV and tricuspid valve assessment and evaluation of valve 

regurgitation and stenosis severity was assessed according to ESC guidelines (10).  

Speckle Tracking Echocardiography 

A 2D grey-scale apical four- and two-chambers views were acquired, during three 

consecutive cardiac cycles, with a frame rate of 40-80 fps in each patient. Each exam was 

performed or verified by a senior imaging expert for quality assurance purposes.  

For LA strain analysis, a complete tutorial was provided to each imager to reduce the risk of 

bias. The EACVI/ASE document for the standardization of LA deformation imaging by STE 

was used as a reference (5).  

Each Center analyzed LA strain using off-line semi-automatic 2D strain software (EchoPAC, 

GE, USA) by two independent echocardiographers, one young and one senior, blinded to 

each other. 

Young and senior operators were defined according to their echocardiographic experience, 

that is <10 and ≥10 years respectively.  

Each operator calculated LA parameters of longitudinal deformation with both techniques. 

For QRS method, LA endocardial border was manually traced at LV end-systole in both apical 

views. The software automatically generated a region of interest (ROI) including six 

segments with different colors per view. Then, the ROI was manually adjusted to include the 

thickness of the LA myocardium and optimize tracking quality analysis. A curve was then 

generated for each of the 12 atrial segments during the QRS-to-QRS cardiac cycle analysis. 

The analyzed parameters are shown in Figure 1, left. The ECG reference was then changed 

on the software to the P wave, leading to a P wave-to-P wave cardiac cycle analysis. The ROI 

was again traced and adjusted in both apical views and LA strain curves were generated 

(Figure 1, right).  
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The image quality, feasibility and the time needed for LA strain analysis by both methods 

were also analyzed.  

LV strain was measured using the QRS complex as a reference time-point and the ROI was 

manually traced by an endocardial point-and-click approach. The ROI was manually 

corrected, if needed, in each apical view (four-, two- and three-chambers). The 18 segments 

model was used and global longitudinal strain (GLS) was reported (11).  

Data collection 

The participating centers were chosen among cardiac imaging laboratories with long-time 

experience in advanced echocardiography and strain analysis, and publications in the field.  

Each study investigator was given access to an online platform (REDcap™) with private 

credentials to MASCOT archive. Data reporting was blinded to the results of the second 

operator. Patient data were anonymized, giving a unique code to each patient included in 

the study, to guarantee privacy accordingly to national and international laws.  

Statistical analysis 

Data are presented as means ± SD, median and interquartile range (for continuous 

variables), or percentages (for binary variables), as appropriate. Normality was assessed 

using Kolmogorov-Smirnov test. Comparisons across patient groups were performed using 

analysis of variance (ANOVA), χ² test, with or without continuity correction. Absolute 

agreement between young and senior operators was tested using a two-way mixed model 

considering average measurements. Interrater reliability was tested by Cohen’s Kappa 

coefficient. Pearson’s correlation coefficients were calculated to assess the relationships 

between continuous variables in data with normal distribution. ICC was computed by a 

single-rating, absolute-agreement, and 2-way random-effects model with 3 raters per 

Centre.  

All analyses were performed using SPSS (Statistical Package for the Social Sciences, Version 

20.0, SPSS Inc., Chicago, IL, USA). The significance level was set at 0.05 for all analyses. 

Results 

General characteristics of the population 

The MASCOT HIT study enrolled 1037 subjects, of which 99 were excluded due to 

incomplete data provided. The final population was thus composed of 938 subjects: 309 

healthy controls; 139 patients with AH, 194 patients with AS (total of 333 in the LA pressure 

overload condition group); 128 patients with MR and 168 patients with HF (total of 296 

included in LA volume-pressure overload group). Mean population age was 59±14 years, 

55.7% males. Table 1 describes the clinical characteristics of the study population, while 

Table 2 presents the standard echocardiographic parameters.  
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Assessment of left atrial function 

The values of global QRS-LASr, QRS-LASct and P-LASr in the different groups are showed in 

Table 3. Figure 2 presents box and whisker plots for global QRS-LASr, P-LASr and GLS.  

The inter-operator reproducibility by ICC was excellent for both measures of LA strain, but 

was slightly superior for global QRS-LASr compared to global P-LASr (0.93 vs 0.90 

respectively). The reproducibility for LA strain was close to the ICC value for LV GLS. When 

analyzing the study groups separately, we found that the reproducibility was better in the 

pathological left atria compared to healthy individuals, with the best results in the pressure-

volume overload model. All the ICC values are summarized in Table 4. 

Variability of QRS-LASr and P-LASr values was not affected by LA volume or E/e’ ratio. Even if 

a trend of higher reproducibility can be found in MASCOT data both for QRS and P 

measurements in patients with dilated LA or elevated filling pressures, this did not reach 

statistical significance.  

Young operators were able to analyze QRS-LASr in both apical views in 90% of subjects, in 

only one apical view (4 or 2 chambers) in 9%, and the analyses were not obtainable in only 

1% of cases. Senior operators reported a QRS-LASr feasibility of 95%. Substantial feasibility 

agreement was found between young and senior operators (Cohen’s Kappa 0.63). These 

values were similar to those for LA volume and LVEF feasibility (97% and 95% respectively). 

The feasibility of P-LASr method in young imagers was 85% in both views, 12% in only one 

apical view, while 3% of cases were not feasible. The feasibility of the P-LASr method in 

senior operators was 88%, with a Kappa coefficient of 0.48. Experience with strain analysis 

was not associated with the time needed for analysis. QRS-LASr required less time to be 

obtained than the P-LASr. The median time to perform the measurements for global PALS 

was 110 seconds (IR 78-149) and 110 seconds (IR 78-155) in young and senior 

echocardiographers respectively. The median time to measure global P-LASr was 120 

seconds (IR 80-165) and 120 seconds (IR 90-161) for young and senior echocardiographers, 

respectively.  

Both QRS-LASct and P-LASct methods evaluate the contractile function of the LA. From our 

data, Pearson’s correlation analysis revealed a good correlation between the two methods, 

both when assessed by young and by senior operators (Table 5). A strong correlation was 

also found between the two indices of reservoir function.  

Discussion 

The main findings of the MASCOT HIT study are: 1) LA strain analyses by using the QRS as 

reference point provides excellent inter-operator variabilities, but slightly lower compared to 

LV GLS; 2) the measurement of global QRS-LASr is more feasible than global P-LASr with a 

substantial agreement between the senior expert and young imagers; 3) assessment of LA 

strain by QRS method is faster; 4) there is an overall good correlation between the values of 
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QRS-LASr and P-LASr (indices of LA compliance and reservoir function), better in patients 

with LA pressure and volume-pressure overload than in healthy controls.  

The importance of the assessment of LA function over LA size is becoming more and more 

appropriate, not only for research purposes but also for everyday practice.(12-14) Since the 

application of STE to other chambers than the LV, the additional role of LA deformation 

imaging has been explored in several clinical settings, mostly including conditions of atrial 

volume or pressure-volume overload e.g. heart valve diseases (15-18), arterial hypertension 

(19-20), heart failure (21-24). This led to the conclusion that a reduced LA longitudinal strain 

could be useful for the diagnosis, management and prognostic stratification in several 

conditions.  

Some authors argued that analyzing LA phases based on R-wave might differ among 

patients, due to the fact that R-wave is related to the LV depolarization, and not to the LA 

(25). Previous studies demonstrated a close correlation between atrial and ventricular 

dynamics, underlining the concordance between the mitral annulus motion with LV 

mechanics during the entire cardiac cycle. Wakami et al. (26) confirmed this hypothesis by 

finding a significant correlation between peak LA strain and LV systolic longitudinal strain. 

Moreover, the strong correlation between QRS-LASr and invasively measured LV end-

diastolic pressure shows the close interdependence between LA and LV function during the 

entire cardiac cycle, suggesting QRS-LASr may have ae role as marker of atrial-ventricular 

interplay. 

In the three groups of patients evaluated in MASCOT HIT Study, a superiority of QRS method, 

in terms of inter-operator reproducibility (evaluated by ICC), feasibility and time needed for 

the analysis, emerged from the study’s results. Strain analysis showed a trend to a better 

reproducibility in patients with higher LA volume, however statistical significance was not 

reached. This could be explained by the fact that tracing the endocardial border is generally 

easier in dilated atria and the software is more capable to follow the displacement of 

speckles. The reproducibility of QRS-LASr was slightly superior to P-LASr in MASCOT HIT 

study population and in the three groups separately.  

Current analytical software for calculating strain values are customized for R-wave zero-

reference point so they automatically generate the frame where the endocardial tracing 

must be started. On the contrary, additional manipulations are needed to set the onset of P 

wave as the trigger and this procedure is done on the ECG trace acquired with the 

echocardiographic image. This aspect leads to important consequences: first, the 

arbitrariness of choosing the starting frame on the ECG is responsible for a higher operator-

dependence and for lower inter-operator reproducibility and agreement according to 

operator experience. Second, the difficulty to obtain a good ECG trace where the P wave can 

be clearly defined reduces the feasibility of the method. Third, the search for a readable ECG 

where the operator can work during pre-analysis manipulation extends the time both during 

the echocardiographic study itself and during the off-line analysis. We decided to exclude 



page 97 of 216 
 

patients with persistent or permanent AF but the impossibility to perform LA strain using the 

P-wave method in this clinical setting is not negligible. These are important aspects from 

both clinical and research perspectives.  

QRS-LASr and P-LASr demonstrated a good correlation in evaluating LA reservoir function in 

MASCOT HIT results, higher in patients than in control group. However, using a sum of 

parameters instead of a single index might decrease measurement accuracy, with possible 

mathematical errors and longer time needed for the analysis. Moreover, the strain curve 

measured by the QRS method seems to follow more closely the LA physiology.  

Study limitations  

Intra-operator reproducibility for strain parameters in each Centre was not tested. However, 

MASCOT HIT involved international imaging Centres with high experience in advanced 

echocardiography and STE. The deformation analysis was performed on single-vendor 

machine. This software was designed for the analysis of LV strain and then applied to the 

other cardiac chambers without being specifically designed for LA function analysis. 

However, at present, the application of this software for LA strain measurements is widely 

used in practice and is the most commonly used one in the published studies.   

Clinical perspectives 

LA strain assessment in different clinical settings has provided clear pathophysiological 

insights in addition to its diagnostic and prognostic relevance as demonstrated in several 

studies. However, there are some factors that still limit its wider use, mainly technical issues 

related to measurement standardization, choice of parameter to use and/or specific values 

to be used as cut-off in different settings. On the contrary, LV GLS has already overcome 

some of these practical aspects, being recommended on top of standard echocardiographic 

parameters in several clinical settings (e.g. early detection of cardiotoxicity in oncologic 

patients). This study provides relevant practical information about measuring LA strain and 

may represent a step forward for its better use in clinical practice.  

Conclusions  

The increasing clinical use of LA strain as an index of LA function requires proper 

standardization for its analysis. The QRS-LASr method has a better reproducibility compared 

to the P-LASr method. It also has a greater feasibility and shorter analysis time, both for 

senior and for younger imagers. Considering the several limitations of the P wave approach, 

including the impossibility to perform the analysis in AF patients, QRS-LASr should be 

considered the preferred parameter to use for LA strain analysis.    
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Table 1. Demographic and clinical characteristics 

 
Controls 

(n=309) 

AH and AS 

(n=333) 

MR and HF 

(n=296) 
P value 

Age, years 47.1±15.6 65.3±12.9 66.2±13.8 <0.0001 

Female, % 47.7 47.4 38.4 0.029 

Weight, kg 71.9±13.3 77.8±15.8 75±15.2 <0.0001 

Height, cm 170±9.6 167.6±9.4 168.4±9.3 0.0013 

BMI, kg/m² 24.8±3.9 27.7±4.8 26.4±4.7 <0.0001 

BSA, m² 1.82±0.2 1.86±0.2 1.84±0.2 0.044 

Heart rate, bpm 68.9±11.2 68.9±10.5 70.2±13 0.273 

SBP, mmHg 123.4±14 135.7±18.4 127.4±20.7 <0.0001 

DBP, mmHg 76±8.5 79.6±11.4 76.2±12.7 <0.0001 

AH = Arterial hypertension; AS = Aortic stenosis; BMI = Body Mass Index; BSA = Body 

Surface Area; DBP = Diastolic blood pressure; HF = Heart Failure; MR = Mitral Regurgitation; 

SBP = Systolic blood pressure.  
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Table 2. Standard echocardiographic parameters 

 

AH = Arterial hypertension; AS = Aortic stenosis; DT= Deceleration time; EDD = End-

diastolic diameter; EDV = End-diastolic volume; EF = Ejection fraction; ESD = End-systolic 

diameter; ESV = End-systolic volume; HF = Heart Failure; IVS = Interventricular septum; LA 

= Left atrial; LV = Left ventricular; MR = Mitral Regurgitation; PW = Pulsed wave.  

 

 

 

 

 
Controls 

(n=309) 

AH and 

AS 

(n=333) 

MR and 

HF 

(n=296) 

P value 

IVS, mm 9.0±1.6 12±2.4 10.8±2.2 <0.0001 

LV PW, mm 8.6±1.6 10.9±1.9 10.1±2.0 <0.0001 

LV mass index, g/m² 75.6±19.1 107.6±31.9 120.4±35 <0.0001 

LV EDD, mm 47.3±5.7 47.4±6.2 55.0±8.6 <0.0001 

LV ESD, mm 30.6±5.7 31.0±6.6 39.8±11.0 <0.0001 

LV EDV index, 

ml/m² 
51.2±12.5 51.9±14.4 75.2±30.2 <0.0001 

LV ESV index, ml/m² 20.4±6.5 21.9±9.2 41.7±28.9 <0.0001 

LV EF, % 60.4±6.7 58.5±9.2 47.0±14.6 <0.0001 

LA max volume 

index, ml/m² 
26.0±6.7 35.1±13.4 45.9±19.0 <0.0001 

LA preA volume 

index, ml/m² 
16.7±5.8 25.1±12.5 33.3±15.7 <0.0001 

LA min volume 

index, ml/m² 
10.3±4.3 16.3±10.4 24.2±14.4 <0.0001 

E/A ratio 1.3±0.5 1.0±0.5 1.48±1.0 <0.0001 

Mitral E DT, ms 196.8±53.4 223.5±76.8 199.4±76.7 <0.0001 

E/e’ ratio 7.0±2.8 11.8±6.3 13.4±7.9 <0.0001 
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Table 3. Speckle tracking echocardiography parameters 

 

 Controls 

(n=309) 

AH and AS 

(n=333) 

MR and HF 

(n=296) 
P value 

Global QRS-LASr y, % 35.4±11.7 22.9±8.4 19.1±8.9 <0.0001 

Global QRS-LASr s, % 33.5±10.9 23.0±8.5 18.9±9.2 <0.0001 

Global QRS-LASct y, % 15.5±5.4 13.3±5.5 10.1±5.7 <0.0001 

Global QRS-LASct s, % 15±5.3 13.4±5.7 10±5.7 <0.0001 

Global P-LASr y, % 31.2±8.5 21.8±6.9 19.2±7.6 <0.0001 

Global P-LASr s, % 30.5±8 21.9±6.8 19.2±7.4 <0.0001 

LV GLS y, % -19.9±3.1 -17.6±3.3 -15.5±5.7 <0.0001 

LV GLS s, % -19.7±3.0 -17.4±3.3 -15.3±5.4 <0.0001 

AH = Arterial hypertension; AS = Aortic stenosis; GLS = Global longitudinal strain; HF = 

Heart Failure; LV = Left Ventricular; MR = Mitral Regurgitation; LASct = Left atrial strain 

during contraction phase with P as starting point; P-LASr = Left atrial strain during reservoir 

phase with P as starting point; QRS-LASct = Left atrial strain during contraction phase with 

QRS as starting point; QRS-LASr = Left atrial strain during reservoir phase with QRS as 

starting point; P; y = young; s = senior 
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Table 4. Intraclass Correlation Coefficient (ICC)  

 ICC 

95%CI  

lower 

bound 

95% CI  

upper 

bound 

Study population 

Global QRS-LASr    

Average measures 0.93 0.92 0.94 

Global P-LASr    

Average measures 0.90 0.89 0.92 

GLS    

Average measures 0.96 0.95 0.96 

Controls 

Global QRS-LASr    

Average measures 0.84 0.80 0.88 

Global P-LASr    

Average measures 0.80 0.75 0.85 

LA pressure overload 

Global QRS-LASr    

Average measures 0.92 0.90 0.94 

Global P-LASr    

Average measures 0.90 0.87 0.92 

LA volume-pressure overload 

Global QRS-LASr    

Average measures 0.95 0.93 0.96 

Global P-LASr    

Average measures 0.94 0.92 0.95 

P-LASr = Left atrial strain during reservoir phase with P as starting point; QRS-LASr = Left 

atrial strain during reservoir phase with QRS as starting point. 
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Table 5. Values of r coefficients for the correlation between indices of LA reservoir 

function (QRS-LASr and P-LASr) and of LA contraction (QRS-LASct and P-LASct) 

 P-LASr P-LASct p 

CONTROLS measured by young operators 

QRS-LASr 0.76  <0.001 

QRS-LASct  -0.47 <0.001 

CONTROLS measured by senior operators 

QRS-LASr 0.71  <0.001 

QRS-LASct  -0.52 <0.001 

LA PRESSURE OVERLOAD measured by young operators 

QRS-LASr 0.82  <0.001 

QRS-LASct  -0.71 <0.001 

LA PRESSURE OVERLOAD measured by senior operators 

QRS-LASr 0.80  <0.001 

QRS-LASct  -0.67 <0.001 

LA PRESSURE-VOLUME OVERLOAD measured by young operators 

QRS-LASr 0.87  <0.001 

QRS-LASct  -0.69 <0.001 

LA PRESSURE-VOLUME OVERLOAD measured by senior operators 

QRS-LASr 0.88  <0.001 

QRS-LASct  -0.82 <0.001 

P-LASct = Left atrial strain during contraction phase phase with P as starting point; P-LASr = Left atrial strain 

during reservoir phase with P as starting point; QRS-LASr = Left atrial strain during reservoir phase with QRS as 

starting point; QRS-LASct = Left atrial strain during contraction phase with QRS as starting point.  
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Figure 1. Left atrial strain parameters by both modalities 

Left (QRS strain). Two positive deformation curves can be identified: the earlier and taller, QRS-LASr, is 

measured from LV end-diastole (QRS onset) to peak LA strain and corresponds to the LA reservoir phase. The 

second and shorted curve, during LA contraction phase, is called QRS-LASct. QRS-LASr and its corresponding 

time to peak (TTP) were measured at the end of this reservoir phase; QRS-LASct and its TTP were calculated just 

before atrial contraction.  

Right (P strain). P-LASct was defined as the first obtained curve below the baseline, evaluating LA contraction 

phase; P-LAScd, assessing the LA strain during conduit phase, as the second positive curve. P-LASct and P-LAScd 

sum was calculated to achieve P-LASr. 

 

Figure 2. Global QRS-LASr, global P-LASr and GLS in the different study groups. 

Comparison of strain parameters measurements between senior (blue) and young (red) operators. From the left: 

global QRS-LASr, global P-LASr and left ventricular GLS. LASr = left atrial strain during reservoir phase; GLS 

= global longitudinal strain. 
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Abstract  

Our study aimed to assess the inter-center reproducibility of 16 echo laboratories involved in 

the EACVI AFib Echo Europe. This was done on a dedicated setting of 10 patients with sinus 

rhythm (SR) and 10 with persistent atrial fibrillation (AF), collected by the Principal 

Investigator. Images and loops of echo-exams were stored and made available for labs. The 

measurements tested included primary echo-Doppler parameters, global longitudinal strain 

(GLS) and peak atrial longitudinal strain (PALS). Single measures interclass correlation 

coefficients (ICC) of left ventricular mass and ejection fraction were suboptimal in both 

patients with SR and AF. Among diastolic parameters, ICCs of deceleration time were poor, 

in particular in AF (=0.50). Single measures ICCs of left atrial size and function, besides 

optimal in AF, showed an acceptable despite moderate concordance in SR. ICC of GLS was 

0.81 and 0.78 in SR and AF respectively. Single measures ICCs of PALS were suitable but 

lower in 4-chamber than in 2-chamber view. GLS distribution was completely homogeneous 

in SR, whereas GLS of AF and PALS of both SR and AF presented a limited number of outliers. 

GLS mean±SE of the 16 labs was 19.7±0.36 (95% CI 18.8-20.4) in SR and 16.5±0.29 (95% CI 

15.9-17.1) in AF, whereas PALS mean±SD was 43.8±0.70 (95% CI 42.3-45.3) and 10.2±0.32 

(95% CI 9.5-10.9) respectively. In conclusion, while the utilization of some standard-echo 

variables should be discouraged in registries, the application of GLS and PALS could be 

largely promoted because their superior reproducibility, even in AF. 

Introduction 

The European Association of Cardiovascular Imaging (EACVI)AFib Echo Europe Registry is a 

multi-center European observational, cross-sectional registry which has been designed with 

the aim of evaluating relationships of structural and functional parameters obtainable by 

transthoracic echocardiography with thromboembolic and bleeding risk profile in patients 

with any kind (paroxysmal, persistent and permanent) of non-valvular atrial fibrillation (AF) 

[1]. By this registry, it is expectable to collect data on echocardiographic phenotype of 

patients with AF and to test the level of agreement of different echocardiographic 

measurements with the available risk scores. Currently, twenty European centers decided to 

participate and are active in patient’s enrollment.  

When designing an echocardiographic registry involving several echocardiographic 

laboratories, quality control is fundamental to reduce variability measurement among 

laboratories. Accordingly, operators should have a certified expertise by applying 

appropriate procedures for data acquisition, storage and interpretation. Standardized 

approaches involving operator, equipment and training should be well established. The 

EACVI takes particular attention to these aspects encouraging training programs and 

standardized procedures of centers devoted to research [2]. In this view, the control of the 

inter-center reader reproducibility of different laboratories involved in a registry is of 



page 106 of 216 
 

paramount importance. A low variability measurement is strongly warranted to increase the 

consistency of studied parameters among the participating centers.  

The objective of this study was to inter-center reproducibility of main standard and 

advanced echo-Doppler variables among the echocardiographic laboratories involved in 

EACVI Afib Echo Europe. This was done on a dedicated setting of patients with both sinus 

rhythm (SR) and history of paroxysmal AF and persistent AF or made available in the data-

storing system of the echo lab of the Principal Investigator (PI).  

Methods 

EACVI AFib Echo Europe Registry has been designed with the aim of assessing the 

relationship of echocardiographic measurements of left atrial (LA) size and function, left 

ventricular (LV) geometry, systolic and diastolic function with clinical scores of 

thromboembolic and bleeding risks as evaluated by using CHA2DS2VASc and HASBLED 

scores. This is a multicenter registry involving 20 reference European echocardiographic 

laboratories, chosen among the accredited echo labs under the guidance of European 

National Societies and Working Groups, along a period initially establish to be of 6 months 

and subsequently prolonged for additional 6 months. The Registry was initially approved by 

the Ethical Committee of the PI (Federico II University Hospital of Naples, Italy, protocol 

8/18) and then after by the other participating centers. After obtaining their informed 

consent, all consecutive patients with non-valvular permanent, persistent or paroxysmal AF 

(with heart rate ranging between 60 and 100 bpm) and undergoing a transthoracic 

echocardiography exam will be enrolled in the echocardiographic labs. Exclusion criteria 

were as follow: previous catheter or surgical ablation, LA appendage occlusion, cardiac 

surgery or percutaneous non-coronary interventional procedures, moderate-to-severe aortic 

and mitral valve stenosis, severe aortic and mitral valve regurgitation, aortic and mitral 

prosthesis, sepsis and inadequate quality echo images. 

Before beginning the enrollment, the PI supplied a brief illustrative echocardiographic 

tutorial explaining how to perform all the measurements required to registry (in agreement 

with the most recent EACVI recommendations) [3,4] to all participating centers in order to 

standardize and homogenize all the measurements obtained. 

This training was preliminary to the acquisition by the same PI of echocardiographic images 

and raw-DICOM loops of 10 cases with SR and history of paroxysmal AF and 10 with 

permanent AF, randomly selected from a preliminary list of the 50 cases of patients with 

permanent AF or paroxysmal AF history. These acquisitions were performed according to the 

ASE/EACVI Chamber quantification recommendations and the ASE/EEA Expert consensus on 

myocardial mechanics [3,4]. These cases were transferred on a cloud secured storage 

platform (drop box) in order to make these available for the reading of all the participating 

centers. Parasternal long-axis M-mode screen of the left ventricle and left atrium, imaging of 
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Doppler mitral inflow and pulsed Tissue Doppler of septal and lateral mitral annulus, as well 

as video-clips of apical long-axis, 4- and 2-chamber views were all stored in the drop box. 

The readers of the echocardiographic labs were all expert on both standard and advanced 

echocardiographic techniques. The measurements tested for the inter-center reproducibility 

included: 

1. standard primary echo parameters (according to the American Society of 

Echocardiography (ASE) /EACVI recommendations on chamber quantification [3] such as: 

-  measurements of LV mass (septal and posterior wall thickness and LV internal end-diastolic 

diameter), and of LV ejection fraction (EF) (end-diastolic and end-systolic volume by Simpson 

biplane) 

- measurements of LA size: LA antero-posterior diameter, LA maximal and minimal volumes,  

- Doppler measurements of LV diastolic function: transmitral E/A ratio and E velocity 

deceleration time, pulsed tissue Doppler derived e' velocity of lateral and septal mitral 

annulus, and E/e' average ratio, according to the 2016 ASE/EACVI recommendations on 

diastolic function [5]; 

2. advanced echo parameters by using speckle tracking echocardiography such as LV global 

longitudinal strain (GLS) - as the average of 17-model regional strain recorded in apical long-

axis, 4- and 2-chamber views - and peak atrial longitudinal strain (PALS), as the average of 

apical 4- and 2-chamber views. Regional LV longitudinal strain and GLS as well as LA regional 

strain and PALS measurements were performed according to the majority of 

EACVI/ASE/Industry Task Force standard criteria [6,7]. LA regional strain and PALS were 

measured at end-diastole (ECG trigger at the upslope of the R-wave), and the narrowest ROI 

was chosen in order to adequately track thin LA walls. Measurements of GLS and PALS were 

performed automatically, with the possible adjustment of border traces when judged to be 

needed by the reader. All the reported echocardiographic measurements were averaged 

from three cardiac cycles in patients in sinus rhythm and from five cardiac cycles during AF. 

Of note, the reproducibility of PALS was also tested separately in apical 4- and 2-chamber 

views. 

Statistical analyses 

Continuous data were expressed as mean ± standard deviation (SD). The reproducibility 

among the laboratories involved was tested by calculating single measures intra-class 

correlation coefficients (ICC) and 95% confidence intervals (CI), separately on the data set of 

patients in SR and in those with AF. In fact, in the present study in which several echo labs 

were involved in the measurement reproducibility processes, the "single measures ICC" 

appear to be more appropriate than the "average measures" to verify the reliability of a 

scale that is scored by just several raters at one occasion. When using this kind of analysis, 
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since ICC ranges from 0 to 1, an ICC close to 1 indicates high agreement of measurements 

whereas a low ICC close to zero means that measurements are not concordant. Accordingly, 

values <0.5 are indicative of poor reliability, values between 0.5 and 0.75 indicate moderate 

reliability, values between 0.75 and 0.90 indicate good reliability, and values >0.90 indicate 

excellent reliability. In addition, the distribution of specific variables in the individual echo 

labs was assessed by boxplot models. The standard error (SE) of the mean and the upper and 

lower 95% confidence interval (CI) among the echo laboratories involved were also used to 

calculate the range of variance for specific variables.  

All statistical analyses were performed by the SPSS software, release 12 (SPSS Inc, Chicago, 

IL, USA). 

Results 

Sixteen echocardiographic laboratories participated to the reproducibility tests. The 

demographic characteristics of the two study groups (SR and AF) are summarized in Table 1. 

Table 2 reports the reproducibility analysis of parameters of LV geometry and function. The 

single measures ICC of LV mass (=0.67) and LV EF (=0.49) were suboptimal in both patients 

with SR and AF. Among diastolic parameters, the ICCs of E velocity DT were poor, in 

particular in patients with AF (=0.50). The ICC of GLS was 0.81 and 0.78 in patients with sinus 

rhythm and AF respectively. 

Table 3 lists the single measures ICC of LA size and function. The single measures ICCs, 

besides optimal in patients with AF, showed an acceptable despite moderate concordance in 

patients with SR. Notably, the single measures ICCs of PALS were lower in 4-chamber than in 

2-chamber view in the SR and in AF setting as well.  

Figure 1 and Figure 2 depict the boxplot distribution of GLS and PALS respectively in the 16 

echo laboratories involved in the reproducibility tests. GLS distribution was completely 

homogeneous in SR patients, with a limited number of outliers in patients with AF. PALS 

presented a limited number of outliers in both patients with SR and AF. In addition, GLS 

mean ± SE of the 16 labs was 19.7±0.36% (95% CI 18.8-20.4) in patients in SR and 

16.5±0.29% (95% CI 15.9-17.1) in patients with AF, whereas PALS mean ± SD was 43.8±0.70% 

(95% CI 42.3-45.3) and 10.2±0.32% (95% CI 9.5-10.9) respectively (data not in Figures). These 

findings show the very narrow range of variability of GLS and PALS, in both patients with SR 

and AF. 

Discussion 

The analysis of inter-center reproducibility is a preliminary, fundamental condition for the 

startup and the development of echocardiographic registries in which the measurements 

taken in different laboratories are collected and combined together for statistical end-

points. To the best of our knowledge, we are the first to present this kind of reproducibility 



page 109 of 216 
 

in separate settings of patients with SR and AF, before starting the recruitment of the EACVI 

AFibEcho Registry. Noteworthy, the reproducibility tests were performed by accredited, 

highly selected echocardiographic labs with consolidated expertise in both standard and 

advanced echocardiography. The tests were preceded by the supply of a tutorial provided by 

the PI to all the participating centers in order to homogenize both the acquisition and the 

reading procedures. Last but not least, a single vendor was chosen for both the imaging 

acquisition on the echocardiographic machines and the measurement reading by a 

dedicated work-station with the same updated release. This strict methodology and 

harmonization between co-investigators obviously limit the extension of the results to the 

overall panorama of the echocardiographic machines but also strengths the amount of the 

data collected in different echocardiographic laboratories. 

The findings of the present study demonstrate that the inter-center reading reproducibility 

of echocardiographic Doppler parameters chosen is consistent with the aims of the EACVI 

AFib Echo Registry [1]. In this context, the single measures ICCs were optimal for the 

majority of parameters whereas others showed a moderate concordance and only one 

(transmitral E velocity DT) a poor concordance. 

Our data confirmed the suboptimal, large variability of some parameters such as LV mass 

and LV EF obtainable by standard echocardiography. The calculation of LV mass implies a 

geometric assumption and the use of 2D guided M-mode or direct 2D echocardiographic 

linear primary measurements, each on one with own intrinsic variability [8]. Accordingly, LV 

mass has a recognized large inter-observer variability (SE = 30.2 g, 95% CI width = 59 g) and a 

poor inter-study (test–retest) reproducibility, with SDs of the difference between successive 

measurements ranging from 22 to 40 g (95% CI, 45–78 g) [9]. These findings are worse 

compared to previous results obtained by echo labs particularly devoted in this kind of 

measurement [10]. In the present study, the single measures ICCs of LV mass showed 

moderate variability in the SR setting (0.67), which became poor in patients with AF 

(0.42).The large RR variability caused by AF can obviously provoke a detrimental impact on 

the primary linear measurements needed to determine LV mass. The poor reproducibility of 

2D-echocardiographic derived LV EF is also well known and now confirmed in the present 

study, single measures ICC being 0.49 in patients with SR and 0.40 in those with AF 

respectively. LV EF reproducibility was previously tested and both +7% of inter-observer 

reading variability [11] and +10% of test-retest variability [12] were observed. The 

suboptimal reproducibility of E velocity DT (single measures ICC = 0.61 and 0.50 in patients 

with sinus rhythm and AF respectively) could also have been expected. Diastolic time 

intervals such as isovolumic relaxation and DT have shown a larger variability than Doppler-

derived diastolic velocities in both multicenter and inter-study experiences [13,14].This 

variability was obviously amplified in the setting of AF, due the RR variability own of this 

arrhythmia [15]. Conversely, the reproducibility of the other diastolic parameters chosen for 

the Registry was moderate (transmitral E/A ratio) to good (septal and lateral e’ velocity, E/e’ 

ratio). The reproducibility of GLS was good in patients with SR (single measures ICC = 0.81) 
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and remained stable even in the AF setting (0.78). In relation with its relative operator 

independency, GLS had previously shown a substantial good variability [16,17], which is 

lower when compared with LV EF also in test-retest evaluations [12,18]. Of interest, the 

precision in GLS measurements has been recently shown to be improved after training, 

regardless the experience, in a multi-center study on an oncologic population [19]. Besides 

LV EF, the use of GLS has been recently promoted as a key parameter of LV systolic function 

in the EACVI standardization of the adult echocardiography report [20]. 

The reproducibility tests of LA size and function provided further information. According to 

analysis of single measure ICCs, the variability of all the chosen parameters, including PALS, 

was lower in patients with AF than in those with SR. Notably, the single measures ICCs of 

minimal LA volume, in particular in the SR setting (0.71), were lower than those of maximal 

LA volume. It is conceivable that the absence of an ECG reference point when measuring 

minimal LA volume, might have reduced the consistency of this measurement in comparison 

with the determination of maximal LA volume, which is addressed by the R wave onset at 

the ECG trace. The lower variability of PALS in permanent AF can be considered only partially 

unexpected. AF is a condition associated to larger LA cavity and easier cavity border 

detection and also to an intrinsically smaller deformation of LA walls than SR. It is also of 

interest that single measures ICCs of PALS were lower in apical 4- than in 2-chamber view. 

The tracing of LA cavity borders and the consequent regional strain of the 4-chamber view 

can be difficult to obtain accurately in correspondence of the atrial septum drop-out [5], a 

characteristic which could induce a lower grade of accuracy of apical 4-chamber derived 

PALS we found. An ASE/EACVI consensus document of the EACVI/ASE Industry Task Force to 

standardize deformation imaging has recently promoted the possible use of the single 4-

chamber view for calculating PALS [7], a choice which does not seem to be supported from 

our findings. However, the reproducibility of average PALS based on single measures was 

good in both patients with SR (ICC=0.75) and AF (ICC=0.81). These results confirm the data 

previously found in single center studies [21-23], extending the information to a multicenter 

investigation. 

Noteworthy, the suitable reproducibility of GLS and PALS was further strengthened by the 

boxplot models showed in Figures 1 and 2 - which showed a substantially homogeneous 

distribution of both speckle tracking derived parameters -  and by the low SE and the very 

narrow range of 95% CI, independently on the rhythm condition.       

In conclusion, the present study provides important information on the parameters which 

will be of a great importance in the analyses of EACVI Afib Echo Registry and also adds 

interesting insights on the general use of echo-Doppler measurements in multicenter 

registries. While the utilization of some traditional standard echocardiographic variables, 

currently applied in large epidemiologic and interventional trials – in particular LV mass and 

LV EF – should be discouraged in registries not provided of a central reading by a dedicated 

echocardiographic core lab, the application of advanced echocardiographic parameters 



page 111 of 216 
 

obtainable by speckle tracking echocardiography (GLS and PALS) could be largely preferred 

because their relatively operator independence which facilitates the achievement of a 

suitable reproducibility even in patients with AF, a critical clinical setting in which the 

accuracy of measurements is mandatory. 

Table 1. Characteristics of the study population. 

Sinus rhythm = 10 

Variable 
 

Mean ± SD Range 

Sex (F/M) 
 

5/5  

BMI (Kg/m2) 
 

23.5 ± 3.4 18.2 - 27.7 

Systolic BP (mm Hg) 
 

116.7 ± 8.7 110.0 - 130.0 

Diastolic BP (mm Hg) 
 

70.0 ± 5.0 60.0 - 80.0 

Mean BP (mm Hg) 
 

85.6 ± 5.0 76.7 - 93.3 

Heart rate (bpm) 
 

68.0 ± 7.8 55.1 - 80.2 

 

Atrial fibrillation = 10 

Variable 
 

Mean ± SD Range 

Sex (F/M) 
 

5/5  

BMI (Kg/m2) 
 

28.5 ± 4.8  22.1 - 36.4  

Systolic BP (mm Hg) 
 

  125.0 ± 10.8  110.0 - 140.0  

Diastolic BP (mm Hg) 
 

79.5 ± 7.6  65.0 - 90.0  

Mean BP (mm Hg) 
 

  94.7 ± 8.5  80 - 106.7  

Heart rate (bpm) 
 

76.2 ± 13.8  80.2 - 99.3  

 

BMI = Body mass index, BP = Blood pressure 
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Table 2. Inter-class correlation coefficients of echo measures of LV geometry and function 

Patients in sinus rhythm 

Parameter 

 

Single measures 

 

  
ICC 95% CI P 

 

LV Mass 0.67 0.47 – 0.88 <0.0001 

LV EF 

 

0.49 0.29 - 0.77 <0.0001 

LV GLS 0.81 0.65 - 0.93 <0.0001 

E/A ratio 

 

0.72 0.53 – 0.90 <0.0001 

DT 0.61 0.40 – 0.85 <0.0001 

e’ septal 0.73 0.55 – 0.90 <0.0001 

e’ lateral 0.85 0.71 – 0.95 <0.0001 

E/e’ ratio 0.87 0.73 – 0.97 <0.0001 

 

Patients in atrial fibrillation 

Parameter 

 

Single measures 

 
  ICC 95% CI P 

 
LV Mass 0.42 0.23 – 0-72 <0.0001 

LV EF 

 

0.40 0.20 - 0.75 <0.0001 

LV GLS 0.78 0.61 - 0.93 <0.0001 

E/A ratio 

 

0.72 0.53 – 0.90 <0.0001 

DT 0.50 0.29 – 0.78 <0.0001 

e’ septal 0.77 0.59 – 0.92 <0.0001 

e’ lateral 0.71 0.52 – 0.89 <0.0001 

E/e’ ratio 0.75 0.57 – 0.91 <0.0001 

 

 DT= Deceleration time; CI: Confidence interval, EF = Ejection fraction, GLS = Global longitudinal 

strain, ICC= Inter-class correlation coefficient, LV =Left ventricular 
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Table 3. Inter-class correlation coefficients of measures of LA size and function. 

Patients in sinus rhythm 

Parameter 

 

Single measures 

 
  ICC 95% CI P 

 
LAD 

 

0.72 0.53 - 0.89 <0.0001 

LAV max 

 

0.73 0.54 - 0.90 <0.0001 

LAV min 

 

0.71 0.52 - 0.89 <0.0001 

PALS 4CH 

 

0.71 0.51 - 0.89 <0.0001 

PALS 2CH 

 

0.75 0.57 – 0.91 <0.0001 

PALS AVG 

 

0.75 0.57 – 0.91 <0.0001 

 

Patients in atrial fibrillation 

Parameter 

 

Single measures 

 
  ICC 95% CI P 

 
LAD 

 

0.75 0.57 - 0.91 <0.0001 

LAV max 

 

0.89 0.78 - 0.97 <0.0001 

LAV min 

 

0.87 0.74 - 0.96 <0.0001 

PALS 4CH 

 

0.71 0.51 - 0.91 <0.0001 

PALS 2CH 

 

0.81 0.64 – 0.94 <0.0001 

PALS AVG 0.81 0.66 – 0.94 <0.0001 

CI: confidence interval, ICC: inter-class correlation coefficient, LAD: left atrial antero-posterior 

diameter; LAV max: maximum left atrial volume; LAV min: minimum left atrial volume; PALS 4CH: 

peak systolic atrial longitudinal strain in 4 apical chambers view; PALS 2 CH: peak atrial 

longitudinal strain in 2 chambers apical view; PALS AVG: average peak atrial systolic longitudinal 

strain (between 4CH and 2 CH) 

 
 



page 114 of 216 
 

Figure 1. Distribution of left ventricular GLS in the 16 echo labs.  
Boxplot of GLS in 10 patients in sinus rhythm (a) and in 10 patients AF (b) measured by the 
different 16 echocardiographic laboratories. For each echo lab, black horizontal bar (= 
median), white boxes (= 95% CI) and vertical bars (minimal and maximal value) are reported.  
Black dots are outliers of individual echo labs. E= Echo lab 

 
 
Figure 2. Distribution of PALS in the 16 echo labs. Boxplot of GLS in 10 patients in sinus 
rhythm (a) and in 10 patients AF (b) measured by the different 16 echocardiographic 
laboratories. For each echo lab, black horizontal bar (= median), white boxes (= 95% CI) and 
vertical bars (minimal and maximal value) are reported. Black dots are outliers of individual 
echo labs. E=Echo lab 
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Chapter 15 

Left atrial function in breast cancer patients undergoing 

chemotherapy 

 

Left atrial contractile function in breast cancer patients undergoing trastuzumab therapy 

Background:  

Trastuzumab (TZ) therapy is associated with left ventricular (LV) dysfunction due to 

cardiotoxicity. However, data on left atrial (LA) function in patients receiving TZ are scarce. 

Purpose:  

To compare effects of TZ therapy on LA contractile strain (LASCT) versus on left ventricular 

global longitudinal strain (LV GLS) and ejection fraction (LVEF) in breast cancer patients 

treated with TZ. 

Methods:  

We have prospectively enrolled 23 consecutive breast cancer patients (age 53±10 years, 

100% females) with normal LVEF (> 50%) scheduled for TZ therapy. No patient had history of 

heart or internal disease. Comprehensive transthoracic echocardiography was performed 

pre TZ therapy and then at 3-month intervals. LV GLS and LASCT were assessed using the 

two-dimensional speckle tracking echocardiography as average of segmental values in apical 

views. Cardiotoxicity was defined by a symptomatic reduction of LV GLS =12%. 

Results:  

A total of 9 (39%) patients showed cardiotoxicity at median of 189 days (IQR 167-203) from 

baseline. Both groups had similar baseline characteristics (NS). At follow-up, patients with 

versus without cardiotoxicity showed significant decrease in magnitude of LV GLS (-17±3.6% 

vs. 1±8.3%, p<0.001), LVEF (-9±9.3% vs. 3±9.1%, p=0.015) and LASCT (-19±9.9% vs. -3±21.2%, 

p=0.0025). In contrast, the conventional parameters of LA morphology and function did not 

change significantly (NS).  

All patients with diagnosis of cardiotoxicity received ACE inhibitors and/or betablockers, and 

continued with TZ therapy. Control echocardiography after 3 months showed a significant 

improvement of LV GLS, LVEF and LASCT in 4 (44%) patients while no favorable changes or 

even deterioration were observed in the remaining individuals (Figure, red color).  
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In patients without LV GLS-derived cardiotoxicity, only LASCT showed mild reduction 

between baseline and last available echocardiogram. In contrast all the remaining 

parameters did not change during the entire follow-up. 

 

Image: LVGLS pre (Avg -20. 1%) and post Cardiotoxicity (Avg -16. 1%). 

 

 

Conclusion:  

LASCT appears to be a sensitive parameter to assess effects of TZ therapy on LA. Its 

incremental value over LV functional parameters needs to be demonstrated in a large study. 
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Left atrial contractile strain, left ventricular strain or ejection fraction to assess 

cardiotoxicity in breast cancer patients receiving trastuzumab therapy? 

Background:  

In breast cancer patients undergoing Trastuzumab (TZ) therapy, early detection of cardiac 

dysfunction is of critical importance. 

Purpose:  

To compare potential value of left ventricular ejection fraction (LVEF), global longitudinal 

strain (LV GLS) and left atrial contractile strain (LAS) in HER2-positive breast cancer patients 

undergoing TZ therapy. 

Methods:  

The study population consisted of 23 HER2-positive breast cancer patients (age 53±10 years, 

100% females), with normal LVEF (> 50%) receiving TZ. Patients with previous heart disease, 

hypertension or diabetes mellitus were excluded. All patients underwent transthoracic 

echocardiography before and at 3-month intervals during TZ therapy.  

Several different loops for each apical plane have been recorded to assess LV GLS and LAS 

using speckle tracking. Cardiotoxicity was defined in three different ways according to each 

parameter as a 5% symptomatic or 10% asymptomatic fall of LVEF to < 50% (LVEFctox), by a 

reduction of LV GLS =12% (GLSctox) or of contractile LAS by =15% (LASctox), from baseline.  

The interobserver variability for LVEF, LV GLS and LAS was assessed in 10 patients by two 

experienced operators, using both the same 3 apical views and different apical views of their 

choice. 

Results:  

A total of six (26%), 9 (39%) and 9 (39%) patients developed LVEFctox, GLSctox and LASctox, 

respectively. All patients with the LVEFctox showed also the LV GLSctox. In contrast, the 

LASctox was observed only in 67% and 56%, respectively, of patients with the LVEFctox and 

GLSctox.  

The interobserver variability using the same apical loops was the lowest for LV GLS (2±4%), 

followed by LAS (4±14%) and LVEF (8±12%). Free choice of apical loops was associated with 

an increase of variability for both LV GLS (6±6%) and LAS (9±26%), but less for LVEF 

(10±12%). 
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Figure: left atrial cardiotoxicity in breast cancer patients undergoing chemotherapy. 

 

 

 

 

Conclusions:  

To assess cardiotoxicity, LV GLS seems to represent an optimal balance between sensitivity 

and reproducibility. LVEF is less sensitive and reproducible, however, also less affected by 

selection of apical views. Contractile LAS is sensitive but shows higher coefficient of 

variations and is discordant with LV functional indices. 
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Chapter 16 

Comparison between echocardiography and three-dimensional 

rotational angiography: the implication for successful percutaneous 

left atrial appendage closure 

 

Background:  

In patients undergoing percutaneous left atrial appendage (LAA) closure, the assessment of 

LAA ostium is critical for sizing of LAA closure device. Three dimensional rotational 

angiography (3DRA) has recently emerged as an alternative to TEE for LAA ostium 

assessment. However, the data on comparison between both methods are scarce.  

Purpose:  

Firstly, to compare LAA ostium measurements obtained by TEE versus those obtained by 

3DRA. Secondly, to assess procedural outcome of the TEE- versus the 3DRA-guided sizing of 

LAA closure device.  

Methods:  

We prospectively studied 67 consecutive patients who underwent LAA closure (age 76±19 

years; 42% Female, CHA2DS2-VASc score 4.73, HASBLED score 3.66). Patients were divided 

into two groups.  

The 3DRA-guided group consisted of 29 (43%) patients who underwent both 2D/3D TEE and 

3DRA during the LAA closure procedure.  

The 3DRA dataset containing the whole LAA was analyzed to assess LAA ostium size in end 

systole by an operator blinded to the TEE-derived measurements. In the 3DRA-guided group, 

the LAA closure device sizing was guided by the 3DRA assessment. In the remaining 38 (57%) 

patients, the LAA closure device sizing was guided by TEE (the TEE-guided group). In all 

patients, TEE was repeated at 3-6 months.  

Results:  

The 3DRA-derived maximal diameter of LAA ostium was by 6.7±3.3 mm and 5.3±3.4 mm 

larger than those derived by 2D and 3D TEE, respectively (both p<0.05). Similar trend was 

observed for LAA minor diameter, 3D area-derived diameter or LAA length.  

The concordance in LAA closure device sizing between the 3DRA- and the TEE-derived 

assessment was observed only in 42% of patients. The compressed diameter of the 
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implanted closure device showed a significantly higher correlation with LAA maximal 

diameter assessed by 3D TEE (r=0.74) versus by 3DRA (r=0.61) (p<0.05).  

Both the 3DRA-guided and the TEE-guided groups had similar occurrence of periprocedural 

complications or mild pericardial effusion. At follow-up, the 3DRA versus the TEE-guided 

group did not show any higher prevalence of significant para device leak (NS) or device-

attached thrombus (7.9% vs. 3.4%, p=0.4). 

Conclusion:  

The 3DRA-derived indices of LAA ostium are consistently larger than the TEE-derived ones 

because of TEE under-sizing or because of 3DRA contrast induced overload. However, 

neither TEE nor 3DRA appears clinically superior to the other in guiding LAA closure and both 

modalities show a similar outcome. 

 

Figure 1: Bland-Altman analysis of difference between maximal diameter of LAA ostium 

measured by 3D angiography and 3D echocardiography in 29 patients received LAA closure. 
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Figure 2: Correlation analysis between the LAA dimensions measured by 3D angiography to 

3D echocardiography in 29 patients received LAA closure. 

 

Figure 3: Exmaple of 3D rational angiography and 3D echocardiography images shown an 

elliptical shape of LAA ostium before and after the deployed device in the appendage. 3D 

echocardiography and biplane view of the deployed device in the appendage showing 

stability.  
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Figure 4. 3D rotational angiography and 3D echocardiography images from the single non-

implantable patient. There was no stability of the device in the appendage. (A) 3D 

appendage segmentation. Multiplanar reconstruction at the neck of the appendage. 

Maximum diameter is 30.5 mm. (B) transesophageal echocardiography at 47° plane. 

Maximum diameter is 27 mm. (C) the view of device in the left atrial appendage after 

deployment, showing lack of compression. (D) Biplane view of the deployed device in the 

appendage, showing lack of stability.  
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Chapter 17 

Endoscopic mitral valve repair of atrial functional mitral 

regurgitation in non-ischemic heart failure with preserved ejection 

fraction 

 

Introduction: 

In patients with heart failure and preserved ejection fraction (HFpEF), even mild atrial 

functional mitral regurgitation (AFMR) has been associated with poor outcome. 

Objective:  

To describe long-term effects of endoscopic mitral valve (MV) repair on outcome in patients 

with HFpEF and AFMR. 

Methods:  

The study population consisted of consecutive patients with HFpEF (LVEF ≥50%, H2FPEF 

score ≥ 5) and at least mild AFMR, who underwent isolated, minimally invasive (endoscopic), 

MV repair (MVRepair group) (n=131; 72 ± 7 years, 21% males) or remained on standard of 

care (StanCare group) (n=139; 78 ± 9 years, 28% males). Patients with coronary artery 

disease or organic MR were excluded. A complete (100%) follow up of all-cause mortality 

and HFpEF readmissions was obtained.  

Results:  

In the MVRepair group, the median follow up was 7.8 years (IQR 5.0-9.4 years). The 

perioperative, 30-day, 1- and 5-year mortality was 0, 1%, 1% and 12%, respectively. 

Additional 13 (10%) patients were readmitted for worsening HfpEF, while 2 (1%) individuals 

underwent redo MV surgery for recurrent MR. In different propensity matching analyses, 

MVRepair compared with StanCare showed 21-29% (SE 6-8%) and 19-26% (SE 6-8%) 

absolute risk reduction of all-cause mortality and HFpEF readmissions, respectively (all 

p<0.05). 

 MVRepair emerged as the strongest independent predictor of all-cause mortality (HR 0.16, 

95% CI 0.07-0.34, p<0.001) and HFpEF readmissions (HR 0.21, 95% CI 0.09-0.51, p<0.001). At 

5-year follow-up, in the MVRepair group, a total of 88% were alive and 80% were alive 

without readmission for HFpEF.  

Conclusions:  
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In patients with HFpEF and AFMR, endoscopic MV repair is associated with low perioperative 

mortality and high long-term efficacy to treat AFMR. MV repair seems to reduce excess 

mortality associated with HFpEF and AFMR. 

Introduction 

Atrial functional mitral regurgitation (AFMR) shows high prevalence in heart failure patients 

with preserved ejection fraction (HFpEF) and atrial fibrillation (AF), where its presence is 

associated with worse outcome (1-5). The optimal treatment strategy of AFMR is not known. 

Two small studies have reported good short-term effects of undersized mitral valve (MV) 

annuloplasty using open chest sternotomy (6,7). However, long-term effects of MV 

intervention on survival are not available. Moreover, patients with HFpEF and AFMR are 

usually elderly with frequent comorbidities, in whom, a minimally invasive technique may 

provide a distinct safety advantage over the sternotomy (1,2).  

Video-assisted endoscoscopic MV repair is a minimally invasive surgical approach using the 

right chest while avoiding sternotomy (8). The endoscopic technique shows comparable 

results as the open-chest MV surgery but with less postoperative morbidity (8). In ventricular 

FMR, endoscopic MV annuloplasty had conferred an independent long-term survival benefit 

compared with the guidelines directed therapy (9). However, its prognostic impact in AFMR 

is not known. Therefore, the aim of the present study was to describe long-term effects of 

endoscopic MV repair on outcome in patients with HFpEF and AFMR. 

Methods  

Study design A retrospective, single-center study.  

Study population The study population consisted of consecutive patients with HFpEF and at 

least mild AFMR, who underwent isolated, minimally invasive (endoscopic), MV repair 

(MVRepair group) between 2003 and 2017 (n=406; age 69±12 years, 32.5% males) or 

remained on standard of care (StanCare group) (n=354, age 77±10 years, 36.4% males). The 

diagnosis of HFpEF was based on clinical presentation and the H2FPEF score (10). The 

H2FPEF score is a validated and robust algorithm, which relies on simple clinical and Doppler 

echocardiographic characteristics (age, body mass index, history of hypertension or atrial 

fibrillation, pulmonary artery systolic pressure and mitral E/e’) allowing discriminating of 

HFpEF from non-cardiac causes of dyspnea (10).  

AFMR was defined by structurally normal valve or with only minimal structural alteration, 

and with normal leaflet motion. All individual files and available images were reviewed by an 

experienced echocardiographer (ZB), who was blinded to clinical outcome. To be eligible for 

the study, patients had to fulfill the following criteria: [1] LV ejection fraction ≥ 50%; [2] 

H2FPEF score ≥ 5 suggesting > 80% probability of HFpEF; [3] Non ischemic etiology of HFpEF; 

and [4] at least mild AFMR (≥ 1/4 grade). Patients were excluded if they had reduced LV 

ejection fraction (<50%), history of myocardial infarction, previous heart surgery including 
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myocardial revascularization, suspected ischemic heart disease, need for concomitant 

myocardial revascularization or aortic valve surgery, congenital heart disease, hypertrophic 

or restrictive cardiomyopathy, metastatic cancer or other significant comorbidities likely to 

limit survival, and unavailable or poor quality echocardiographic images (Figure 1). The 

MVRepair group consisted of 131 patients (72 ± 7 years, 21% males) undergoing endoscopic 

MV repair using undersized semi-rigid annuloplasty ring on an elective basis. No patient 

underwent myocardial revascularization. Concomitant tricuspid valve annuloplasty or MAZE 

was not an exclusion criterion. The StanCare group consisted of 139 patients (78 ± 9 years, 

28% males) hospitalized for de novo HFpEF who showed at least mild AFMR at fully 

compensated state at discharge.  

The study protocol was performed in accordance with the Ethics Committee of our 

institution. The need for consent to participate in this research study was waived in view of 

its observational and anonymous nature. Demographic data, medical history, laboratory 

results, imaging findings, periprocedural, and follow-up data were collected for the analysis. 

In all patients, survival status at the end of follow-up was verified using the national 

population registry. The cause of each readmission was reviewed in patient’s records and if 

needed validated with the patient or family doctor.  

Statistical analysis  

Data are expressed as mean ± SD for continuous variables and as percentages for categorical 

variables. The unpaired or paired Student t-test and the Pearson correlation coefficient were 

used as appropriate. The Fisher's exact test was used to compare categorical variables in 2× 

2 contingency tables. Cumulative survival curves were derived according to the Kaplan-Meier 

method, and differences between curves were analyzed by log-rank test.   

Several analyses were performed to estimate effect of MVRepair on all-cause mortality, 

HFpEF readmissions and their composite. [1] Propensity score to match for perioperative risk 

(EuroSCORE II) or for clinically relevant baseline characteristics (age, gender, NYHA class, 

body mass index, hypertension, diabetes mellitus, LV end-diastolic diameter, tricuspid 

regurgitation grade and pulmonary artery pressure).  

Score was used for appropriate local optimal 1:1 caliber matching without replacement using 

0.20 caliper width of the logit of the standard deviation of the calculated score to balance 

the baseline covariates; [2] Kaplan-Meier-derived survival analysis using inverse probability 

weighting; ]3] Cox regression modelling adjusted for propensity score. Care was taken to 

avoid overfitting. For all tests, values of p < 0.05 were considered significant. For statistical 

analysis, R 3.5.0 was used. 

Results 

Baseline characteristics in Table 1 shows baseline clinical and echocardiographic 

characteristics in both groups. Per eligibility criteria, all patients had a non-dilated LV with 
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preserved LV ejection fraction. The average H2FPEF score was > 6 in both groups. The 

majority of patients had a history of AF. The StandCare individuals were significantly older 

and had higher prevalence of comorbidities compared with the MVRepair group (p<0.01). 

Despite being low in both groups, the EuroSCORE II was significantly higher in the StanCare 

versus the MVRepair group (p<0.001). The majority of patients (71%) undergoing MV repair 

had NYHA class III/IV symptoms. We observed significantly larger left atrial diameter, greater 

degree of AFMR and tricuspid regurgitation in patients undergoing MVRepair compared with 

StanCare (all p < 0.001).  

Periprocedural and 30-day outcome in the MVRepair group The MV repair was successful in 

all patients and no individual died during surgery (intraoperative mortality=0). Concomitant 

tricuspid valve annuloplasty and MAZE was performed in 68 (49%) and in 97 patients (70%), 

respectively. The average cardiopulmonary bypass and myocardial ischemic time was 136 ± 

37 minutes and 93 ± 30 minutes, respectively. One patient died during index hospitalization 

from multiorgan failure (hospital and 30-day mortality = 1%). Major surgical complications 

were observed in a total of 13 (9%) individuals, out of whom 9 patients (6%) showed total 

AV-block requiring implantation of permanent pacemaker, 1 (1%) had multiorgan failure, 2 

(2%) had stroke, and 1 (1%) had sepsis. All these patients recovered and were discharged to 

ambulatory care.  

Long-term outcome  

Follow-up for all-cause mortality and HFpEF readmission was obtained in 100% of patients. 

During median follow up of 5.03 years (IQR 2.6-7.9 years) a total of 86 (32%) patients died 

from any cause and 61 (23%) ones were readmitted for worsening HFpEF. In MVRepair 

group, two patients (1.4%) had redo MV surgery for recurrent MR. In the StanCare group, no 

patient had MV intervention during follow up. As expected, both groups showed significantly 

higher all-cause mortality compared to expected mortality in age- and sex-matched general 

population (Figure 2A, 2B). Yet, in the MVRepair group, significant separation of the survival 

curves was observed only after 3 years following MV intervention. In contrast, in the 

StanCare group, the separation of the survival curves started immediately after index 

admission. Patients in the StanCare group had significantly higher 1-year (9% vs. 1%, 

p=0.002) and 5-year (40% vs. 12%, p<0.001) mortality from any cause and 1-year (17% vs. 

4%, p=0.006) and 5-year (34% vs. 10%, p<0.002) readmissions for worsening HFpEF, 

respectively. The total number of HFpEF readmissions was significantly higher in the 

StanCare versus the MVRepair group (56% vs. 13%, p<0.001). Movies 1 shows individual 

examples of two patients with HFpEF and significant AFMR: a long-term survivor (Movie 

1AB), who underwent successful MVRepair, and a non-survivor (Movie 1C), who remained 

on Standard of Care. Several different propensity-score models were constructed to account 

for baseline differences between groups in term of perioperative risk or other relevant 

characteristics. In all these analyses, MVRepair compared with StanCare showed significant 
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absolute risk reduction of all-cause mortality (21-29%), HFpEF readmissions (19-26%), and 

their composite (32-38%) (all p < 0.05) (Figures 3-5). 

Predictors of outcome  

MV repair was the strongest independent predictor of all-cause mortality, HFpEF 

readmissions and their composite (all p < 0.001). The other independent predictors were age 

and body mass index for of all-cause mortality, tricuspid regurgitation grade and diabetes 

mellitus for HFpEF readmissions, and age for their composite (Table 2).  

Discussion 

In the present study, in patients with HFpEF and AF, endoscopic MV repair of AFMR has been 

associated with: [1] low perioperative and 30-day mortality; [2] high long-term efficacy with 

low rate of recurrent AFMR; and [3] reduction of excessive mortality and HFpEF 

readmissions during follow-up.  

Prevalence and outcome of AFMR  

AFMR has emerged as a distinct type of mitral regurgitation, which is characterized by 

structurally normal MV with normal leaflet motion (1,3). The major underlying mechanism 

has been proposed to be mitral annulus dilatation stand alone or in some cases, combined 

with an insufficient compensatory leaflet growth, impairment of atrial and annular dynamics 

(1,3,11-15). AFMR shows high prevalence in patients with HFpEF and AF (1,2,5). HFpEF leads 

to increase in left atrial pressure, thus, left atrial remodeling, AF, mitral annulus dilatation 

and AFMR, which in turns worsens symptoms and outcome (1,2,5). As the prevalence of 

both HFpEF and AF is steadily increasing, AMFR may become the most frequent type of MR 

in the near future (1,16,17). In the ATTEND registry including 1825 patients with HFpEF, a 

total of 71% of subjects had at least mild AFMR before discharge following admission for 

acute decompensation (5). Presence of even mild “ischemic” AFMR at discharge has been 

independently associated with higher occurrence of the composite of all-cause death and 

HFpEF readmissions (4,5). In the community patients with isolated moderate-to-severe MR, 

AFMR accounted for 27% of cases (2). It is noteworthy, that, despite having relatively small 

effective regurgitant orifice area (0.2±0.08 cm²), AFMR has been associated with excess 5-

year mortality (50%) compared with expected mortality in general population (HR 1.88) 

(2).This suggests that even small amount of regurgitant volume may have prognostic impact 

in non-dilated and non-compliant LV alluding to the recently proposed concept of 

disproportionate FMR (18). In the present study, we have observed even higher prevalence 

of moderate to severe AFMR (37%) than in the previous studies, which may be related to 

inclusion of patients with high H2FPEF score, AF and at least mild AFMR into the present 

study (2,5). In the StanCare group, we have observed slightly better 5-year survival than in 

the Mayo clinic cohort, which may be explained by exclusion of ischemic AFMR from the 

present study (2).  
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Management of AFMR  

Despite being associated with poor outcome, optimal therapeutic strategy in AFMR has not 

been determined (19). Diuretics and early restoration of sinus rhythm may reduce left atrial 

pressure and mitral annular area and, hence, the severity of AFMR. However, frequently 

associated renal impairment and persistence of AF makes this approach challenging for a 

large proportion of HFpEF patients (20). Undersized MV annuloplasty targets the major 

underlying mechanism of AFMR, i.e. annulus dilatation. Two smaller studies totaling 57 

patients with permanent AF and preserved LV ejection fraction have reported good mid-

term effects of MV annuloplasty using open chest technique (6,7,21). During median follow 

up of 932 days, the rates of composite of freedom from cardiac death and HFpEF 

readmissions was 64% (21). In our study, we report the long-term outcome in the largest 

cohort of HFpEF undergoing MVRepair for AFMR so far. At 5-year follow-up, a total of 88% of 

patients were alive and 80% ones were alive without HFpEF readmission, i.e. significantly 

better outcome than in the previous study (21). Moreover, in our study, MVRepair remained 

to be associated with improved survival compared with standard of care even after 

propensity matching. The more favorable outcome in the current study may be related to 

minimally invasive approach, which may present an important safety advantage in these frail 

patients.  

Limitations  

The present study was retrospective with all inherent limitations. However, all files and 

images were carefully examined by an experienced echocardiographer and patients with 

insufficient data or poor image quality were excluded. Moreover, in all patients, follow-up 

for mortality and HFpEF readmissions was obtained.  

Conclusions 

AFMR shows high prevalence in HFpEF patients, where it is associated with poor outcome. 

The results of the present study suggest that isolated MV repair is safe and provides long-

term freedom from recurrent AFMR in the majority of patients. Moreover, MV repair seems 

to reduce excess mortality associated with HFpEF and AFMR. These results may encourage 

future studies using MitraClip in this population. 

 

 

 

 

 



page 130 of 216 
 

Table 1. Baseline clinical and echocardiography characteristics 

Variables MVRepair 
n=131 

StanCare 
n=139 

p 

Age, y 71.99 (7.26) 77.71 (8.92) <0.001 
Gender, n (%) 28 (21.4) 39 (28.1) 0.259 
Hypertension, n (%) 75 (60.5) 90 (64.7) 0.558 
Diabetes mellitus, n (%) 1 (0.8) 13 (9.5) 0.003 
COPD, n (%) 13 (10.0) 22 (15.8) 0.216 
MDRD < 50 ml /min/1.73 
m², n (%) 

29 (22) 46 (33) 0.057 

Stroke, n (%) 3 (2.3) 16 (11.5) 0.007 
EuroSCORE II, % 2 (1) 3 (2) <0.001 
History of AF, n (%) 122 (93.1) 133 (95.7) 0.516 
NYHA, n (%) 
   I, II 
   III, IV 

 
38 (29.0) 
93 (71.0) 

 
0 
139 (100) 

Not applicable 

Body mass index, kg/m² 27.44 (4.30) 29.00 (7.48) 0.040 
H2FPEF 6.34 (1.14) 6.79 (1.27) 0.003 
LVEDd, mm 49.80 (6.44) 48.48 (5.95) 0.093 
LVEF, % 59.05 (5.55) 55.94 (4.13) <0.001 
LA diameter, mm 47.16 (7.10) 44.10 (5.96) <0.001 
AFMR 2.76 (0.67) 1.30 (0.63) <0.001 
Tricuspid regurgitation 2.14 (1.03) 1.68 (0.94) <0.001 
Systolic PAP, mmHg 42.04 (10.52) 44.22 (13.62) 0.150 

Abbreviations: AF = atrial fibrillation, AFMR = atrial functional mitral regurgitation, COPD 

= chronic obstructive pulmonary disease, LA = left atrial, LVEDd = left ventricular end-

diastolic diameter, LVEF = left ventricular ejection fraction, MDRD = The Modification on 

Diet in Renal Disease, MVA = mitral valve annuloplasty, NYHA = New York Heart 

Association, PAP = pulmonary artery pressure.



page 131 of 216 
 

Table 2: Predictors of all-cause mortality, HFpEF readmissions and their composite 

 Multivariable Analysis 
 HR (95% CI) p value 

All-cause mortality   
Age 1.05 (1.01-1.10) 0.031 
Body mass index 0.93 (0.87-0.99) 0.023 
MV repair 0.16 (0.07-0.34) < 0.001 
HFpEF readmissions 1.38 (0.97-1.97) 0.071 
Diabetes mellitus 5.14 (1.16-22.73) 0.031 
TR grade 2.14 (1.00-4.58) 0.050 

MV repair 0.21 (0.09-0.51) < 0.001 
Mortality and HFpEF readmissions   
Age 1.03 (1.00-1.07) 0.050 
MV repair 0.22 (1.13-1.41) < 0.001 

CI = confidence interval, HR = hazard ratio 

Abbreviations: HFpEF = heart failure with preserved ejection fraction, MV = mitral valve 

 

Figure 1: Identification of the study group. All patients labeled as HFpEF with at least mild 

FMR have been considered for the study. Abbreviations: AFMR = atrial functional mitral 

regurgitation, AR = aortic regurgitation, AS = aortic stenosis; HFpEF = heart failure with 

preserved ejection fraction, LVEF = left ventricular ejection fraction, MR = mitral 

regurgitation, MVRepair = mitral valve repair group, StanCare = standard of care group  
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Figure 2: Observed versus expected survival in the MVRepair (2A) and StanCare (2B) group. 

 

 

Figure 3: Estimating effect of MVRepair using propensity score matching at 5-year follow up. 
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Figure 4: Survival analysis using inverse probability weighting. All-cause mortality (4A), 

HFpEF readmissions (4B) and their composite (4C) after propensity matching for baseline 

perioperative risk (EurSCOR II, age and HYHA class) at 5 years. Unadjusted (dashed lines) and 

adjusted (solid lines) in the MVRepair (red color) versus the StanCare (black color) groups. 

Propensity matching resulted in 52 matched pairs. 

 

Figure 5: All-cause mortality (5A), HFpEF readmissions (5B) and their composite (5C) 

following propensity matching for clinically relevant baseline characteristics.  The MVRepair 

group is shown in red color while the StanCare group in black color. Propensity matching 

resulted in 56 matched pairs. 
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Chapter 18 

Long-term outcome of minimally invasive mitral valve annuloplasty 

in disproportionate mitral regurgitation 

 

Background: 

Hypothetical concept of disproportionate secondary mitral regurgitation (SMR) has been 

recently introduced to facilitate patient’s selection for mitral valve intervention. However, 

real world data validating this concept are unavailable. 

 

Purpose:  

To investigate long-term effects of minimally invasive mitral valve annuloplasty (MVA) in 

patients with disproportionate (dSMR) versus proportionate SMR.  

 

Methods:  

The study population consisted of 44 consecutive patients (age 67±9,5 years; 64% males) on 

guidelines-directed therapy with advanced heart failure (HF), reduced LV ejection fraction 

(EF) (32 ± 9,7%) and SMR undergoing isolated mini-invasive MVA. Patients with organic 

mitral regurgitation or concomitant myocardial revascularization were excluded. To assess 

SMR disproportionality, the PISA-derived effective regurgitant orifice area (EROA) and 

regurgitant volume (RV) were compared to the estimated EROA and RV by using Gorlin 

formula and pooled real-world data.  

 

Results:  

According to EROA, a total of 20 (46%) and 24 (54%) patients, respectively, had dSMR and 

proportionate SMR (pSMR). According to RV, a total of 17 (39%) had dSMR and 27 (61%) had 

pSMR. Patients with dSMR showed significantly lower prevalence of male gender and higher 

prevalence of diabetes mellitus than patients with pSMR (p<0,001). Moreover, we observed 

smaller LV end-diastolic volume, larger EROA and RV (both p<0,01) and higher LV EF (p=0,02) 

in the dSMR versus the pSMR group. Other baseline characteristics were similar. During 

median follow up of 4.39 y (IQR 2,2-9,96y), a total of 25 (56%) patients died from any cause 

while 21 (47%) individuals were readmitted for worsening HF. Patients with dSMR versus 

pSMR according to both EROA and RV showed significantly lower rate of HF readmissions 

(both p < 0.05) (Figure 1, 2). In Cox regression analysis combining clinical and imaging 

parameters, dSMR was the only independent predictor of HF readmissions (HR 0.20, 95% CI 

0.07-0.60, p=0.004). In contrast, mortality was similar between dSMR and  pSMR (NS) with 
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age as the only independent predictor (HR 1,10; 95% CI 1,03-1,18, p=0,003). 

 

Conclusion:  

Minimally invasive MVA is associated with significant reduction of HF readmissions in 

patients with dSMR versus pSMR while the mortality is similar. This suggests the importance 

of other parameters, i.e. age and degree of LV remodeling, to guide clinical management in 

SMR. 
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Chapter 19 

Imaging of Myocardial Fibrosis and Its Functional Correlates in 

Aortic Stenosis: A Review and Clinical Potential 

 

Abstract 

Patients with severe aortic stenosis (AS) show progressive fibrotic changes in the 

myocardium, which may impair cardiac function and patient outcomes even after successful 

aortic valve replacement. Detection of patients who need an early operation remains a 

diagnostic challenge as myocardial functional changes may be subtle. In recent years, 

speckle tracking echocardiography (STE) and cardiac magnetic resonance mapping have 

been shown to provide complementary information for the assessment of left ventricular 

mechanics and identification of subtle damage by focal or diffuse myocardial fibrosis, 

respectively. Little is known, however, about how focal and diffuse myocardial fibrosis 

occurring in severe AS are related to measurable functional changes by echocardiography 

and to which extent both parameters have prognostic and diagnostic value. The aims of this 

review are to discuss the occurrence of focal and diffuse myocardial fibrosis in patients with 

severe AS and to explore their relation with myocardial function, determined by STE, as well 

as the prognostic and diagnostic potential of both parameters. 

Introduction 

The appropriate timing of aortic valve replacement (AVR) in asymptomatic patients with 

severe aortic stenosis (AS) remains challenging [1, 2]. Several of these patients show 

progressive fibrosis of the left ventricular (LV) myocardium, which may impair cardiac 

function and clinical outcomes even after successful AVR [3-5]. These individuals may benefit 

from early AVR before the development of irreversible myocardial fibrosis. The identification 

of myocardial damage at an early stage remains challenging. Indices provided by standard 

echocardiography show a low sensitivity as myocardial structural and functional changes 

may be subtle. Cardiac magnetic resonance (CMR) and speckle tracking echocardiography 

(STE) have been recently shown to provide complementary information in the assessment of 

myocardial fibrosis and its functional consequences, respectively [6-9]. However, 

information on the clinical value of the use of these cardiac imaging techniques in valvular 

heart disease is scant. Moreover, little is known about the relationship between myocardial 

fibrosis and measurable LV systolic function by STE. Accordingly, the aim of the present 

paper is to review the existing scientific literature on the relation between myocardial 

fibrosis and LV dysfunction and its possible impact on clinical outcomes in patients with AS. 

Pathophysiology of LV Dysfunction in AS 
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Obstruction of the LV outflow tract due to AS is associated with a gradual increase in the LV 

afterload, which ultimately leads to the development of LV hypertrophy. Until recently, LV 

hypertrophy in AS had been considered a compensatory mechanism of the left ventricle 

muscle to face the high-pressure overload. Hypertrophied LV is capable of generating 

greater forces and higher pressures, while the increased wall thickness maintains a normal 

wall stress and sustains LV contractions. However, this original view of LV hypertrophy as a 

solely compensatory process has changed in the last decades. Focused papers have in fact 

demonstrated a significant relationship between LV hypertrophy and increased LV stiffness, 

diastolic dysfunction, and increased LV filling pressure [10-12]. Thanks to recent advances in 

cardiac imaging, a close association has been observed between the development of LV 

hypertrophy and myocardial fibrosis [13]. It has been postulated that, while originally being 

a compensatory process, LV hypertrophy ultimately becomes maladaptive and leads to 

myocyte apoptosis and diffuse interstitial myocardial fibrosis. These changes make the 

cardiac muscle less compliant and are responsible for the progression of LV hypertrophy 

towards overt heart failure [14-16]. Cardiac fibrocyte cells normally produce collagen to 

provide structural support for the heart. When overactivated in response to pressure 

overload, this process causes excessive accumulation of fibrosis and damages myocardial 

muscles. In histology, 2 types of myocardial fibrosis have been described: diffuse myocardial 

fibrosis (DMF), an early form of fibrosis believed to be reversible, and focal myocardial 

fibrosis (FMF), a later form that is irreversible [17]. AS is characterized by a significant 

increase in DMF, with a large variation in interindividual values [6, 17]. The extent of DMF 

has been shown to be an independent predictor of adverse clinical outcomes both before 

and after AVR as well [15, 18, 19]. Notably, patients with paradoxical low-flow low-gradient 

AS have a higher degree of myocardial fibrosis and LV longitudinal dysfunction than patients 

with normal-flow high-gradient AS [16, 20]. It has been hypothesized that not only a reduced 

LV cavity but also LV functional changes as a consequence of myocardial fibrosis contribute 

to a reduction in the LV stroke volume and production of a low transvalvular gradient, thus 

leading to a poor outcome [20, 21]. This suggests that DMF may be one of the critical 

mechanisms underlying the transition of LV hypertrophy to heart failure with an unfavorable 

clinical course. Accordingly, an accurate diagnostic technique, able to assess DMF or its 

functional correlates, may be crucial in patients experiencing AS. 

Imaging of Diffuse Myocardial Fibrosis in AS 

LV myocardial biopsy has been the gold standard for evaluation of DMF for a long time. 

However, the invasiveness, susceptibility to sampling errors, and inability to assess the 

fibrotic burden of the whole LV myocardium hamper its clinical utility in daily practice. CMR 

has emerged as a reference noninvasive method to assess both FMF and DMF [6, 15, 26]. 

Late gadolinium enhancement (LGE) at CMR is an established technique for assessing FMR 

(replacement fibrosis, scar). In symptomatic patients with severe AS, FMF occurs mainly in 

the subendocardial layer of the LV and its degree decreases from the base to the apex 

[15, 16]. Patients with a larger extent of FMF had a significantly lower freedom from cardiac 
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death at 10 years (42 ± 19% vs. 89 ± 6%, p = 0.002), with congestive heart failure being the 

most common cause of death [3]. In another study, the presence of FMF was significantly 

associated with poor postoperative outcomes [17]. However, FMF develops later in the 

disease course and, therefore, CMR-derived LGE is not sensitive enough to detect the early 

stage of myocardial damage. Accordingly, in our previous studies which used CMR-derived 

T1 mapping (CMR-T1), a total of 25% of patients had extensive (> 30%) DMF and a focal scar 

was not observed in any of them [23, 24]. Using the MOLLI sequence, CMR-T1 was in fact 

recently shown to allow accurate detection and quantification of DMF with excellent 

precision, reproducibility, and scan-rescan stability [22]. The T1 mapping technique 

measures the myocardial T1 relaxation time before or after contrast administration. An 

increased collagen content with expansion of the extracellular space causes prolongation of 

the native T1 relaxation time and an extracellular volume (ECV) fraction increase in 

comparison with normal myocardium. Both native T1 relaxation time and ECV have been 

significantly associated with DMF at myocardial histology [25-27]. We recently reported the 

high accuracy of both native T1 relaxation time with a cut-off value ≥1,010 ms (Ss = 90%, Sp 

= 73%, AUC = 0.82) and ECV with a cut-off value ≥0.315 (Ss = 80%, Sp = 90%, AUC = 0.85) to 

identify extensive (> 30%) DMF at histology [24]. Moreover, correlations between both 

native T1 and ECV with prognostic markers such as NT-pro-BNP or troponin have been 

reported [28, 29]. CMR-T1 has therefore been proposed as a promising technique to identify 

early structural changes in patients with AS. The advantages and limitations of CMR in AS 

assessment are shown in Table 1. 

Table 1: Advantages and limitations of STE and CMR mapping in AS assessment bl 

Advantages and limitations of STE and CMR mapping in AS assessmente  

 

Imaging of Early LV Dysfunction in AS 

LV ejection fraction by echocardiography is routinely used to assess LV systolic chamber 

function in patients with AS. However, increasing evidence demonstrates that irreversible 

myocardial damage might occur before changes in the ejection fraction become apparent 

[8]. It is noteworthy that AS-induced DMF starts at the subendocardial level, affecting mainly 
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longitudinal LV function. Since it is predominantly determined by radial function, the LV 

ejection fraction can be normal for a long time even in the presence of extensive 

subendocardial fibrosis [6, 15, 19]. Accordingly, the LV ejection fraction, i.e., the class I 

guideline recommendation for AVR, cannot be used for early risk stratification in 

asymptomatic AS patients. In contrast, STE-derived 2-D global longitudinal strain (GLS) is a 

validated and sensitive parameter to quantify LV longitudinal systolic function [8, 9]. Several 

studies have demonstrated a reduced magnitude of GLS in AS patients compared to controls 

despite a preserved LV ejection fraction [16-18, 31-33]. In asymptomatic AS, GLS at rest has 

been shown to be independently associated with development of symptoms, an abnormal 

exercise tolerance, a need for AVR, and mortality [34-37]. Furthermore, a magnitude of the 

longitudinal strain of LV basal segments below −13% has been found to be associated with a 

higher rate of cardiac events at follow-up [32]. It has also been shown that a GLS below 

−18% predicts an abnormal exercise response with a sensitivity of 68% and a specificity of 

77% [38]. In another study, the assessment of GLS during exercise had a higher accuracy 

than the LV ejection fraction to detect latent LV systolic dysfunction [39]. Finally, even the 

decrease in circumferential strain may be a marker of advanced disease with unfavorable 

course, particularly when it is associated with a low-flow state in AS patients [40]. These 

findings suggest that both regional and GLS have a greater and earlier diagnostic power than 

the LV ejection fraction in this clinical setting [41]. The advantages and limitations of the STE-

derived GLS assessment are summarized in Table 1. 

Relationship between Myocardial Fibrosis and LV Systolic Function 

Different kinds of observations have shown that GLS is a functional marker of myocardial 

fibrosis. First of all, GLS was found to be related to biomarkers of myocardial fibrosis such as 

those expressing calcification, collagen formation, or breakdown and inflammation [42, 43]. 

Several studies have also reported significant associations between LV systolic function and 

both FMF and DMF at CMR or myocardial histology [3, 14, 15, 18, 19, 24, 29, 44-46] 

(Table 2). Former studies have investigated the relationship between FMF and LV contractile 

function [14, 44, 45]. It has been shown that both the presence and the extent of FMF are 

inversely related to echocardiographic parameters such as relative wall thickness, LV 

fractional shortening, and ejection fraction and to STE-derived indices of LV myocardial 

function [18, 28, 44]. A GLS ≤−11.6% showed a sensitivity of 65% and a specificity of 75% to 

predict significant FMF (LGE > 10%) [43]. The majority of studies dealing with this issue have 

focused on DMF [15, 19, 24, 46, 47]. Of the conventional echocardiography-derived 

parameters, DMF seems to show a significant, though weak, correlation only with LV mass 

and the LV mass index [23, 24]. In contrast to FMF, none of the other conventional 

parameters including LV ejection fraction or aortic valve area had a significant association 

with the degree of DMF [39]. This emphasizes the need to use a highly sensitive technique to 

assess DMF. Recent investigations have reported a significant relationship among DMF at 

histology, the CMR-T1-derived native T1 relaxation time or ECV, and STE-derived 

deformation indices [15, 18, 45]. In our study, a GLS <–15% showed excellent accuracy to 
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predict extensive (> 30%) DMF (Fig. 1, 2) [23, 24]. Moreover, we observed a significant 

correlation between GLS during exercise and native T1 relaxation time (Fig. 3) [23, 24]. 

Finally, the native T1 relaxation time showed a high accuracy in predicting the limited LV 

contractile reserve [23, 24]. All together these results strongly support the concept that GLS 

could be considered as an accurate functional marker of DMF in AS. 

Table 2: Studies showing relationships between myocardial fibrosis and LV systolic function 

assessed by different methods. e 2. 

 

Fig. 1 

Figure 1: Examples of resting 2-D GLS compared with the extent of DMF on myocardial 

histology. a Patient with a preserved magnitude of 2-D GLS (–21.1%) and a negligible extent 

of DMF (7.4%). b Patient with a reduced magnitude of 2-D GLS (–14.9%) and extensive DMF 

(31.2%). DMF, diffuse myocardial fibrosis; GLS, global longitudinal strain. The images are 

shown with permission from the research work group of the Cardiovascular Center Aalst 

(Belgium) [23, 24]. 
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Fig. 2. 

Figure 2: a Correlation between 2-D GLS and the percentage of myocardial collagen on 

myocardial histology. b Accuracy of resting 2-D GLS to identify extensive (> 30%) DMF on 

myocardial histology. DMF, diffuse myocardial fibrosis; GLS, global longitudinal strain. The 

images are shown w permission from the research work group of the Cardiovascular Center 

Aalst [23, 24]. 

 

Figure 3: a Correlation between exercise-induced Δ 2-D GLS and native T1 relaxation time on 

a 3-T scan. b Accuracy of native T1 relaxation time on a 3-T scan to predict a reduced LV 

contractile reserve. DMF, diffuse myocardial fibrosis; GLS, global longitudinal strain. The 

images are shown with permission from research work group of the Cardiovascular Center 

Aalst [23, 24]. 
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Limitations 

Although both CMR-T1 and STE seem to have great clinical potential in various 

cardiovascular diseases, these techniques also have several limitations (Table 1). One of the 

major shortcomings of both methods is the great interscanner or intervendor variability of 

normal values. This disadvantage requires definition of normal values for each individual 

scanner or echo device when assessing healthy subjects. This procedure should be repeated 

after each major update of equipment or hardware. Other limitations need also mentioned. 

First of all, CMR-derived assessment of FMF using LGE has a wide interobserver variability, 

depends on the technical setting of the scanner, and does not allow detection of DMF [47]. 

The CMR-T1-derived T1 relaxation time and ECV are dependent on a specific CMR-T1 

sequence, magnetic field strength, and homogeneity. In addition, there is a significant 

overlap between T1 mapping values in healthy and diseased myocardia, making the 

interpretation challenging [15, 30, 39, 40]. Other limitations of CMR include the limited 

availability of equipment and expertise, the associated high costs, and the need to 

administer a contrast agent. In contrast, echocardiography is more widely available, faster, 

and cheaper than CMR. GLS, a relatively operator-independent parameter, has a higher 

reproducibility compared to LV ejection fraction and other echocardiographic parameters of 

LV systolic function [6]. However, due to the difference among different vendors, the same 

software should be used in individual patients over time [48-50]. The load dependency of 

the STE-derived indices may represent another challenge for routine clinical use in AS, as 

they are largely influenced by both preload and afterload changes [27, 38, 39, 51]. 

According to recent published studies in animal models, STE-derived indices correlate 

strongly with pressure-volume loop-derived contractility indices and the STE-derived strain 

cannot predict load-independent contractility [51, 52]. Accordingly, to bypass this limitation 

in the chronic overloaded LV, the pressure-strain loop-based method is a promising tool for 

assessment and monitoring of myocardial function in patients with AS, but this method is 

still under investigation. Recently, novel techniques of derived tissue tracking by CMR cine 

acquisitions, such as CMR tagging and feature tracking, have provided a detailed 

characterization of LV global and regional contractility and reasonable agreement in the 
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assessment of myocardial deformation in patients with AS [53-55]. However, several 

technical limitations may affect quantitative results and lead to variability among different 

readers [56-58]. Finally, the role of tissue tracking by CMR in detection of the extent and 

types of myocardial fibrosis could be compromised by the coexistence of other 

comorbidities, such as hypertension, amyloidosis, or ischemic heart disease, which may play 

a role in disease phenotyping [59, 60]. Thus, the accuracy of these emerging methods for 

characterization of LV performance and quantification of myocardial fibrosis in patients with 

isolated AS or a concomitant comorbidity is still not adequately identified [61-64]. 

Conclusions 

There is growing evidence that myocardial fibrosis plays an important role in the 

pathophysiology of AS and its complications. Recent advances in cardiac imaging technology 

allow noninvasive detection of myocardial fibrosis and the associated impairment of LV 

systolic function. It has been demonstrated that evaluation of myocardial fibrosis by CMR 

and of its functional consequences highlighted by GLS provides a more accurate assessment 

of early myocardial damage than LV ejection fraction. Despite its great diagnostic potential, 

further improvement of the current technology is needed to homogenize CMR-T1- and STE-

derived indices across different vendors and scanners.  

Future advances in noninvasive cardiac imaging might improve our understating of the 

interplay between myocardial fibrosis and LV function. The real clinical value of these 

parameters reflecting early myocardial injury needs to be validated in multicenter 

prospective studies. However, the encouraging results derived from different studies provide 

clinical perspectives on the use of these techniques for guidance in clinical decision making 

and improvement of the management of patients with AS. 
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Chapter 20 

Cardiac Resynchronization Therapy Optimization: A Comprehensive 

Approach. 

 

Abstract 

Since the first report on biventricular pacing in 1994, cardiac resynchronization therapy 

(CRT) has become standard for patients with advanced heart failure (HF) and ventricular 

conduction delay. CRT improves myocardial function by resynchronizing myocardial 

contraction, which results in reverse left ventricular remodeling and improves symptoms and 

clinical outcomes. Despite the accelerated development of CRT device technology and its 

increased application in treating HF patients, almost one-third of these patients do not 

respond to the therapy or gain any clinical benefit from device implantation. Over the last 

decade, multiple cardiac imaging modalities have provided a deeper understanding of 

myocardial pathophysiology, thereby improving HF treatment management. However, the 

optimal strategy for improving the CRT response remains debatable. This article provides an 

updated overview of the electropathophysiology of myocardial dysfunction in ventricular 

conduction delay and the diagnostic approaches involving the use of multiple modalities. 

Introduction 

The selection of patients with heart failure (HF) and ventricular conduction delay who will 

benefit from cardiac resynchronization therapy (CRT) requires both an accurate assessment 

of myocardial structure and function and a clinical evaluation. According to recent 

guidelines, patients are considered candidates for CRT if they have HF symptoms of New 

York Heart Association (NYHA) class II–IV, left ventricular (LV) ejection fraction (LVEF) ≤35%, 

and a QRS duration >130 ms on ECG [1, 2]. Despite the selection criteria, 30–35% of patients 

are nonresponders with no symptomatic improvement or reverse LV remodeling [3, 4]. 

Some individuals even experience a clinical deterioration following device implantation [3, 

4]. In addition, the parameters used to predict CRT response have not been significantly 

associated with an increase in the responder rate. Of note, left bundle branch block (LBBB) 

morphology, a QRS duration of ≥150 ms, and adequate coronary sinus anatomy have been 

most closely associated with a favorable CRT response [3, 4]; mitral valve regurgitation (MR), 

right ventricular (RV) dysfunction, and atrial fibrillation (AF) have been shown to have a 

negative impact on patient response [5–7]. However, all these conditions are highly and 

concomitantly prevalent in patients undergoing CRT, which makes their use challenging. 

Finally, CRT-device programing parameters that delay the progression of myocardial damage 

have largely remained unidentified. 
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During the past 2 decades, several echocardiography- or ECG-derived strategies to improve 

outcomes in CRT patients have been proposed [8, 9]. However, the exact cut-off values to 

predict the response and clinical outcome post-CRT are not yet established. Studies are 

ongoing to improve the role of imaging in predicting CRT response, including EuroCRT, a 

large European multicenter prospective observational study [10]. Furthermore, several CRT-

device programming approaches for CRT optimization have emerged [11]. It has become 

clear that the development of appropriate strategies to improve CRT response will require 

answering a range of both clinical and technological questions. Novel bio-imaging markers 

associated with myocardial function restoration post-CRT are still to be identified and the 

available CRT technology needs further adjustment. This review provides an updated 

overview of the pathophysiology of myocardial dysfunction in ventricular conduction delay 

and the diagnostic approaches for CRT that involve multiple modalities.  

Pathophysiology of Myocardial Dysfunction in LV Conduction Delay  

Mechanical contractility is a consequence of electrical activation of the heart. Hence, early 

detection of abnormal electrical-mechanical patterns is important. LV systolic function is 

inversely correlated with electrical width and vector of the QRS complex on ECG. However, 

in clinical practice, electrical reverse remodeling is not always accompanied by mechanical 

reverse remodeling. Accordingly, CRT optimization focused on achieving the shortest-paced 

QRS duration has yielded mixed echocardiographic and clinical results [12]. The major 

determinants of myocardial performance and cardiac output are preload, myocardial 

contractility, and afterload [13, 14]. In the dyssynchrony pattern, the systolic stretching 

leaves the septum in a hibernation state characterized by switching metabolism from free 

fatty acids to glucose as the preferred substrate; consequently, the septum no longer 

contributes to LV systolic function and stroke volume [15]. The systolic stretching caused by 

LV free-wall shortening impairs the work performed by the septal segment and the septum 

absorbs energy. In LBBB, the abnormal early activation may result in a partial or complete 

loss of septum contribution. These changes in myocardial function can eventually lead to 

alterations in adrenergic density as well as the deterioration of the resting function, 

inotropic reserve, and function recovery [16]. In HF patients with ventricular conduction 

delay, impaired LV function has been considered a reversible process which can be improved 

by restoring the myocardial function using CRT, but the most favorable effects are observed 

in patients with significant myocardial viability and contractile reserve. Such patients have 

the potential to improve after CRT therapy [15, 17].  

Patterns of Motion and Deformation 

In patients with LBBB, the apex exhibits a pre-ejection rocking motion, due to active septal 

contraction unopposed by the absence of activation of LV lateral wall contraction. Many 

researchers suggested using visual markers of cardiac motion including apical rocking and 

septal flash as indicators for dyssynchrony [18, 19]. However, dyssynchrony is often subtle, 
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and so it cannot be quantified by visual assessment alone. Quantitative tools should be used 

to complement the visual description of myocardial deformation [18–20]. 

Since 2002, cardiac motion dyssynchrony has traditionally been described by parameters 

such as a septal-to-posterior wall motion delay ≥130 ms measured by M-mode 

echocardiography [21]. More recently, myocardial deformation has been assessed by 

imaging tools such as color-coded or pulsed tissue Doppler imaging, with dyssynchrony 

indicated by an opposing wall delay of ≥65 ms and a time to onset systolic velocity of ≥100 

ms. However, these indicators have many technical limitations [21].  

Speckle-tracking echocardiography (STE) imaging applied to routine echocardiography can 

provide higher accuracy to predict reverse LV remodeling post-CRT, as defined by an acute 

improvement of LVEF or LV end-systolic volume [22]. An acute increase in magnitude, 

together with more extensive synchronization of LV longitudinal strain, has been associated 

with improved functional capacity and NYHA class post-CRT [23]. This finding supports the 

use of STE to assess global longitudinal and radial strains to predict the extent of reverse LV 

remodeling following CRT (Fig. 1). Furthermore, regional strain patterns, particularly of 

septal strain, may help in assessing myocardial deformation in dyssynchronous HF, although 

the extent of acute change that predicts the clinical outcome remains unknown [24, 25]. 

Tissue tracking by using cine cardiac magnetic resonance (cine-CMR) has shown promising 

results, with recent studies reporting comparable results for radial dyssynchrony between 

cine-CMR and STE [26]; CMR can also be used to identify and evaluate mechanical 

dyssynchrony in patients with LBBB [27]. However, CMR has technical limitations in HF 

patients with LBBB, and further evaluation is needed before it can be clinically implemented 

[27]. Other limitations are high costs and limited availability. 

Figure 1. Speckle-tracking echocardiography showing global longitudinal strain of the left 

ventricle in a patient with heart failure treated by cardiac resynchronization therapy (CRT). 

Left, before implanting CRT; right, echocardiography-based CRT optimization at 3 months. 
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Myocardial Viability and Fibrosis 

CRT response may be reduced by diminished myocardial viability associated with extensive 

LV scarring [28]. Moreover, CRT electrodes should not be placed in segments with scar tissue 

which can be easily identified on CMR [29, 30]. Patients with ischemic LV dysfunction and 

LBBB may have various amounts of focal myocardial fibrosis including in the interventricular 

septum. In contrast, patients with nonischemic cardiomyopathy may have a high level of 

diffuse fibrosis in the septum. A detailed description of regional myocardial fibrosis in 

dyssynchrony is needed (Fig. 2). 

Figure 2. Examples of resting global longitudinal strain (GLS) of the left ventricle compared 

with the extent of hypoperfusion and the distribution of myocardial fibrosis in a patient with 

complete left bundle branch block and significantly reduced biventricular function. The 

figure A shows late gadolinium enhancement image by cardiac magnetic resonance imaging 

demonstrating a dense septal scar in the LV septal wall. Figure B shows scintigraphy image of 

a very large area of severe myocardial hypoperfusion and extensive transmural infarction in 

the septum. Figures C and D show a tissue Doppler image of myocardial dyssynchrony with a 

reduced magnitude of 2D GLS measured by speckle tracing echocardiography.   
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Advanced imaging methods, such as CMR, allow quantitative assessment of focal and diffuse 

myocardial fibrosis, but they do have limitations. CMR with late gadolinium enhancement, in 

particular, shows wide variation in quantifying focal fibrosis and cannot detect diffuse 

fibrosis [31, 32]. Other CMR approaches, such as T1 mapping and extracellular volume 

mapping, are affected by specific CMR techniques and magnetic field strength; they lack 

reference ranges, and there is a significant overlap of T1 mapping values of healthy and 

disease states [31, 32]. 

Using innovative imaging tools in this field is key to understanding the disease of the 

myocardial muscle, in terms of cellular and tissue abnormalities. Nuclear imaging, including 

positron emission tomography (PET), demonstrates reduced myocardial perfusion, glucose 

uptake, and oxidative metabolism in the septum of LBBB patients [33]. CRT partially 

normalizes these changes; therefore, measuring these radionuclide parameters may offer an 

improved approach for selecting CRT candidates [33]. Similarly, single-photon emission 

computed tomography (CT) supplies information about perfusion and is complementary to 

PET, which reflects metabolism. Radiation dose and the limited availability of PET may 

hamper routine clinical use. The advantages and limitations of different imaging techniques 

are summarized in Table 1. 

 

 

 

Concomitant Cardiac Conditions 

RV dysfunction is associated with a poor prognosis for HF patients [34]. Its role in CRT 

candidates is controversial. Impaired RV function pre-CRT, similar to HF, is associated with 

worse survival post-CRT [35], but a study has shown that CRT may improve RV function and 
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prognosis in patients with RV dysfunction [36]. A previous meta-analysis revealed that 

echocardiographic parameters of RV function do not predict CRT response-related changes 

in LVEF [37]. In contrast, a recent study reported that RV systolic dysfunction before CRT 

implantation could identify patients that might not benefit from CRT [38], and a prospective 

study concluded that CRT induces RV reverse remodeling and improves RV function with 

improved interventricular dependence [39]. Furthermore, a higher baseline RV-pulmonary 

artery (PA) coupling is associated with improved LV reverse remodeling and independently 

associated with a better prognosis [40]. Of note, the response to CRT was strongly 

associated with RV-PA coupling in both studies [39, 40]. However, using the RV-to-PA ratio 

as a potential guide for CRT in patients with diseases in whom RV failure predominates 

needs further investigation [39, 40].  

Patients with congenital heart disease (CHD) may benefit from CRT. A recent German 

registry revealed that CRT can be used as an adjunct in the HF treatment of selected CHD 

patients [41]. A retrospective review on 20 patients with congenitally corrected 

transposition of the great arteries reported that CRT implantation is feasible, and that the 

long-term outcome is favorable but linked to systematic morphologic RV dysfunction in 

some patients [42]. Since most of the studies available are retrospective in nature, the 

impact of CRT on long-term prognosis in this population is still unknown [43, 44].  

Several studies have shown that CRT improves secondary MR [45, 46]. A less favorable effect 

on MR has been reported in ischemic LV dysfunction with extensive scarring. Larger residual 

MR (an effective orifice area ≥0.20 cm2) following CRT has been associated with increased 

mortality and HF hospitalizations [47]. A recent study on 277 HF patients observed that MR 

severity at 6 months decreased in 48 (42%), remained stable in 42 (37%), and worsened in 

24 (21%). Four-year adverse event rates were strongly predicted by the presence of at least 

moderate MR after, but not before, CRT [48]. On the other hand, a prospective study on 198 

patients demonstrated that significant secondary MR after CRT is associated with higher 

morbidity and mortality, i.e., MR despite CRT provides important prognostic information 

beyond LV reverse remodeling [49]. 

Patients with AF before and after CRT represent a challenging cohort with insufficient data 

to guide clinical decision-making. CRT is recommended in patients with AF and ≤35 LVEF who 

meet the CRT criteria and in whom atrioventricular (AV) node ablation or pharmacological 

rate control allow approximately 100% ventricular pacing with CRT [50]. Although CRT 

improves some risk factors for AF, such as atrial size and LV systolic function, it does not 

reduce AF recurrence [50]. It is of note that, in HF with AF, pulmonary vein isolation may 

result in a better control of symptoms at short-term follow-up compared than CRT plus AV 

node ablation [51]. However, because the long-term effects remain unknown, pulmonary 

vein isolation should be only performed in selected individuals, taking into account patients’ 

preference [51]. Further data on these patients are needed for developing a standardized 

approach.  
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Noncardiac Comorbidities 

Many noncardiac comorbidities, e.g., diabetes, hypertension, dyslipidemia, obesity, 

respiratory insufficiency, and renal dysfunction, negatively affect myocardial contractility. 

CRT response is associated with the stabilization or improvement of renal function, which, in 

turn, is associated with lower mortality [52, 53]. A meta-analysis suggested that diabetic 

patients with advanced HF who received CRT exhibited higher total mortality than 

nondiabetic patients [54]. However, the increased mortality might have been attributable to 

insulin administration [54]. In the same context, another retrospective analysis showed that 

coexisting chronic obstructive pulmonary disease was an independent predictor of a 

nonresponse to CRT [55]. Cardiac disease but also noncardiac concomitant diseases should 

be taken into consideration when selecting patients for CRT [56]. 

Blood Biomarkers 

Blood biomarkers, such as N-terminal pro-B-type natriuretic peptide (NT-proBNP), troponin 

T, galectin-3, and plasma miRNA-21, reflect myocardium status in HF patients. A reduction in 

the levels of these markers is mostly associated with a favorable CRT response [57]. The 

BIOCRT study revealed that NT-proBNP levels were 20% higher in the coronary sinus than in 

the peripheral veins [58]. It suggested that the coronary sinus sampling of HF biomarkers is 

more accurate than the peripheral venous blood sampling for predicting CRT outcomes. This 

study also reported that elevated galectin-3 levels during CRT device implantation are 

associated with the absence of MR improvement after CRT [59]. Thus, high circulating levels 

of these markers at the coronary sinus or peripheral veins may predict the CRT response and 

could therefore be used to document therapy success. 

AV and Ventriculoventricular Time Interval 

Prolonged PR intervals may impair AV mechanical coupling and the restoration of AV 

mechanical coupling with CRT may improve survival [60]. Following CRT implantation, AV 

interval optimization is of crucial importance to allow the completion of the atrial 

contribution to diastolic filling, resulting in the most favorable preload before ventricular 

contraction [61]. Several approaches have been used to optimize AV time interval. The CRT 

device’s AV interval time setting has been considered the cornerstone for restoring 

myocardial contractility and performance. Doppler echocardiography-derived AV 

optimization has been associated with an improvement in both LV systolic function and 

presystolic MR. In brief, AV delay is programmed so that the end of atrial contraction is 

timed to coincide with the onset of ventricular contraction [62]. Because AV dyssynchrony is 

common and modifiable, Doppler echocardiography-guided AV optimization after CRT is 

warranted, particularly in nonresponders with a fused or truncated LV filling pattern [63]. 

The clinical efficacy of AV optimization has yet to be established.  

The ventriculoventricular (VV) interval optimization, which is affected by LV and RV function, 

is rarely performed because it is time-consuming and without proven clinical benefit [64]. 
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The methods used for VV optimization may be suboptimal to achieve adequate inter- and 

intraventricular resynchronization. However, it is still necessary to demonstrate its clinical 

relevance, and VV interval modification may be proposed to reduce the persistent 

asynchrony in nonresponders [65]. In summary, in clinical practice, CRT system parameters 

are often set empirically, using a shortened AV interval (90–120 ms) and simultaneous 

biventricular (BiV) pacing, with no further optimization during follow-up. 

Mechanical Work  

To assess myocardial reverse remodeling which directly affects the cardiac output following 

CRT, previously, studies used simple visual patterns such as apical rocking and septal flash to 

predict CRT responders [19, 20, 66]. Furthermore, it was reported that the correction of 

mechanical dyssynchrony versus the volumetric response was associated with long-term 

survival [67]. Recently, the calculation of the systolic dyssynchrony index (SDI) via real-time 

3D echocardiography showed a superiority in the assessment of LV performance following 

CRT [68]. In contrast to a previous small study which reported that CRT optimization of 

interventricular delay by using SDI (vs. QRS width) assessment did not reveal any significant 

difference in terms of volumetric and clinical response at the 12-month follow-up [69], 

recent large studies have demonstrated that a more pronounced reduction in SDI 

immediately after CRT is independently associated with a superior long-term outcome [70], 

and that SDI derived by 3D speckle-area tracking shows a good correlation with the 

reduction of end-systolic volume post-CRT [71]. However, there is no consensus regarding 

the feasibility of using SDI to optimize the CRT.  

Recently, noninvasive methods of calculating myocardial work have been applied in research 

into CRT response. Recent studies focused on mechanical dyssynchrony by taking into 

account the wasted and constructive myocardial work by means of strain analyses and 

hemodynamic data [72, 73]. The assessment of regional distribution to myocardial work 

based on different hemodynamics patterns can be used to determine the impact of elevated 

load on myocardial performance in HF patients that qualify for CRT [74]. These myocardial 

work indices derived from pressure-strain loops may provide comparable beneficial effects 

to serial evaluation of LV function (Fig. 3). At present, it is reasonable to consider these 

indices as semiquantitative novel tools to aid in guiding CRT, but caution is needed until this 

is validated in larger prospective studies. Echocardiography-based CRT candidate selection 

criteria and response optimization are summarized in Table 2. 
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Figure 3. Regional and global myocardial work in a heart failure patient responded to cardiac 

resynchronization therapy (CRT). Left, before implanting CRT; regional work was 

inhomogeneous in the septal segments. Right, after 12 months; CRT increases the global 

myocardial work and this inhomogeneity disappeared. 

 

 

The assessment of BiV performance by echocardiography stress test should be interpreted 

to identify pathways and targets, so that we can address different phase patterns of 

ventricular remodeling and determine the degree of residual dyssynchrony, particularly in 

nonresponders [75]. On the other hand, cardiopulmonary exercise testing (CPET) might be 

helpful to assess the exercise capacity of HF patients with diseases of heart muscle and other 

significant diseases underestimated by rest evaluation [76]. Contemporary trends suggest 

that combined CPET imaging stress test can be implemented in clinical practice to assess BiV 

dysfunction in different HF phenotypes not detectable with rest evaluation [77].  
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Lead Placement 

Optimal LV lead placement is crucial for a favorable CRT response. Accumulated evidence 

suggested that mechanical resynchronization is the primary mechanism underlying CRT 

response. Accordingly, in the absence of scarring, the optimal LV lead position is generally 

lateral or posterolateral because this is often the latest segment to contract in the presence 

of LBBB [78]. In contrast, apical pacing and pacing in a densely scarred region should be 

avoided when tailoring the therapy and to prevent adverse events [78, 79]. A multimodality 

complementary approach is ideal to establish the optimal CRT lead placement precisely. 

Multidetector CT can be used for preoperative mapping of the cardiac veins to assess the 

availability of suitable veins in potential target segments prior to CRT implantation [80]. The 

CRT outcome can be predicted by analyzing the 3D coronary sinus lead-tip trajectory and 

optimizing its placement based on advanced imaging methods [81]. Clearly, the introduction 

of a LV quadripolar lead provides multiple ways to pace the ventricle, and thus more options 

to avoid negative workload of the LV segments and achieve CRT optimization [82].  

Maximal electric separation-guided placement of the RV defibrillation lead during CRT 

should be considered. The results of recent studies clearly show the benefits, in terms of 

reverse LV remodeling and clinical response, that can be obtained with optimization of the 

RV lead pacing position; the placement of the RV lead guided by maximal electric separation 

compared with standard apical placement not only improves cardiac function but can also 

reduce the risk of ventricular arrhythmia [83, 84]. For CRT therapy, multipoint pacing, guided 

by noninvasive hemodynamics, shows a positive LV structural remodeling [85]. However, 

many limitations in LV lead implantation, due to anatomical or other constraints, need to be 

considered. At present, permanent His-bundle pacing is a feasible alternative for patients in 

whom BiV pacing provided no clinical response. His-bundle pacing allows for the recruitment 

of BBB disease and ventricular activation in a more physiological fashion, specifically in 

patients with right BBB and those with AV block [86].  

Emerging Optimization Strategy 

A timely upgrade to BiV- or His-bundle-pacing devices needs to be considered in patients 

with CRT. A single-center registry involving 304 patients demonstrated that daily remote 

monitoring can be useful to identify the percentage of BiV pacing, and that a higher 

percentage improves the long-term prognosis after CRT [87]. Moreover, a recent study 

including 201 candidates reported that a higher percentage of BiV pacing (>98% at 6 months 

after CRT) is essential for patients to become superresponders [88]. However, the real 

clinical value of BiV-pacing percentage still needs to be validated in multicenter prospective 

studies. 

Sensor-derived approaches are rapidly developing in modern cardiology. In CRT patients, the 

SonR sensor, which is embedded in the right atrial lead and picks up the intensity of the first 

heart sound as a surrogate for cardiac contractility, has been used to optimize CRT settings 
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[89]. It provides the opportunity for continuous reading of myocardial contractility during 

rest and exercise. This allows continuous adaptation of the AV and VV interval setting of the 

CRT device according to the instantaneous needs of the patient [89]. A comparative study 

demonstrated that automatic optimization with the SonR sensor is as effective as echo-

guided optimization, allowing the primary efficacy end point to be met with a 35% significant 

reduction in HF hospitalization rates during long-term follow-up [90]. 

Advanced Computer Modeling 

Advanced computer modeling combined with machine learning may provide mechanistic 

insights into CRT efficacy. It may help to solve complex problems involving big data by 

identifying interaction patterns among multiple variables in potential CRT candidates [91, 

92]. The application of neural networks and deep learning in cardiovascular medicine plays a 

crucial role in imaging accusation, reconstruction, quantification, and analysis [93]. A 

combined deep-learning and deformable-model approach is a promising tool for fully 

automatic segmentation of the myocardium in CMR [94].  

Thanks to recent advances in addictive manufacturing technologies, computational modeling 

and 3D printing have become powerful tools to describe the heart structure and the 

properties of myocardial tissue [95]. The encouraging results highlight clinical perspectives 

on the use of computer-aided design models to monitor myocardial structural changes 

following CRT and ultimately shape a favorable remodeling response to CRT [96, 97]. 

Certainly, the integration of imaging and nonimaging information based on computer-aided 

diagnosis will allow us to determine not only the effect of CRT on myocardial performance in 

the different phenotypes of cardiomyopathy, but also the long-term impact of CRT on the 

different symptomatic classes of HF patients [98].  

Conclusion 

CRT has shown significant clinical benefits for patients with HF refractory to medical therapy. 

Despite the great advances in CRT technology over the past decade, a further improvement 

of device settings, lead placement, and imaging tools is needed to improve the efficacy of 

CRT. However, programming devices to optimize the delivery of CRT remains challenging, 

and there are still no parameters that are routinely indicated to predict CRT response or 

guide CRT optimization. At present, multivariate computational models are promising tools 

used in the assessment of electromechanical dyssynchrony, and the latent strength of these 

methods to optimize CRT has shown great promise. Future advances will hopefully facilitate 

the identification of new bio-imaging markers and technical approaches to increase the 

responder rate. The promising results of pilot studies to date need to be validated in a 

multicenter, prospective setting. 
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Part 5 

Case reports:  

The role of imaging in valvular 

intervention 
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Chapter 21 

Case report: transapical valve-in-valve implantation for 
bioprosthetic mitral valve failure secondary to endocarditis using a 

balloon-expandable device  
 

Abstract:  

Transcatheter valve-in-valve (VinV) implantation is an alternative to redo surgery for 

bioprosthetic valve failure in high risk patients. According to recent guidelines, transcatheter 

valve-in-valve procedure at a center with expertise in this procedure maybe considered in 

patients at high or greater risk for open surgical therapy. The patient with multi morbidities 

described here developed a rapid deterioration of mitral valve bioprosthesis function due to 

a serious condition of infective endocarditis. In this challenging case where there are no 

guidelines which specifically address the management, multidisciplinary team approach was 

the corner stone to make the right medical decision.  

Case report:  

A 71-year-old female patient with history of multi-morbidities was referred for bioprosthetic 

mitral valve repair. Her past medical history included hypertension, diabetes mellitus type 2, 

hyperlipidemia, cholecystectomy, lung fibrosis secondary to Tuberculosis and recurrent 

pulmonary infections. She also had history of coronary artery disease treated by bypass 

surgery (venous graft on left anterior descending artery) and postoperative moderate mitral 

valve insufficiency. Three years ago, the patient had symptomatic severe mitral valve 

insufficiency, so the mitral valve was replaced by mitral valve bioprosthesis type Mozaik size 

27. Two years ago, the patient was admitted for diagnosis of hemolytic anemia and transient 

acute renal insufficiency and in April 2017, she was admitted to the hospital with diagnosis 

of bioprosthetic mitral valve endocarditis and blood cultures were positive for Streptococcus 

gallolyticus which has a high affinity for adherence to damaged endothelium. The patient 

was referred to our hospital for further evaluation after endocarditis treatment by 

antibiotics for a total duration of 6 weeks. On physical examination, a harsh systolic murmur 

in the heart apex radiating to the left sternal border. The transthoracic echocardiogram (TTE) 

revealed concentric hypertrophy with preserved systolic function (LVEF = 50%). The mitral 

valve bioprosthesis was shown with significant leaflets destruction and severe regurgitation. 

Transesophageal echocardiogram (TEE) showed a massive mobile mass on the atrial side of 

the bioprosthesis leaflet [figure 1]. Despite the treated endocarditis and the inflammatory 

biochemical parameters remained low, the pedunculated structure on atrial side of the 

mitral valve bioprosthesis, with comparison with previous studies, was unclear whether it 

corresponded to a vegetation or fibrotic mass. In August 2017, a successful PCI of the 

proximal and mid right coronary artery by implantation of drug eluting stent (Ultimaster 3.00 
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x 33 mm) had been performed and severe pulmonary artery hypertension and high elevated 

LV filling pressure had been reported. The patient was discharged on dual anti platelet 

therapy and prepared for bioprosthetic mitral valve repair after six weeks. After heart valve 

team discussion, she was prepared for percutaneous implantation of balloon expandable 

prosthetic valve. The patient was NYHA grade 4 before the procedure and arrived in shock 

on the table. The structural heart intervention team implanted the trans-apical 26-mm 

Sapien XT inside the mitral prosthesis by TEE guiding. After the procedure, the ECG showed 

sinus rhythm with normal AV conduction and the valve evaluation by fluoroscopy and 

echocardiography revealed trivial paravalvular leak and acceptable flow gradient through 

the implanted valve [figure 2].  A small mobile structure attached to the valve strut along the 

ventricular side was mentioned but without LVOT obstruction. After few days post-

procedure, the patient was discharged and followed up in the heart valve clinic. She was 

perfectly fine a couple of weeks later at the outpatient clinic. Her clinical symptoms were 

improved (NYHA class 1) but TTE revealed an acute angle between the aortic and mitral 

valve planes with septal hypertrophy and with mild residual LVOT space. Although the device 

protrusion toward LVOT, the flow though LVOT was acceptable. The maximum and minimum 

gradient across the valve were 9.7 mmHg and 4.7 mmHg respectively [figure 3]. After 6 

months follow-up, echocardiography showed no change in the structure and the function of 

the implanted valve with preserved myocardial function.  

Discussion:  

Prosthetic valve endocarditis (PVE) is the most severe form of infective endocarditis, 

accounting for 10-30% of all cases [1,2]. Risk factors for PVE include younger age, male sex, 

history of diabetes, presence of chronic obstructive pulmonary disease, post-procedure 

hemorrhage requiring transfusion, postoperative stroke, and moderate to severe residual 

valvular regurgitation [3,4]. Furthermore, the in-hospital mortality rate of PVE is 21-28.4% 

and preoperative status and complications are strongly related to the early mortality [3,4]. 

The indications for surgery in PVE include heart failure due to acute valve regurgitation, 

vegetation size, persistent sepsis and embolism [5,6]. A multidisciplinary team approach is 

essential for optimal treatment of patients with endocarditis and joint operating by 

appropriately trained surgeons should be considered for challenging cases [5,6]. 

Furthermore, follow up of the patient in comprehensive heart valve clinic/center has been 

shown to improve the clinical outcome [7,8].  

A review of published data about VinV transcatheter implantation for failed bioprosthetic 

valves showed that most of the successful VinV implantations were for the treatment of 

failed degenerated bioprosthetic valve [9-12]. According to recent study including 61 

patients, the transapical mitral VinV can be performed safely with results comparable with 

those of surgical therapy [13]. Only in a multicenter registry included 53 patients who 

suffered PVE after TAVI of 7944 patients, 6 underwent valve intervention (valve explanation 

and VinV procedure in 4 and 2 patients, respectively) [14]. According to a recent study, the 
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rate of PVE within the year following TAVI has ranged from 0.5 to 3.1% and patients who 

developed endocarditis had high rates of in-hospital mortality and 2-year mortality [15]. 

Regarding the technical aspects of VinV implantation, a recent published paper reported that 

VinV procedure can be associated with device malposition (including delayed malposition) 

and elevated post-procedural gradients (especially when performed inside small surgical 

valves) [16]. 

In our patient, the rapid deterioration of mitral valve bioprosthesis malfunction was 

mentioned by echocardiography secondary to PVE although multiple antibiotics treatment. 

After completion of the antibiotic treatment and verification of the absence of persistent 

infection, valve-in-valve procedure was selected for the treatment of severe mitral 

bioprosthetic regurgitation even though the residual vegetation on the destroyed valve. 

Optimal positioning of the transcatheter valve was achieved with rapid ventricular pacing 

immediately prior to valve deployment. TEE was used during the procedure to optimize the 

implanted valve position and to rule out LVOT obstruction or any residual post-procedural 

regurgitation which increases the risk of endocarditis recurrence. Although our consider of 

the technical aspects of this procedure, the meticulous evaluation of patient anatomy and 

the careful device selection, the 1-month post-procedural echocardiography revealed 

delayed malposition and elevated post-procedural gradients, that will have potential effect 

on device durability and increase the risk of the embolization. On the other hand, the 

existence of infected tissues and masses without surgical debridement increases the risk of 

endocarditis recurrence as well.  

Conclusion: 

Treatment of PVE remains a challenge and early diagnosis with a multidisciplinary team 

approach is essential to improve outcomes. This case report highlights that although the 

valve in valve procedure is not the optimal treatment for patients with failed valve 

bioprosthesis secondary to endocarditis, it probably remains a reasonable alternative for 

high surgical risk patients.  
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Figure 1: Pre-procedure 2D and 3D TEE showed a massive vegetation on the atrial side of the 

mitral bioprosthesis leaflet with severe regurgitation. 
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Figure 2: Transcatheter implantation of a 26-mm SAPIEN XT prosthesis in a failed mitral 

bioprosthesis. Via a transapical route, the SAPIEN XT prosthesis is positioned and 

deployment inside the mitral bioprosthesis. 

    

Figure 3: 3-month post-procedure TTE showed 26-mm Sapien XT inside the mitral prosthesis 

with maximum and mean gradient 9.3 and 4.7 mmHg respectively. It revealed an acute angle 

between the aortic and mitral valve planes with septal hypertrophy and with mild residual 

LVOT space.   
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Chapter 22 

Transfemoral TAVI valve-in-valve for xenograft valve failure of 
valved dacron conduit: imaging-based case report  

 
Background:  

Patients undergoing a root replacement with a xenograft aortic valve conduit may require a 

re-operation due to the structural deterioration of the bioprosthesis. Bioprosthetic heart 

valve failure represents a particularly serious complicated case to treat by redo surgery. 

Valve-in-valve (VIV) transcatheter aortic valve implantation (TAVI) is an alternative to surgery 

for patients with surgical high risk. 

Clinical presentation:  

A 83 year old female patient, with medical history of hypertension and hyperlipidemia, had 

undergone in 2002 surgical implantation of aortic Dacron conduit with a stented porcine 

xenograft valve (type Shellhigh 27) and re-implantation of coronary arteries. She was 

referred for evaluation of her functional deterioration of daily life physical abilities during 

the last year. She was admitted to the hospital with progressive dyspnea (functional NYHA 

class 4/4). A Grade 3-4/6 diastolic and systolic murmurs were heard over the area of the 

conduit valve. Electrocardiography showed left ventricular hypertrophy. Chest X-ray showed 

cardiomegaly with increased pulmonary venous congestion. In trans-thoracic 

echocardiography, the left ventricle (LV) showed concentric hypertrophy with preserved 

systolic function (EF:50%, GLS: -16.4), no regional wall motion abnormalities. The 

bioprosthetic valve was shown with degenerative significantly thickened cusps and with 

severe eccentric regurgitation. The maximum aortic gradient was 20 mmHg and the mean 

gradient was 10 mmHg (Figure 1). The patient was referred to TEE that showed the 

bioprosthetic leaflets were degenerated with pannus growth over prolapsed leaflet with 

perivalvular eccentric severe regurgitation along the anterior mitral leaflet (figure 1). Pre-

procedure computed tomography (CT) revealed focal ectasia in the wall of the aortic arch 

(about 3.5 cm distal to the left subclavian artery) with a type B aortic dissection 

characterized by an interruption of the intima over a length of 27 mm and formation of a 

false lumen with a length of 39 mm and a thickness of 17 mm (figure 2). Coronary 

angiography revealed atherosclerotic coronary arteries with mild stenosis in the mid and 

distal right coronary artery with preserved fractional flow reserve (FFR:0.95). After heart 

team discussion, trans-catheter implantation of new prosthetic valve across femoral artery 

was indicated. The TAVI team suggested Edwards SAPIEN 3 as the delivery system of 

relatively low profile seems particularly suitable for use on a transfemoral route in this 

patient. The Sapien 3 valve and related delivery system were smoothly advanced through 

the right femoral artery up to the ascending aorta without problems. The bioprosthesis 
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Edwards SAPIEN 3 (size: 29 mm) valve was released during controlled ventricular pacing at 

140 ppm inside the failed aortic bioprosthesis under TEE guidance (figure 3). After the valve 

was implanted, a significant leak was observed necessitating balloon post-dilation inside the 

new bioprosthesis. After post dilation, the paravalvular leak was trivial by echocardiography 

and angiography evaluation. On the sixth day after the operation, the patient was 

discharged uneventfully on a regimen of Aspirin and Clopidogrel. The patient was followed 

after the procedure, her clinical symptoms were improved and TTE showed preserved LV 

function and normal bioprosthetic valve function (Gmax: 15.9 mmHg, Gmean: 7.36 mmHg, 

EOR: 2.36 cm², EORI: 1.5 cm²/m², trivial paravalvualr leak) (figure 4). After 6 months follow-

up, echocardiography showed no change in the structure and the function of the implanted 

valve with preserved myocardial function. 

Discussion:  

Aortic root and valve replacement with a xenograft aortic valve conduit results in excellent 

hemodynamics but has limited durability [1]. The valve failure occurs for a variety of reasons, 

some of which are infectious, leaflet degeneration, and deterioration due to age [2]. Similar 

to other types of bioprosthesis valvular disease, the deterioration of the xenograft 

bioprosthesis of aortic conduit occurs much more frequently after a period of 12 to 15 years 

[3]. According to the recent valvular disease guidelines, the indications for surgery include 

the structural bioprosthesis degeneration with clinically relevant valve stenosis or/and valve 

regurgitation [4,5]. A multidisciplinary team approach is essential for optimal treatment of 

patients with bioprosthesis valve failure and joint operating by appropriately trained 

surgeons should be considered for challenging cases [4,5]. Furthermore, the follow up of the 

patient in comprehensive heart valve clinic/center has been shown to improve the clinical 

outcome [6,7].  

Recently, the replacement of the degenerated aortic valve using trans-catheter valve-in-

valve technique is an alternative to redo surgery for patients with a failing bioprosthetic 

aortic valve [8-11], but most of these cases were with a dominant stenotic valvular disease. 

With regard to safety of VIV procedure for stentless bioprosthesis, a previous study showed 

VIV TAVI after previous stentless aortic valve replacement is technically demanding but a 

safe and feasible approach. On the other hand, a recent published paper of multicenter 

propensity score analysis revealed patients with aortic bioprosthesis failure treated with 

either redo-SAVR or TAV-in-SAV have similar 30-day and one-year clinical outcomes [12]. 

Regarding the valvular replacement following the deterioration of a failed xenograft aortic 

valve conduit, recent papers reported cases of surgical aortic valve implantation following 

surgical deterioration of a biological valve composite conduit [13,14]. However, transfemoral 

TAVI valve-in-valve for xenograft valve failure of valved dacron conduit in adults had never 

been reported. 

In this reported case of TAVI valve in valve for a failing xenograft bioprosthesis, the dominant 

valvular dysfunction was the valve insufficiency and the new implanted valve is inserted 
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through transfemoral access and the aortic conduit. During the stages of the assessment and 

management of the bioprosthesis failure, many anatomical and technical aspects had been 

emphasized using multi-modality imaging according to appropriateness criteria of European 

society of cardiology [14]. Before the procedure, the echocardiography was the reference 

imaging modality for the hemodynamic valvular assessment and the detection of its 

functional deterioration. While the multi-slice computed tomography (MSCT) can’t 

determine the functional status of the failed valve, the severity of the valvular calcification 

description and the annulus size measurement were optimized by MSCT. The MSCT 

assessment of the vascular access, aortic angulation and conduit structure was very 

important to choose the femoral access and successful insert of the equipment through the 

conduit.  

During the procedure, even the treatment of pure aortic regurgitation has carried the risk of 

the malposition or the embolization, the xenograft bioprosthesis profile and the leaflets 

characters were seemed sufficient to the new implanted bioprosthesis fixation to the 

annulus. Considering the difficult cross through the conduit, the Sapien 3 Commander 

System was used because of its low-profile and technically easy deployment. On the other 

hand, it is noticeable that the lack of correspondence between the stented part of the graft 

and the usual anatomical annulus we are used as marker to position and release the TAVI, in 

the case of the Shellhigh the stented segment is somewhat lower as compared to the normal 

position of the anatomic annulus, which has resulted in a slight lower TAVI implant. This later 

is currently performed with a ratio of 70:30 or even 80:20, while in this case we implanted 

with a ratio of 50:50 (meaning with this ration the portion of the deflated valve that goes on 

the aortic and ventricular side respectively). Although the risk of annulus rupture and 

coronary obstruction, a post-dilation balloon was inflated inside the new implanted 

bioprosthesis to optimize the valve development. TEE was the reference standard modality 

for the evaluation of the new implanted bioprosthesis position and its function as well. 

Furthermore, we depended on TEE in the assessment of the chronic dissection in the aortic 

arch directly after the procedure. Before the patient discharge, TTE assessment of the 

hemodynamic performance of the effective orifice aortic bioprosthesis was very important 

to exclude any patient-prosthetic mismatch, and sequentially, to guide the medical decision 

making during the follow-up. 

Conclusion:  

This present case shows the feasibility of implanting a transcatheter valve within xenograft 

aortic valve conduit, and it suggests that TAVI could be a valid therapeutic alternative to 

redo surgery in case of failed xenograft bioprosthesis. Furthermore, imaging-guided VIV TAVI 

appears to be a safe treatment option. 
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Figure 1: TTE and TEE showed the bioprosthetic valve with degenerative significantly 

thickened cusps and with severe eccentric regurgitation. The maximum aortic gradient was 

20 mmHg and the mean gradient was 10 mmHg. The heart muscle function is reserved with 

global longitudinal strain -17.4%. 

  

 

Figure 2: Computed tomography and TEE revealed focal ectasia in the wall of the aortic arch 

(about 3.5 cm distal to the left subclavian artery) with a type B aortic dissection 

characterized by an interruption of the intima over a length of 27 mm and formation of a 

false lumen with a length of 39 mm and a thickness of 17 mm. 
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Figure 3: Transcatheter implantation of a SAPIEN XT prosthesis in xenograft aortic valve. 

During the procedure TEE showed the wire inside the left ventricle and the bioprosthesis 

aortic valve. 

    

  

Figure 4: TTE showed preserved LV function and normal bioprosthetic valve function (Gmax: 

15.9 mmHg, Gmean: 7.36 mmHg, EOR: 2.36 cm², EORI: 1.5 cm²/m², trivial paravalvualr leak). 
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