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Abstract
Left atrial (LA) enlargement and dysfunction increase the risk of atrial fibrillation (AF). Traditional echocardiographic evaluation of
the left atrium has been limited to dimensional and semi-quantification measurement of the atrial component of ventricular filling, with
routine measurement of LA function not yet implemented. However, functional parameters, such as LA emptying fraction (LAEF), may
be more sensitive markers for detecting AF-related changes than LA enlargement. Speckle-tracking echocardiography has proven to be
a feasible and reproducible technology for the direct evaluation of LA function. The clinical application, advantages, and limitations
of LA strain and strain rate need to be fully understood. Furthermore, the prognostic value and utility of this technique in making
therapeutic decisions for patients with AF need further elucidation. Deep learning neural networks have been successfully adapted to
specific tasks in echocardiographic image analysis, and fully automated measurements based on artificial intelligence could facilitate the
clinical diagnostic use of LA speckle-tracking images for classification of AF ablation outcome. This review describes the fundamental
concepts and a brief overview of the prognostic utility of LA size, LAEF, LA strain and strain rate analyses, and the clinical implications
of the use of these measures.
Keywords: atrial fibrillation; catheter ablation; echocardiography; left atrial enlargement; left atrial emptying fraction; deep learning
neural networks

1. Introduction
Atrial fibrillation (AF) is the most prevalent symptomatic cardiac arrhythmia in clinical practice worldwide.
AF increases the risk of ischemic stroke, heart failure, cardiovascular events, and mortality [1–4]. Atrial fibrosis
has been increasing recognized as a contributing abnormality in the development of AF [5–7]. Atrial fibrosis increases local conduction heterogeneity in the atria and provides a AF-sustaining re-entry substrate [7,8], which can be
identified by delay-enhancement cardiac MRI and intracardiac electroanatomic mapping [9,10]. However, their timeconsuming and invasive nature limit the routine application of these tools in daily practice. Echocardiography provides a real-time and noninvasive method to assess cardiac
anatomy and function. Because of its widespread availability and feasibility, echocardiography has been the imaging
technique of choice for evaluating the left atrium. Several
echocardiographic parameters of left atrial (LA) anatomy,
function, and deformation have been used to evaluate atrial
fibrosis and the risk of AF [1,11,12].
Catheter ablation (CA) is a common treatment strategy in symptomatic AF patients resistant to antiarrhythmic
medications, but the long-term success rate is only around
50–80% [13–15]. LA remodeling is among the most impor-

tant factors related to the recurrence of AF post CA. Previous studies have investigated the clinical predictors of AF
recurrence after CA [16–18]. P-wave duration can serve as
a low cost and widely available predictor of long-term outcome in AF patients undergoing CA [19–22]; nevertheless,
the predictive power of P-wave duration is weaker than that
of LA emptying fraction (LAEF) [21]. Echocardiography
has the advantages of availability, efficacy, and providing
real-time high temporal and spatial resolution images, and
thus is best suited for evaluating the possibility of AF recurrence [23–26].
In this review, we provide a comprehensive overview
of the LA echocardiographic parameters associated with
new-onset AF and AF recurrence after CA.

2. Review of Parameters
2.1 Left Atrial (LA) Size Assessment
Left atrial dimension (LAD) in M-mode measurement
is the traditional method used to assess LA size. LA dilatation reflects the cumulative effects of left ventricular (LV)
filling pressure over time and the severity of diastolic dysfunction, and can be used as a quantifiable surrogate of the
arrhythmogenic substrate in the development of AF. Previous studies have shown that dilated LAD is a predictor of
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AF occurrence in general [27] and in elderly populations
[1], and that the risk of developing AF is proportionate to
the extent of LA dilatation [28]. The Cardiovascular Health
Study revealed that patients with LAD >50 mm had a fourfold higher risk of new-onset AF during surveillance [29].
For this unidimensional measurement of LAD to accurately
represent the true LA size, it must be assumed to have a consistent relation with other LA dimensions [30]. However,
the left atrium is not a spherical cavity and LA enlargement
may occur asymmetrically [31], which results in underestimation of the LA size when using the anterior-posterior
diameter acquired from M-mode images [30]. The American Society of Echocardiography and the European Association of Cardiovascular Imaging recommend using a biplane method to measure LA volume (LAV), using either
the area-length technique or Simpson’s method [32]. Biplane LAV has been reported to predict AF occurrence in elderly population [1], in patients with cardiomyopathy [33],
and in those with stroke of undetermined source [34]. Tsang
et al. [35] also found that LAV is more powerful than LAD
in predicting AF occurrence in the elderly population.
2.2 LA Function Assessment, Atrial Myopathy, and Atrial
Fibrillation (AF) Genesis
In normal subjects, LA function can be divided into
three phases: reservoir, conduit, and booster pump, which
account for around 40%, 35%, and 25% of the entire LV filling, respectively [11]. To assess LA function, LA volumes
are measured at the mitral valve opening (LAVmax ), closure (LAVmin ), and at the onset of the electrocardiographic
P wave (LAVpreA , only available in sinus rhythm); the LA
functions are derived from the following volumetric measurements [36,37]:
LAEF = (LAVmax − LAVmin ) /LAVmax

(1)

(
)
LA conduit function = LAVmax − LAVpreA /LAVmax

(2)

(
)
LA booster pump function = LAVpreA − LAVmin /LAVpreA (3)

Clinically LAEF is a significant echocardiographic
parameter for predicting AF occurrence. Cauwenberghs et
al. [38] demonstrated that LAEF is a significant predictor
of cardiac events and of new-onset AF. The area under the
curve (AUC) of the receiver operating characteristic curve
was 0.80 (95% confidence interval [CI] 0.73–0.88) for newonset AF at 8 years of follow-up. A 55.5% cutoff value
of LAEF had a sensitivity of 0.77 and specificity of 0.72
for predicting new-onset AF. The Copenhagen City Study
also reported that not only enlarged LAVmax and LAVmin
but also impaired LAEF were associated with an increased
risk of AF in the general population; in individuals without hypertension, only LAEF was an independent predic2

tor in all regression models; indeed, LAEF could even predict AF in individuals with a structurally normal left atrium
(LAVmax <34 mL/m2 ) [39]. Abhayaratna et al. [40] reported that LAEF ≤49% was associated with risk for first
AF independent of LAVmax , LV function, and clinical factors in elder persons after a mean follow-up period of 1.9
± 1.2 years. A subsequent analysis in the same cohort revealed that LAVmin may be a slightly more robust predictor
of the development of AF [41]. Because a reduced LAEF is
determined by an increased LAVmin for any given LAVmax ,
LAVmin could be a better predictor of AF occurrence than
LAVmax .
Several reports have highlighted the role of atrial fibrosis in AF pathogenesis [7,8,42]. The development of
fibrosis results in atrial myopathy [6], which is associated
with atrial dysfunction and conduction disturbance [43].
Sung et al. [44] reported that LAVmax and LAVmin were
significantly correlated with the percentage of low voltage area (LVA) in the left atrium and that LAEF was inversely correlated with the percentage of LVA. LA dysfunction caused by the effects of inflammation, oxidative stress,
and atrial fibrosis plays an important role in AF development and progression [45,46]. Once AF develops, rapid
atrial depolarization leads to changes in ion channel function and electrical conduction, which shorten the atrial refractory period and further promote AF. A substudy of the
ENGAGE-TIMI 48 trial evaluated LA size and function according to the electrical burden of AF as well as the stroke
risk and reported that increasing abnormalities in LA structure and function were associated with a greater AF burden
and greater risk of stroke [47]. Seewoster et al. [48] also reported that patients with persistent AF had larger LAV and
worse LAEF than those with paroxysmal AF (PAF).
2.3 LA Anatomical and Functional Parameters in
Predicting AF Ablation Outcomes
LA size may be a predictor of AF recurrence after CA.
A meta-analysis of 22 studies revealed that dilated LAD increases the risk of AF recurrence after CA regardless of the
follow-up duration [49]. Moreover, McCready et al. [23]
demonstrated that a LAD cutoff value of 43 mm predicted
long-term success following CA for those with persistent
AF, with a sensitivity of 92% and a specificity of 52%.
Similar results have been reported for LAV. In the metaanalysis by Njoku et al. [25] large LAV and LAV index
(LAVI) increased the odds (odds ratio [OR] 1.032, 95% CI
1.012–1.052) and were independent predictors of AF recurrence post CA. Shin et al. [50] reported that LAV was the
only predictor of AF recurrence after CA in multivariate
analysis, and a LAVI cutoff value of 34 mL/m2 showed a
sensitivity of 70% and a specificity of 91% to predict AF
recurrence. Kohari et al. [51] studied 125 patients with
non-PAF undergoing pulmonary vein antral isolation and
revealed that LAVmin index of 26 mL/m2 and LAVmax index of 42 mL/m2 were the best single parameters of AF

recurrence after CA; but only LAVmin index and AF duration were the independent parameters for AF recurrence in
multivariate analysis.
Several studies have demonstrated that LAEF is useful in predicting the maintenance of sinus rhythm in patients
with AF post CA [52–54]. Our group demonstrated that
LAEF, but not LAD or LAV, provides optimal prognostic
information for risk stratification in 483 AF patients undergoing CA, which implies that LA dysfunction is an earlier indicator of atrial remodeling than LA dilatation [55].
Oka et al. [56] demonstrated the superiority of pre-ablation
baseline LAEF over LAVI in predicting AF recurrence after
CA in 292 patients with PAF undergoing single or multiple
procedures. Charitakis et al. [54] investigated the association of the risk of AF recurrence with echocardiographic
parameters (LAVmax and LAEF), markers of cardiac endocrine function, as well as proteins related to inflammation, fibrosis, and apoptosis in 189 patients undergoing CA
for AF. They found that patients with high concentrations
of MR-proANP, CASP8, and NT3, and low LAEF (instead
of LAVmax ) were at higher risk for recurrence, which implies that the LAEF and inflammation, fibrosis, and apoptosis related protein levels are better markers of AF-related
changes than LAVmax .
2.4 Left Ventricular (LV) Diastolic Function
The LV diastolic phase could be divided into early
rapid filling, diastasis, and atrial systole. There is a close
interaction between the left atrium and LV diastolic function. Increased LV filling pressure reduces passive emptying volume from the left atrium to the left ventricle, triggering a compensatory mechanism that increases the active
emptying volume by enhancing active LA contraction in the
late diastole period [28]. Therefore, structural and functional LA remodeling is often the consequence of LV diastolic dysfunction [57]. Several echocardiographic parameters have been suggested as useful in evaluating LV diastolic function, such as LAVI, transmitral E/A ratio, isovolumic relaxation time, decelerating time of mitral early velocity, e’ on tissue Doppler imaging, and E/e’ and tricuspid
regurgitation velocity [57,58]. Although both LAVmax and
LAVmin gradually increase with the progression of LV diastolic dysfunction, LAVmin may be a more sensitive marker
of LV diastolic dysfunction than LAVmax [59]. Furthermore, recent studies have shown that LA strain changes progressively with the severity of LV diastolic dysfunction, and
this parameter could reflect LA changes earlier than LAVI
in patients with LV diastolic dysfunction [58,60].
LV diastolic dysfunction adversely affects LA structural, functional, and electrical remodeling [61]; therefore,
patients with the diagnosis of LV diastolic dysfunction have
an increased risk of AF [62]. Tsang et al. [63] demonstrated
that the risk of incident AF was proportionate to the severity of LV diastolic dysfunction, and LAVI was the strongest
predictor of AF in the 840 elderly patients studied. Rosen-

berg et al. [64] used data from the Cardiovascular Health
Study to analyze the influence of echocardiographic diastolic parameters on the risk of AF. They found that early
mitral inflow velocity (peak E velocity), late mitral inflow
(A-wave) velocity-time integral, and LAD were the predictors of incident AF. Vasan et al. [65] examined the diastolic
parameters in patients in the longitudinally followed Framingham Heart Study and found that an E/e’ ratio greater
than the median (1.23) increased the rate of incident AF.
Arai et al. [66] revealed that an E/e’ ≥11.0 was associated with new-onset AF when adjusted for the coexistence
of atherothrombotic risk factors, but the association was attenuated after adjustment for LAD.
Heart failure with preserved ejection fraction (HFpEF)
is characterized by elevated LV filling pressures with clinical signs and symptoms of heart failure, LV diastolic dysfunction and a LV ejection fraction ≥50% [67]. HFpEF
is associated with AF because of sharing similar risk factors and close link to diastolic dysfunction. Santhanakrishnan et al. [68] examined that temporal association of AF
with HFpEF and heart failure with reduced ejection fraction (HFrEF) in the Framingham Heart Study participants
with new-onset AF or heart failure. They found that AF
was more likely to antedate rather than to follow heart failure, and prevalent AF preceded HFpEF in a higher proportion than HFrEF, possibly due to the similar pathophysiology that causes AF and HFpEF and reduced tolerance of
individuals predisposed to HFpEF to AF during exertion to
trigger clinical recognition of heart failure [69]. The persistence of elevated LV filling pressure causes LA remodeling
and dysfunction [70], but LA remodeling may differ between HFpEF and HFrEF. By combining invasive pressure
and noninvasive echocardiographic studies, Melenovsky et
al. [71] revealed that patients with HFrEF had larger LAV
and more depressed LA contractile function than HFpEF;
but patients with HFpEF were characterized by larger LA
pressure pulsatility, higher LA stiffness, and greater LA
wall stress variation, which may contribute to a higher percentage of AF in the HFpEF group than in the HFrEF group
(42% vs. 26%, p = 0.02). Note that using echocardiography to diagnose HFpEF in the setting of AF is challenging
because of overlapping changes in echocardiographic parameters. For example, a dilated and impaired left atrium
in sinus rhythm as a cardinal feature to reach the diagnosis
of HFpEF may be pre-existing in PAF [72].
Parameters of LV diastolic dysfunction may serve as
surrogate markers for AF recurrence post CA. Cha et al.
[73] demonstrated an increased relative risk of AF recurrence of 1.8 (95% CI 1.1–3.1) in systolic dysfunction and
1.7 (95% CI 1.0–2.7) in isolated diastolic dysfunction compared with normal function at 1 year after CA. Kumar et al.
[74] in a study of 124 patients undergoing CA for AF, found
that high-grade LV diastolic dysfunction, defined by e’ on
tissue doppler imaging and deceleration time, was an independent predictor of AF recurrence after adjustment for AF
3

type and LAV (Hazard Ratio [HR] 2.6, p = 0.009). However, Kosiuk et al. [75] demonstrated that the E/A ratio and
decelerating time could predict AF recurrence during the
first week after CA, but that long-term results were not influenced by pre-procedural echocardiographic parameters
that indicate LV diastolic dysfunction. A possible explanation for this finding is that LV diastolic function may deteriorate after AF ablation, mediated by longer ablation time,
with a subsequent impact on LA and LV hemodynamics
[76]. In addition, Nedios et al. [31] revealed that LA asymmetry was associated with LA dilatation and LV diastolic
dysfunction and correlated with reduced success after AF
ablation, but the presence or the grade of LV diastolic dysfunction was not associated with procedural success. Further investigations are needed into the definition and precise
cutoff values to identify LV diastolic dysfunction and into
the influence of LV diastolic dysfunction on AF recurrence
after CA.
2.5 Total Atrial Conduction Time Measured by Tissue
Doppler Imaging
Total atrial conduction time (TACT) is an atrial conduction parameter affected by atrial conduction velocity
and anatomy [77]. The gold standard method of TACT
measurement is intracardiac measurement using invasive
electrophysiologic study [78]. Alternatively, TACT can be
estimated noninvasively by PA-TDI interval, which is defined as the time interval between the onset of P wave on
the surface electrocardiogram and the peak of A’ wave on
tissue Doppler imaging [79]. Erdem at al. [78] revealed
that TACT measured by PA-TDI correlated with that measured via invasive electrophysiologic study. Prolonged PATDI interval reflecting atrial remodeling [80,81] has been
shown to increase the risk of AF in various cohorts [82–85].
Vos et al. [86] reported that a prolonged PA-TDI interval is
vulnerable to new-onset AF in patients with various cardiovascular diseases with a HR of 1.375 per 10 ms increase in
PA-TDI interval. Muller et al. [84] revealed that patients
with prolonged PA-TDI intervals in the cryptogenic stroke
cohort had higher incidences of AF detection. The AUC of
the receiver operating characteristic curve was 0.94 for occult AF detection, and a PA-TDI interval cutoff value of 145
ms had a sensitivity of 93.8% and a specificity of 90.5% for
identifying occult AF at 1-year follow-up. Leung et al. [81]
investigated the relation between echocardiographic markers of LA fibrosis and AF progression in patients with newonset AF (620 subjects) and controls (342 subjects). They
found that PA-TDI interval and LA reservoir strain were
correlated negatively, and patients with persistent AF had
a longer PA-TDI interval and smaller LA reservoir strain
than those with PAF. In predicting AF recurrence after successful electrical cardioversion or CA, Mueller et al. [87]
demonstrated that PA-TDI interval at a cutoff value of 152
ms had a sensitivity of 87% and a specificity of 100% for
predicting early AF recurrence after successful cardiover4

sion in patients with non-PAF; Uijl et al. [88] demonstrated that PA-TDI interval had a better discriminative performance than LAVmax index (AUC 0.765 vs. 0.561, respectively) in predicting AF recurrence after CA. Karantoumanis et al. [89] also revealed that measurement of PATDI interval at different walls of the left atrium provides
good performance (AUC ranging from 0.975–0.994) with
a sensitivity of 98% and a specificity of 100% at a mean
PA-TDI interval cutoff value of 125.8 ms for predicting AF
recurrence after CA.
2.6 Speckle-Tracking Echocardiography
Speckle-tracking echocardiography (STE) is a novel,
non-Doppler echocardiographic method to measure the
magnitude and rate of atrial myocardial deformation by calculating the longitudinal strain and strain rate independent
of cardiac rotational motion and the tethering effect [90,91].
Strain is a dimensionless index that reflects total deformation of the myocardium relative to its initial length during
the cardiac cycle [92], expressed as a positive value for
lengthening or a negative value for shortening. STE tracks
the natural acoustic markers within a region of interest (kernel) frame-by-frame, evaluating the geometric shift of each
kernel throughout the cardiac cycle [36]. Fig. 1A shows an
example of LA strain via the apical 4-chamber view. LA
strain reaches its maximal value just before the mitral valve
opening, and LA strain during the reservoir phase (LASr)
is measured as the strain value at the mitral valve opening
minus that at the ventricular end-diastole (a positive wave
occurring during the ventricular systole) [90]. When the LA
conduit phase begins, LA volume gradually decreases to a
plateau until the 2nd late peak, just before the onset of the
active atrial contractile phase. The strain value at the onset
of atrial contraction minus that during the mitral valve opening is a surrogate of LA strain at the conduit phase (LAScd).
The strain value at the ventricular end diastole minus that
during the onset of atrial contraction is a surrogate of LA
strain at the contraction phase (LASct). Strain rate is the
rate by which the deformation occurs. Fig. 1B shows an example of LA strain rate. There is one positive peak during
the reservoir phase (pLASRr) and two consecutive negative
peaks during the LV diastolic phase. The first peak represents passive myocardium shortening (pLASRcd) and the
second peak is the minimal value after the LA active pump
phase (pLASRct). The assessment of LA strain and strain
rate can use a 4-chamber view or both 4- and 2-chamber
views to report the average values from 6 or 12 segments,
respectively [90].
STE can be used to assess atrial fibrosis [12,93] and
LV diastolic dysfunction [58], and serve as a surrogate
marker of LA remodeling to detect early LA dysfunction
even prior to structural changes of the left atrium [94,95].
Kuppahally et al. [96] described an inverse relationship
between the degree of atrial fibrosis detected by delayenhancement cardiac MRI and the LA strain and strain rate

Fig. 1. Transthoracic echocardiography in the apical four-chamber view showing left atrial (LA) longitudinal strain and strain
rate. (A) LA strain in a paroxysmal atrial fibrillation (PAF) patient 1-day post ablation. Taking the R wave as the starting point, the
first positive peak corresponds to the LA reservoir phase (LASr) (red arrow), the second peak corresponds to the LA contractile phase
(LASct) (orange arrow), and the difference between the two peaks corresponds to the conduit phase (LAScd) (blue arrow). The traces are
time–displacement displays, with the x-axis representing time and the y-axis showing myocardial shortening as negative and lengthening
as positive (%). The depicted LA wall is divided into six segments marked by different colors. (B) The LA longitudinal strain rate in the
same patient as in panel (A). The traces are time-velocity displays, with the x-axis representing time and the y-axis representing velocity
(s−1 ). The LA strain rate curve is composed of a positive peak at the left ventricular systole (pLASRr) (pink arrow), followed by two
negative peaks: one in the early diastole phase (pLASRcd), corresponding to passive early LV filling (yellow arrow), and one in the late
diastole phase (pLASRct), corresponding to atrial booster pump function (green arrow). (C) and (D) The curved M-mode color images
of LA strain (upper) and strain rate (middle), and LA emptying fraction (LAEF) (bottom) in patients with PAF and non-PAF 1-day post
ablation, respectively. Blue indicates positive values and red indicates negative values. Images in panel (C) show deeper blue in the
strain and strain rate images during the reservoir phase, deeper red in the strain rate images, and more homogeneous patterns of color
distribution than those in panel (D), indicating better LA mechanical deformation and synchrony in PAF than non-PAF. In addition, LAEF
is larger in panel (C) than that in panel (D) (53% vs. 15%), implying a good correlation between LA deformation and LAEF.

as shown by STE. Eichenlaub et al. [97] reported that LASr,
LAScd, and LASct were correlated with LVA, as measured
by intracardiac voltage mapping, in patients with persistent AF undergoing CA; among the three strain parameters, LASr was the most powerful predictor of atrial fibrosis.
Laish-Farkash et al. [98] demonstrated good correlation between LASr and LA LVA as assessed by invasive intracardiac electroanatomic mapping. The LASr cutoff value
of 19.7% had a sensitivity of 85.2% and a specificity of
73.3% in predicting the presence of LVA. Therefore, a reduced LA deformation during the reservoir phase may be
an early marker of the extent of LA fibrosis [99], which is
associated with the incidence of AF [100]. Park et al. [101]

demonstrated that LASr was a significant predictor of newonset AF in heart failure patients (397 of 4312 patients) regardless of the LA size.
Most cutoff values of LA strain are based on studies
involving a small number of subjects and depend on age,
sex, ultrasound manufacturer, and post-processing software
package [102]. To establish age- and sex-based normative
values of LA strain in the general population and to assess
the prognostic yield of lower limits of normal LA strain in
relation to future AF, a substudy of the fifth Copenhagen
City Heart Study evaluated 1641 healthy participants and
reported the median values (and the corresponding limits of
normality) for LASr, LAScd, and LASct were 39.4% (23.0–
5

67.6%), 23.7% (8.8–44.8%), and 15.5% (6.4–28.0%), respectively [103]. These values were similar to the results of
the meta-analysis by Pathan et al. [104], which showed cutoff values of 39% for LASr, 23% for LAScd, and 17% for
LASct in healthy adults. To investigate whether LA strain
can be used to predict new-onset AF in the general population, Hauser et al. [105] conducted a prospective longitudinal study including 3590 participants from the fifth Copenhagen City Heart Study. Compared to the reference group
(patients with LASr ≥23%), the HRs of new-onset AF were
4.16, 6.58, and 22.14 for the subgroups of patients with
LASr between 23% and 19%, 19% and 15%, and <15%,
respectively. Moreover, for the 2701 participants with normal LA size and preserved LV ejection fraction and without previous ischemic heart disease, LASr (HR 1.06, 95%
CI 1.03–1.09) and LASct (HR 1.08, 95% CI 1.04–1.12) remained independent predictors of AF development in multivariable Cox regression analysis. Similarly, Petre et al.
[106] revealed that LASr ≤19% and LASct ≤8.7% identify
patients with new-onset AF in a population with hypertension.
In addition to enabling the identification of patients
with a history of AF, STE provides prognostic information
for the risk stratification of AF patients undergoing CA.
Hammerstingl et al. [107] demonstrated that LASr was significantly reduced in patients with recurrent AF compared
to those without AF recurrence. Motoki et al. [108] demonstrated that a low LASr at a cutoff value of 23.2% could predict the status of sinus rhythm maintenance after CA with a
sensitivity of 76% and a specificity of 66%. Parwani et al.
[109] demonstrated that a LASr cutoff value of 10% predicted post-CA AF recurrence with a sensitivity of 97.9%
(95% CI 88.9–99.6%) and a specificity of 78.2% (95% CI
65.6–87.1%). One meta-analysis study including 12 studies
and a total 1025 AF patients revealed that LASr was a significant predictor of post-CA AF recurrence by multivariable pooled analysis (OR 1.16, 95% CI 1.09–1.24) [110].
In addition to LASr, LASct is also reported to be associated with the outcome of AF ablation. Wen et al. [111]
demonstrated that LASct is an independent risk factor for
AF recurrence; the 5-year cumulative recurrence probability was much higher in patients with LASct ≥–12% than
in those with LASct <–12% (87.6% vs. 52.9%, log rank p
< 0.0001). Eichenlaub et al. [97] reported that LASr and
LASct were both predictors of AF recurrence after CA in
patients with persistent AF. Thus, LA deformation abnormalities consistently predict recurrence of AF after CA although the cutoff values of deformational parameters vary
among studies.
Even if those with LAD >50 mm have a four-fold
higher risk of developing AF [29], some patients with severe LA dilatation do not have AF. A recent systemic review and meta-analysis by Bajraktari et al. [26] revealed
that the strongest LA predictor of AF recurrence after CA
was LASr <20%, followed by LAD ≥50 mm and LAVmax
6

>150 mL. This result suggests that LA dysfunction plays
a more pivotal role than LA enlargement in the development of AF. Recently, our group demonstrated that LAEF,
LAVmin , LASr, pLASRr, and pLASRct were associated
with the occurrence of AF, and multivariate regression analysis revealed that pLASRct was the only independent factor associated with the absence of AF in those with LAD
≥50 mm [112]. Atrial booster pump function represents
the inherent contractility of the LA myocardium. Previous studies have revealed that LV diastolic dysfunction is
associated with impaired LA reservoir and conduit functions in the presence of an increased LA contractile function [113,114]. When LA reservoir function is impaired,
LA booster pump function would be enhanced to compensate for the reduced LA emptying volume. Thus, a reduced
pLASRct indicates a more advanced stage of diseased atrial
myocardium because pLASRr and pLASRcd have been reduced at a earlier stage. Furthermore, because LA reservoir
and conduit functions represent intrinsic LA relaxation and
are partly affected by LV systolic performance, LA booster
pump function may be the most sensitive predictor of AF
occurrence [115] and is effective in predicting AF genesis
and recurrence [41,116].
Even if STE provides a feasible and reproducible assessment of LA function, STE is dependent on the quality of echocardiographic images and frame rates, and requires time-consuming offline analysis. Therefore, it may
not suitable for all clinical settings [117]. In addition, intervendor discordance of LA strain assessed by STE remains a problem to be solved. For example, LA reservoir strains differ significantly by using different speckling
tracking analysis systems (GE vs. Siemens) [108]. The
intervendor/intersoftware variability should be considered
when discussing published LA strain values.
2.7 LA Mechanical Dispersion
LA electrical and mechanical dysfunction coexist in
the early phase before LA enlargement [118]. Sarvari et
al. [119] demonstrated that inhomogeneous contraction of
the left atrium potentially predicted AF recurrence after ablation. Because STE is angle-independent and can assess
regional myocardial function and timing accurately, the regional differences in 2-dimensional (2D) STE-derived LA
strain and strain rate potentially could be used to measure
heterogeneous LA fibrosis and dysfunction indirectly. LA
mechanical dispersion is calculated as the standard deviation in time to peak strain of the LA segments [119]. It
is greater in AF patients than in healthy individuals, increases proportionately to the duration of AF [116], and
provides prognostic information on the risk of AF recurrence in patients after ablation [116,119]. In a case-control
study, patients with new-onset AF had significantly worse
LASr and LASct, and more pronounced LA mechanical dispersion, than those without AF [120]. However, it is timeconsuming to calculate the standard deviation for param-

eters of LA mechanical dispersion because sophisticated
mathematics is needed for averaging the 2–3 instances of
six segmental values per apical 4-chamber and 2-chamber
views (3 peaks of LA strain rate curve in sinus rhythm). Alternatively, the curved M-mode color images of LA strain
and strain rate provide detailed spatial and temporal information on LA deformation mechanics. These images provide a unidimensional view of LA strain and strain rate, illustrating the changes in length and in strain/sec of the depicted LA wall along the time axis, respectively. As shown
in Fig. 1C–D, the spatial and temporal information of LA
deformation can be displayed in these images, on which
blue or red color, deep or light hue, and pattern of color
distribution indicate the direction, strength, and homogeneity of LA deformation, respectively. However, it is challenging to use visual estimation to precisely differentiate
these images. Recently our group demonstrated that a deep
convolutional neural network (CNN) analysis can successfully incorporate spatial and temporal features from these
STE images into an overall assessment of LA deformation
mechanics; indeed, the STE image-based CNN model outperformed the logistic regression model using LAD, LAEF,
LA strain, and strain rate in predicting AF recurrence after
CA [121]. This study demonstrated the potential advantages of supervised deep learning with CNNs to classify
images to provide prognostic information for AF intervention. Note that this retrospective study included only 606
patients, and large prospective studies are needed to optimize CNN model performance. Recently, manufacturers
have begun developing dedicated software packages for LA
strain measurement after publication of the common standards to assess LA strain [90]. Newly-available softwares,
such as AutoStrain (TomTec) or LA Automated Function
Imaging (Echo-Pac), allow for a quick assessment of LA
strain. Future goals would be to achieve fully automatic
generation and interpretation of LA STE images, provide
fast and reproducible assessment of LA deformation properties, and validate and enhance the performance of CNN
models in this domain.
2.8 Reverse Remodeling after Cardiac Ablation for AF
LA substrate modification in addition to pulmonary
vein isolation improves AF ablation outcome [122–124].
Maintenance of sinus rhythm leads to histological reverse
remodeling and functional recovery, shown by reduced LA
size, improved LA function, and increased LA conduction
velocity [55,125]. However, LA ablation itself impairs LA
function, a result related to the extent of scarring [126]. As
a result of the different degrees of myocardial damage associated with the different ablation strategies and AF populations, a discrepancy exists in the literature regarding LA
functional reverse remodeling after successful AF ablation.
Tops et al. [127] found that LA structural reverse remodeling was associated with a concomitant improvement in
LA strain. Spethmann et al. [128] demonstrated that LASr

and LASct normalized within 6 months after CA in PAF
patients with no AF recurrence. Perea et al. [129] used
cardiac MRI to reveal that extensive LA linear lesions reduced LA volume and preserved or even increased LAEF in
most patients after successful CA. However, Lemola et al.
[130] found that LA linear ablation restored sinus rhythm
but compromised LA systolic function in patients with PAF.
A meta-analysis by Jeevanantham et al. [131] revealed that
successful CA significantly decreased LAD and LAV without significant influences on LAEF. To evaluate the influence of CA outcome on LA reverse remodeling in the same
patients, Yang et al. [132] studied 38 patients undergoing
a repeat CA for AF recurrence after a 1st circumferential
pulmonary vein isolation. The absence of LA size reduction after a 1st unsuccessful CA and the presence of significant LA size reduction after a successful second CA in the
same patients imply that procedural success was associated
with LA structural reverse remodeling. However, LAEF,
LA strain, and LA strain rate were not concomitantly improved. Another meta-analysis by Xiong et al. [133] (25
studies, 2040 patients) revealed that LAEF is significantly
decreased in PAF but insignificantly changed in persistent
AF after CA. It is likely that differences in the extent of scarring associated with different ablation strategies, preexisting LA fibrosis, and clinical outcome contribute to variable
changes in LAEF after CA between PAF and persistent AF
patients. Recently, we noted significant LA reverse remodeling, evidenced by reduced LA size and improved LAEF,
in non-PAF patients undergoing a successful LVA-guided
LA linear ablation [123]. LA functional reverse remodeling
was noted even in patients undergoing extensive LA linear
ablation. Possibly, the LA linear ablation strategy targeting
LVA to avoid damage to otherwise healthy LA myocardium
could help preserve the effect of LA functional reverse remodeling.
Although the results are variable regarding LA functional change after successful AF ablation, LA structural reverse remodeling has been consistently observed after successful AF ablation and might be considered as a marker
of freedom from AF recurrence. By using different variables and definitions, Kagawa et al. [134] demonstrated
that a reduction of ≥5% in LAD at 6 months post CA was
associated with freedom from late AF recurrence in patients with persistent AF (AUC 0.653, p < 0.05); Maille
et al. [130] demonstrated that patients with a ≥15% reduction in LAVmax after CA had markedly less AF recurrence;
Kawakami et al. [135] demonstrated that LAV normalization (defined as LAVI of ≤34 mL/m2 ) at follow-up was significantly associated with a better long-term outcome of AF
ablation compared to patients who did not meet this standard. It seems necessary to clearly define LA structural
reverse remodeling in order to evaluate the impact of LA
reverse remodeling on the long-term outcome of AF ablation.
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Compared with cross-sectional observational studies,
longitudinal studies can avoid time-invariant unobserved
individual differences, detect changes in parameters beyond
a single moment in time, and establish sequences of events
to suggest cause-and-effect relationships. Our group conducted a three-year longitudinal study to evaluate the longterm prognostic influence of LAD remodeling on the outcome of AF ablation. We found that a longitudinal linear
mixed model-based two stage model outperformed a logistic model using the baseline LAD in classifying outcome
status after AF ablation [136]. In addition, LAD was shortened over the first 3 months and remained stable up to 36
months after CA. Similarly, Reant et al. [137] also found a
reduction in LAD during the first 3 months after CA, which
then remained stable up to 12 months post CA. The degree
of LAD reduction was significantly influenced by the baseline LAD [136]. Interestingly, LAD was reduced in both
the success and failure groups. Because the ablation lesions themselves also decrease LA size [138], the prognostic value of LAD reduction in predicting the outcomes of
AF ablation remains a matter that needs clarification. In
addition, further longitudinal studies of LA functional remodeling may unveil the long-term prognostic influence of
the extent of reversibility of LA deformation parameters on
AF ablation outcome.
2.9 Three-Dimensional Echocardiography
Three-dimensional (3D) echocardiography is a novel
approach providing a non-invasive method to analyze cardiac anatomy and function. The measurement of LAV by
2D echocardiography is based on geometric assumptions,
which often results in underestimation of LAV compared
with that measured using cardiac MRI. 3D echocardiography provides a more accurate measure of LAV because
of automated border detection, the acquisition of 3D data
sets at different phases of the cardiac cycle, and more accurate assessment of asymmetric remodeling of the left atrium
[139–141]. Badano et al. [142] revealed that LAD and area
measurements significantly underestimated actual LA size
and misclassified the grade of severity of LA dilatation in
43–70% of patients if 3D LAV was used as the gold standard. In addition, 3D echocardiography provides unique
measurement of phasic changes of LAV during the cardiac
cycle and detailed information of the different LA functions
[143]. Marsan et al. [144] demonstrated that a significant
reduction of LAVmax and improvement in LA active contraction and reservoir function were noted in the success
CA group but not in the AF recurrence group three months
after CA. Schaff et al. [145] revealed that LAVI and LA
function assessed by 3D echocardiography had higher discriminating power than 2D echocardiography in identifying
PAF.
LA myocardial fibers are arranged not only in the
longitudinal direction, and LA fibrosis may occur heterogeneously in patients with AF [98]. Studies have shown
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that 3D-STE-derived circumferential, longitudinal, radial,
as well as area strain are significantly reduced in patients
with AF compared to matched controls [146,147]. Because
2D-STE only provides longitudinal deformation information, some LA dysfunctions may be overlooked by 2D-STE.
3D-STE has the advantage of combining longitudinal and circumferential strain information [147], and a few
studies have demonstrated the superiority of 3D-STE over
2D-STE in predicting AF occurrence or recurrence after
CA [145,147,148]. Moreover, 3D-STE can be used to detect LA functional reverse remodeling by showing improvement of global strain and LA dyssynchrony [149]. Theoretically, 3D-STE also has the advantage of overcoming
the out-of-plane motion that may occur with 2D-STE, as
the advent of 3D acquisition allows tracking of speckles
in the myocardium in the 3D space [150]. However, 3D
echocardiography is limited by the slow temporal resolution
and motion artifacts, and evaluation of the clinical utility of
3D-STE remains insufficient. Further studies are needed to
clarify whether the diagnostic and prognostic value of 3DSTE is superior to that of 2D-STE [151].

3. Conclusions
Echocardiography is a safe and non-invasive technique providing quantitative analyses of cardiac chamber
size and function, but clinical measurement of the left
atrium has so far been limited to evaluation of LAD and
LAV. Considerable data support the use of LAEF to predict
incident AF and AF recurrence after CA. STE enables early
detection of LA dysfunction before anatomical changes
and also helps identify patients with a severely dilated left
atrium at risk for AF. The studies discussed in this review
support the contention that LAEF and LA strain provide optimal diagnostic and prognostic information for assessing
AF patients. It is likely that future guidelines for patient
evaluation and guidance of AF ablation will include evaluation of not only LA chamber size but also LA function parameters. Compared with cardiac MRI, echocardiography
provides a real-time and feasible method to assess LA function (LAVImin , LAEF and LA strain). Improvements in temporal and spatial resolution, automation and standardization
among platforms and vendors will enhance the utility of LA
strain indices in the near future. Histological and functional
reverse remodeling after resuming sinus rhythm may bring
anatomical and functional recovery of the left atrium. However, discrepancies regarding LA functional reverse remodeling after successful AF ablation persist, and a clear definition of LA structural reverse remodeling is still lacking.
A longitudinal study of the long-term prognostic impact of
LAD remodeling on the outcome of AF ablation revealed
that LAD was reduced regardless of the outcome of AF ablation, and the degree of LAD reduction was significantly
affected by the baseline LAD. Definitely, robust clinical
outcomes data from large perspective trials using longitudinal studies are needed to understand the natural history of

LA structural and functional reverse remodeling as well as
the impact of such changes on the outcome of AF ablation.
LA mechanical dispersion provides prognostic information
on AF risk, and the curved M-mode color images of LA
strain and strain rate provide detailed spatial and temporal
information on LA deformation mechanics. Deep CNNs
overcome subjective visual assessment to aid image-based
outcome classification. Therefore, it is promising that the
development of fully automated generation and interpretation of LA STE images with well-trained deep learning
classifiers will provide more rapid and reproducible assessment of LA deformation properties. 3D echocardiography
provides valuable information on LA size, phasic functions
and myocardial mechanics. New developments in hardware
technology will overcome the limitations of lower spatial
and temporal resolution of 3D echocardiography.

Abbreviations
2D, 2-dimensional; 3D, 3-dimensional; AF, atrial fibrillation; AUC, area under the curve; CA, catheter ablation; CI, confidence interval; CNN, convolutional neural
network; HFpEF, Heart failure with preserved ejection fraction; HFrEF, Heart failure with reduced ejection fraction;
HR, hazard ratio; LA, left atrial; LAD, left atrial dimension;
LAEF, left atrial emptying fraction; LAV, left atrial volume;
LAVI, LAV index; LAScd, conduit left atrial strain; LASct,
contractile left atrial strain; LASr, reservoir left atrial strain;
LV, left ventricular; LVA, low voltage area; OR, odds ratio;
PAF, paroxysmal atrial fibrillation; pLASRcd, peak conduit left atrial strain rate; pLASRct, peak contractile left
atrial strain rate; pLASRr, peak reservoir left atrial strain
rate; STE, speckle-tracking echocardiography; TACT, total
atrial conduction time.

Author Contributions
HTL and CCC designed the research study. HTL
and HLL performed the research. All authors wrote the
manuscript. All authors contributed to editorial changes
in the manuscript. All authors read and approved the final
manuscript.

Ethics Approval and Consent to Participate
Not applicable.

Acknowledgment
Thanks to all the peer reviewers for their opinions and
suggestions.

Funding
This research received no external funding.

Conflict of Interest
The authors declare no conflict of interest.

References
[1] Tsang TS, Barnes ME, Bailey KR, Leibson CL, Montgomery
SC, Takemoto Y, et al. Left atrial volume: important risk marker
of incident atrial fibrillation in 1655 older men and women.
Mayo Clinic Proceedings. 2001; 76: 467–475.
[2] Chugh SS, Havmoeller R, Narayanan K, Singh D, Rienstra M,
Benjamin EJ, et al. Worldwide epidemiology of atrial fibrillation: a Global Burden of Disease 2010 Study. Circulation. 2014;
129: 837–847.
[3] Hamatani Y, Ogawa H, Takabayashi K, Yamashita Y, Takagi D,
Esato M, et al. Left atrial enlargement is an independent predictor of stroke and systemic embolism in patients with nonvalvular atrial fibrillation. Scientific Reports. 2016; 6: 31042.
[4] Willems S, Meyer C, de Bono J, Brandes A, Eckardt L, Elvan A,
et al. Cabins, castles, and constant hearts: rhythm control therapy in patients with atrial fibrillation. European Heart Journal.
2019; 40: 3793–3799c.
[5] Burstein B, Nattel S. Atrial Fibrosis: Mechanisms and Clinical
Relevance in Atrial Fibrillation. Journal of the American College of Cardiology. 2008; 51: 802–809.
[6] Rivner H, Mitrani RD, Goldberger JJ. Atrial Myopathy Underlying Atrial Fibrillation. Arrhythmia and Electrophysiology Review. 2020; 9: 61–70.
[7] Reese-Petersen AL, Olesen MS, Karsdal MA, Svendsen JH,
Genovese F. Atrial fibrillation and cardiac fibrosis: a review on
the potential of extracellular matrix proteins as biomarkers. Matrix Biology. 2020; 91–92: 188–203.
[8] Burstein B, Nattel S. Atrial structural remodeling as an antiarrhythmic target. Journal of Cardiovascular Pharmacology. 2008;
52: 4–10.
[9] Benito EM, Carlosena-Remirez A, Guasch E, Prat-González S,
Perea RJ, Figueras R, et al. Left atrial fibrosis quantification by
late gadolinium-enhanced magnetic resonance: a new method to
standardize the thresholds for reproducibility. Europace. 2017;
19: 1272–1279.
[10] Qureshi NA, Kim SJ, Cantwell CD, Afonso VX, Bai W, Ali RL,
et al. Voltage during atrial fibrillation is superior to voltage during sinus rhythm in localizing areas of delayed enhancement
on magnetic resonance imaging: an assessment of the posterior left atrium in patients with persistent atrial fibrillation. Heart
Rhythm. 2019; 16: 1357–1367.
[11] Todaro MC, Choudhuri I, Belohlavek M, Jahangir A, Carerj S,
Oreto L, et al. New echocardiographic techniques for evaluation
of left atrial mechanics. European Heart Journal Cardiovascular
Imaging. 2012; 13: 973–984.
[12] Lacalzada-Almeida J, García-Niebla J. How to detect atrial fibrosis. Journal of Geriatric Cardiology. 2017; 14: 185–194.
[13] Verma A, Jiang C, Betts TR, Chen J, Deisenhofer I, Mantovan R,
et al. Approaches to catheter ablation for persistent atrial fibrillation. The New England Journal of Medicine. 2015; 372: 1812–
1822.
[14] Clarnette JA, Brooks AG, Mahajan R, Elliott AD, Twomey DJ,
Pathak RK, et al. Outcomes of persistent and long-standing persistent atrial fibrillation ablation: a systematic review and metaanalysis. Europace. 2018; 20: f366–f376.
[15] Weerasooriya R, Khairy P, Litalien J, Macle L, Hocini M, Sacher
F, et al. Catheter ablation for atrial fibrillation: are results maintained at 5 years of follow-up? Journal of the American College
of Cardiology. 2011; 57: 160–166.
[16] Hauser TH, Essebag V, Baldessin F, McClennen S, Yeon SB,
Manning WJ, et al. Prognostic value of pulmonary vein size in
prediction of atrial fibrillation recurrence after pulmonary vein
isolation: a cardiovascular magnetic resonance study. Journal of
Cardiovascular Magnetic Resonance. 2015; 17: 49.
[17] Masuda M, Fujita M, Iida O, Okamoto S, Ishihara T, Nanto K, et

9

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

10

al. Left atrial low-voltage areas predict atrial fibrillation recurrence after catheter ablation in patients with paroxysmal atrial
fibrillation. International Journal of Cardiology. 2018; 257: 97–
101.
Balk EM, Garlitski AC, Alsheikh-Ali AA, Terasawa T, Chung
M, Ip S. Predictors of atrial fibrillation recurrence after radiofrequency catheter ablation: a systematic review. Journal of Cardiovascular Electrophysiology. 2010; 21: 1208–1216.
Chen Q, Mohanty S, Trivedi C, Gianni C, Della Rocca DG, Canpolat U, et al. Association between prolonged P wave duration
and left atrial scarring in patients with paroxysmal atrial fibrillation. Journal of Cardiovascular Electrophysiology. 2019; 30:
1811–1818.
Caldwell J, Koppikar S, Barake W, Redfearn D, Michael K,
Simpson C, et al. Prolonged P-wave duration is associated with
atrial fibrillation recurrence after successful pulmonary vein isolation for paroxysmal atrial fibrillation. Journal of Interventional
Cardiac Electrophysiology. 2014; 39: 131–138.
Liu HT, Lee HL, Wo HT, Chang PC, Wen MS, Lin FC, et al.
P wave duration ≥150 ms predicts poor left atrial function and
ablation outcomes in non-paroxysmal atrial fibrillation. Journal
of Electrocardiology. 2021; 69: 124–131.
Jadidi A, Müller-Edenborn B, Chen J, Keyl C, Weber R, Allgeier
J, et al. The Duration of the Amplified Sinus-P-Wave Identifies
Presence of Left Atrial Low Voltage Substrate and Predicts Outcome after Pulmonary Vein Isolation in Patients with Persistent
Atrial Fibrillation. JACC: Clinical Electrophysiology. 2018; 4:
531–543.
McCready JW, Smedley T, Lambiase PD, Ahsan SY, Segal OR,
Rowland E, et al. Predictors of recurrence following radiofrequency ablation for persistent atrial fibrillation. Europace. 2011;
13: 355–361.
Liao YC, Liao JN, Lo LW, Lin YJ, Chang SL, Hu YF, et al.
Left Atrial Size and Left Ventricular End-Systolic Dimension
Predict the Progression of Paroxysmal Atrial Fibrillation after
Catheter Ablation. Journal of Cardiovascular Electrophysiology.
2017; 28: 23–30.
Njoku A, Kannabhiran M, Arora R, Reddy P, Gopinathannair
R, Lakkireddy D, et al. Left atrial volume predicts atrial fibrillation recurrence after radiofrequency ablation: a meta-analysis.
Europace. 2018; 20: 33–42.
Bajraktari G, Bytyçi I, Henein MY. Left atrial structure and
function predictors of recurrent fibrillation after catheter ablation: a systematic review and meta‐analysis. Clinical Physiology
and Functional Imaging. 2020; 40: 1–13.
Vaziri SM, Larson MG, Benjamin EJ, Levy D. Echocardiographic predictors of nonrheumatic atrial fibrillation. The Framingham Heart Study. Circulation. 1994; 89: 724–730.
Tiwari S, Schirmer H, Jacobsen BK, Hopstock LA, Nyrnes A,
Heggelund G, et al. Association between diastolic dysfunction
and future atrial fibrillation in the Tromsø Study from 1994 to
2010. Heart. 2015; 101: 1302–1308.
Psaty BM, Manolio TA, Kuller LH, Kronmal RA, Cushman M,
Fried LP, et al. Incidence of and risk factors for atrial fibrillation
in older adults. Circulation. 1997; 96: 2455–2461.
Lester SJ, Ryan EW, Schiller NB, Foster E. Best method in clinical practice and in research studies to determine left atrial size.
The American Journal of Cardiology. 1999; 84: 829–832.
Nedios S, Koutalas E, Sommer P, Arya A, Rolf S, Husser D,
et al. Asymmetrical left atrial remodelling in atrial fibrillation:
relation with diastolic dysfunction and long-term ablation outcomes. Europace. 2017; 19: 1463–1469.
Lang RM, Badano LP, Mor-Avi V, Afilalo J, Armstrong A, Ernande L, et al. Recommendations for cardiac chamber quantification by echocardiography in adults: an update from the American Society of Echocardiography and the European Association

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

of Cardiovascular Imaging. Journal of the American Society of
Echocardiography. 2015; 28: 1–39.e14.
Tani T, Tanabe K, Ono M, Yamaguchi K, Okada M, Sumida T,
et al. Left atrial volume and the risk of paroxysmal atrial fibrillation in patients with hypertrophic cardiomyopathy. Journal of
the American Society of Echocardiography. 2004; 17: 644–648.
Tan BYQ, Ho JSY, Sia C, Boi Y, Foo ASM, Dalakoti M, et al.
Left Atrial Volume Index Predicts New-Onset Atrial Fibrillation
and Stroke Recurrence in Patients with Embolic Stroke of Undetermined Source. Cerebrovascular Diseases. 2020; 49: 285–291.
Tsang TS, Abhayaratna WP, Barnes ME, Miyasaka Y, Gersh BJ,
Bailey KR, et al. Prediction of cardiovascular outcomes with left
atrial size: is volume superior to area or diameter? Journal of the
American College of Cardiology. 2006; 47: 1018–1023.
Thomas L, Muraru D, Popescu BA, Sitges M, Rosca M,
Pedrizzetti G, et al. Evaluation of Left Atrial Size and Function:
Relevance for Clinical Practice. Journal of the American Society
of Echocardiography. 2020; 33: 934–952.
Triposkiadis F, Tentolouris K, Androulakis A, Trikas A,
Toutouzas K, Kyriakidis M, et al. Left atrial mechanical function in the healthy elderly: new insights from a combined assessment of changes in atrial volume and transmitral flow velocity.
Journal of the American Society of Echocardiography. 1995; 8:
801–809.
Cauwenberghs N, Haddad F, Sabovčik F, Kobayashi Y, Amsallem M, Morris DA, et al. Subclinical left atrial dysfunction
profiles for prediction of cardiac outcome in the general population. Journal of Hypertension. 2020; 38: 2465–2474.
Olsen FJ, Møgelvang R, Jensen GB, Jensen JS, BieringSørensen T. Relationship between Left Atrial Functional Measures and Incident Atrial Fibrillation in the General Population.
JACC: Cardiovascular Imaging. 2019; 12: 981–989.
Abhayaratna WP, Fatema K, Barnes ME, Seward JB, Gersh
BJ, Bailey KR, et al. Left Atrial Reservoir Function as a Potent Marker for first Atrial Fibrillation or Flutter in Persons ≥65
Years of Age. The American Journal of Cardiology. 2008; 101:
1626–1629.
Fatema K, Barnes ME, Bailey KR, Abhayaratna WP, Cha S, Seward JB, et al. Minimum vs. maximum left atrial volume for prediction of first atrial fibrillation or flutter in an elderly cohort: a
prospective study. European journal of echocardiography. 2009;
10: 282–286.
Koduri H, Ng J, Cokic I, Aistrup GL, Gordon D, Wasserstrom
JA, et al. Contribution of fibrosis and the autonomic nervous
system to atrial fibrillation electrograms in heart failure. Circulation: Arrhythmia and Electrophysiology. 2012; 5: 640–649.
Thomas L, Abhayaratna WP. Left Atrial Reverse Remodeling:
Mechanisms, Evaluation, and Clinical Significance. JACC: Cardiovascular Imaging. 2017; 10: 65–77.
Sung SH, Chang SL, Hsu TL, Yu WC, Tai CT, Lin YJ, et al.
Do the left atrial substrate properties correlate with the left atrial
mechanical function? a novel insight from the electromechanical study in patients with atrial fibrillation. Journal of Cardiovascular Electrophysiology. 2008; 19: 165–171.
Van Wagoner DR. Oxidative stress and inflammation in atrial
fibrillation: role in pathogenesis and potential as a therapeutic
target. Journal of Cardiovascular Pharmacology. 2008; 52: 306–
313.
Elahi MM, Flatman S, Matata BM. Tracing the origins of postoperative atrial fibrillation: the concept of oxidative stressmediated myocardial injury phenomenon. European journal of
cardiovascular prevention and rehabilitation. 2008; 15: 735–
741.
Gupta DK, Shah AM, Giugliano RP, Ruff CT, Antman EM,
Grip LT, et al. Left atrial structure and function in atrial fibrillation: ENGAGE AF-TIMI 48. European Heart Journal. 2014;

35: 1457–1465.
[48] Seewöster T, Spampinato RA, Sommer P, Lindemann F, Jahnke
C, Paetsch I, et al. Left atrial size and total atrial emptying fraction in atrial fibrillation progression. Heart Rhythm. 2019; 16:
1605–1610.
[49] Zhuang J, Wang Y, Tang K, Li X, Peng W, Liang C, et al. Association between left atrial size and atrial fibrillation recurrence after single circumferential pulmonary vein isolation: a systematic
review and meta-analysis of observational studies. Europace.
2012; 14: 638–645.
[50] Shin S, Park M, Oh W, Hong S, Pak H, Song W, et al. Left
atrial volume is a predictor of atrial fibrillation recurrence after
catheter ablation. Journal of the American Society of Echocardiography. 2008; 21: 697–702.
[51] Kohári M, Zado E, Marchlinski FE, Callans DJ, Han Y. Left
atrial volume best predicts recurrence after catheter ablation in
patients with persistent and longstanding persistent atrial fibrillation. Pacing and Clinical Electrophysiology. 2014; 37: 422–
429.
[52] Dodson JA, Neilan TG, Shah RV, Farhad H, Blankstein R,
Steigner M, et al. Left Atrial Passive Emptying Function Determined by Cardiac Magnetic Resonance Predicts Atrial Fibrillation Recurrence after Pulmonary Vein Isolation. Circulation:
Cardiovascular Imaging. 2014; 7: 586–592.
[53] Montserrat S, Gabrielli L, Borras R, Poyatos S, Berruezo A, Bijnens B, et al. Left atrial size and function by three-dimensional
echocardiography to predict arrhythmia recurrence after first and
repeated ablation of atrial fibrillation. European Heart Journal
Cardiovascular Imaging. 2014; 15: 515–522.
[54] Charitakis E, Karlsson LO, Papageorgiou J, Walfridsson U,
Carlhäll C. Echocardiographic and Biochemical Factors Predicting Arrhythmia Recurrence after Catheter Ablation of Atrial
Fibrillation-an Observational Study. Frontiers in Physiology.
2019; 10: 1215.
[55] Chou CC, Lee HL, Chang PC, Wo HT, Wen MS, Yeh SJ, et al.
Left atrial emptying fraction predicts recurrence of atrial fibrillation after radiofrequency catheter ablation. PLoS ONE. 2018;
13: e0191196.
[56] Oka T, Tanaka K, Ninomiya Y, Hirao Y, Tanaka N, Okada M, et
al. Impact of baseline left atrial function on long-term outcome
after catheter ablation for paroxysmal atrial fibrillation. Journal
of Cardiology. 2020; 75: 352–359.
[57] Thomas L, Marwick TH, Popescu BA, Donal E, Badano LP.
Left Atrial Structure and Function, and Left Ventricular Diastolic Dysfunction : JACC State-of-the-Art Review. Journal of
the American College of Cardiology. 2019; 73: 1961–1977.
[58] Singh A, Addetia K, Maffessanti F, Mor-Avi V, Lang RM. LA
Strain for Categorization of LV Diastolic Dysfunction. JACC:
Cardiovascular Imaging. 2017; 10: 735–743.
[59] Russo C, Jin Z, Homma S, Rundek T, Elkind MSV, Sacco RL,
et al. Left atrial minimum volume and reservoir function as correlates of left ventricular diastolic function: impact of left ventricular systolic function. Heart. 2012; 98: 813–820.
[60] Morris DA, Belyavskiy E, Aravind-Kumar R, Kropf M, Frydas
A, Braunauer K, et al. Potential Usefulness and Clinical Relevance of Adding Left Atrial Strain to Left Atrial Volume Index in
the Detection of Left Ventricular Diastolic Dysfunction. JACC:
Cardiovascular Imaging. 2018; 11: 1405–1415.
[61] Rosenberg MA, Manning WJ. Diastolic dysfunction and risk
of atrial fibrillation: a mechanistic appraisal. Circulation. 2012;
126: 2353–2362.
[62] Jaïs P, Peng JT, Shah DC, Garrigue S, Hocini M, Yamane T,
et al. Left ventricular diastolic dysfunction in patients with socalled lone atrial fibrillation. Journal of Cardiovascular Electrophysiology. 2000; 11: 623–625.
[63] Tsang TS, Gersh BJ, Appleton CP, Tajik AJ, Barnes ME, Bailey

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

KR, et al. Left ventricular diastolic dysfunction as a predictor of
the first diagnosed nonvalvular atrial fibrillation in 840 elderly
men and women. Journal of the American College of Cardiology. 2002; 40: 1636–1644.
Rosenberg MA, Gottdiener JS, Heckbert SR, Mukamal KJ.
Echocardiographic diastolic parameters and risk of atrial fibrillation: the Cardiovascular Health Study. European Heart Journal.
2012; 33: 904–912.
Vasan RS, Larson MG, Levy D, Galderisi M, Wolf PA, Benjamin
EJ. Doppler transmitral flow indexes and risk of atrial fibrillation (the Framingham Heart Study). The American Journal of
Cardiology. 2003; 91: 1079–1083.
Arai R, Suzuki S, Semba H, Arita T, Yagi N, Otsuka T, et al.
The predictive role of E/e′ on ischemic stroke and atrial fibrillation in Japanese patients without atrial fibrillation. Journal of
Cardiology. 2018; 72: 33–41.
Ponikowski P, Voors AA, Anker SD, Bueno H, Cleland JGF,
Coats AJS, et al. 2016 ESC Guidelines for the diagnosis and
treatment of acute and chronic heart failure: the Task Force for
the diagnosis and treatment of acute and chronic heart failure of
the European Society of Cardiology (ESC) Developed with the
special contribution of the Heart Failure Association (HFA) of
the ESC. European Heart Journal. 2016; 37: 2129–2200.
Santhanakrishnan R, Wang N, Larson MG, Magnani JW, McManus DD, Lubitz SA, et al. Atrial Fibrillation Begets Heart
Failure and Vice Versa: Temporal Associations and Differences
in Preserved Versus Reduced Ejection Fraction. Circulation.
2016; 133: 484–492.
Zakeri R, Borlaug BA, McNulty SE, Mohammed SF, Lewis GD,
Semigran MJ, et al. Impact of Atrial Fibrillation on Exercise Capacity in Heart Failure with Preserved Ejection Fraction: a RELAX trial ancillary study. Circulation: Heart Failure. 2014; 7:
123–130.
Obokata M, Reddy YNV, Borlaug BA. The Role of Echocardiography in Heart Failure with Preserved Ejection Fraction: what
do we want from imaging? Heart Failure Clinics. 2019; 15:
241–256.
Melenovsky V, Hwang S, Redfield MM, Zakeri R, Lin G, Borlaug BA. Left atrial remodeling and function in advanced heart
failure with preserved or reduced ejection fraction. Circulation:
Heart Failure. 2015; 8: 295–303.
Kotecha D, Lam CSP, Van Veldhuisen DJ, Van Gelder IC, Voors
AA, Rienstra M. Heart Failure with Preserved Ejection Fraction
and Atrial Fibrillation: Vicious Twins. Journal of the American
College of Cardiology. 2016; 68: 2217–2228.
Cha Y, Wokhlu A, Asirvatham SJ, Shen W, Friedman PA,
Munger TM, et al. Success of ablation for atrial fibrillation in
isolated left ventricular diastolic dysfunction: a comparison to
systolic dysfunction and normal ventricular function. Circulation: Arrhythmia and Electrophysiology. 2011; 4: 724–732.
Kumar P, Patel A, Mounsey JP, Chung EH, Schwartz JD, Pursell
IW, et al. Effect of left ventricular diastolic dysfunction on outcomes of atrial fibrillation ablation. The American Journal of
Cardiology. 2014; 114: 407–411.
Kosiuk J, Breithardt O, Bode K, Kornej J, Arya A, Piorkowski
C, et al. The predictive value of echocardiographic parameters
associated with left ventricular diastolic dysfunction on shortand long-term outcomes of catheter ablation of atrial fibrillation.
Europace. 2014; 16: 1168–1174.
Kosiuk J, Buchta P, Gaspar T, Arya A, Piorkowski C, Rolf S,
et al. Prevalence and predictors of worsened left ventricular diastolic dysfunction after catheter ablation of atrial fibrillation.
International Journal of Cardiology. 2013; 168: 3613–3615.
Weijs B, de Vos CB, Tieleman RG, Pisters R, Cheriex EC, Prins
MH, et al. Clinical and echocardiographic correlates of intraatrial conduction delay. Europace. 2011; 13: 1681–1687.

11

[78] Erdem FH, Erdem A, Özlü F, Ozturk S, Ayhan SS, Çağlar SO, et
al. Electrophysiological validation of total atrial conduction time
measurement by tissue doppler echocardiography according to
age and sex in healthy adults. Journal of Arrhythmia. 2016; 32:
127–132.
[79] Deniz A, Sahiner L, Aytemir K, Kaya B, Kabakci G, Tokgozoglu L, et al. Tissue Doppler echocardiography can be a useful
technique to evaluate atrial conduction time. Cardiology Journal. 2012; 19: 487–493.
[80] Leung M, Abou R, van Rosendael PJ, van der Bijl P, van Wijngaarden SE, Regeer MV, et al. Relation of Echocardiographic
Markers of Left Atrial Fibrosis to Atrial Fibrillation Burden. The
American Journal of Cardiology. 2018; 122: 584–591.
[81] Guo C, Liu J, Zhao S, Teng Y, Shen L. Decreased left atrial strain
parameters are correlated with prolonged total atrial conduction
time in lone atrial fibrillation. The International Journal of Cardiovascular Imaging. 2016; 32: 1053–1061.
[82] Antoni ML, Bertini M, Atary JZ, Delgado V, ten Brinke EA,
Boersma E, et al. Predictive value of total atrial conduction time
estimated with tissue Doppler imaging for the development of
new-onset atrial fibrillation after acute myocardial infarction.
The American Journal of Cardiology. 2010; 106: 198–203.
[83] Bertini M, Borleffs CJW, Delgado V, Ng ACT, Piers SRD,
Shanks M, et al. Prediction of atrial fibrillation in patients with
an implantable cardioverter-defibrillator and heart failure. European Journal of Heart Failure. 2010; 12: 1101–1110.
[84] Müller P, Ivanov V, Kara K, Klein-Wiele O, Forkmann M, Piorkowski C, et al. Total atrial conduction time to predict occult
atrial fibrillation after cryptogenic stroke. Clinical Research in
Cardiology. 2017; 106: 113–119.
[85] Özlü MF, Erdem K, Kırış G, Parlar Aİ, Demirhan A, Ayhan SS,
et al. Predictive value of total atrial conduction time measured
with tissue Doppler imaging for postoperative atrial fibrillation
after coronary artery bypass surgery. Journal of Interventional
Cardiac Electrophysiology. 2013; 37: 27–33.
[86] De Vos CB, Weijs B, Crijns HJGM, Cheriex EC, Palmans A,
Habets J, et al. Atrial tissue Doppler imaging for prediction of
new-onset atrial fibrillation. Heart. 2009; 95: 835–840.
[87] Müller P, Schiedat F, Bialek A, Bösche L, Ewers A, Kara K, et al.
Total atrial conduction time assessed by tissue doppler imaging
(PA-TDI Interval) to predict early recurrence of persistent atrial
fibrillation after successful electrical cardioversion. Journal of
Cardiovascular Electrophysiology. 2014; 25: 161–167.
[88] den Uijl DW, Gawrysiak M, Tops LF, Trines SA, Zeppenfeld
K, Schalij MJ, et al. Prognostic value of total atrial conduction
time estimated with tissue Doppler imaging to predict the recurrence of atrial fibrillation after radiofrequency catheter ablation.
Europace. 2011; 13: 1533–1540.
[89] Karantoumanis I, Doundoulakis I, Zafeiropoulos S, Oikonomou
K, Makridis P, Pliakos C, et al. Atrial conduction time associated predictors of recurrent atrial fibrillation. The International
Journal of Cardiovascular Imaging. 2021; 37: 1267–1277.
[90] Badano LP, Kolias TJ, Muraru D, Abraham TP, Aurigemma G,
Edvardsen T, et al. Standardization of left atrial, right ventricular, and right atrial deformation imaging using two-dimensional
speckle tracking echocardiography: a consensus document of
the EACVI/ASE/Industry Task Force to standardize deformation imaging. European Heart Journal Cardiovascular Imaging.
2018; 19: 591–600.
[91] Inaba Y, Yuda S, Kobayashi N, Hashimoto A, Uno K, Nakata
T, et al. Strain rate imaging for noninvasive functional quantification of the left atrium: comparative studies in controls and
patients with atrial fibrillation. Journal of the American Society
of Echocardiography. 2005; 18: 729–736.
[92] Nesbitt GC, Mankad S. Strain and Strain Rate Imaging in Cardiomyopathy. Echocardiography. 2009; 26: 337–344.

12

[93] To ACY, Flamm SD, Marwick TH, Klein AL. Clinical utility of
multimodality LA imaging: assessment of size, function, and
structure. JACC: Cardiovascular Imaging. 2011; 4: 788–798.
[94] Goette A, Kalman JM, Aguinaga L, Akar J, Cabrera JA, Chen
SA, et al. EHRA/HRS/APHRS/SOLAECE expert consensus on
atrial cardiomyopathies: Definition, characterization, and clinical implication. Heart Rhythm. 2017; 14: e3–e40.
[95] Yuda S, Muranaka A, Miura T. Clinical implications of left atrial
function assessed by speckle tracking echocardiography. Journal
of Echocardiography. 2016; 14: 104–112.
[96] Kuppahally SS, Akoum N, Burgon NS, Badger TJ, Kholmovski
EG, Vijayakumar S, et al. Left atrial strain and strain rate in
patients with paroxysmal and persistent atrial fibrillation: relationship to left atrial structural remodeling detected by delayedenhancement MRI. Circulation. Cardiovascular Imaging. 2010;
3: 231–239.
[97] Eichenlaub M, Mueller-Edenborn B, Minners J, Allgeier M,
Lehrmann H, Allgeier J, et al. Echocardiographic diagnosis of
atrial cardiomyopathy allows outcome prediction following pulmonary vein isolation. Clinical Research in Cardiology. 2021;
110: 1770–1780.
[98] Laish‐Farkash A, Perelshtein Brezinov O, Valdman A, Tam
D, Rahkovich M, Kogan Y, et al. Evaluation of left atrial remodeling by 2D‐speckle‐tracking echocardiography versus by
high‐density voltage mapping in patients with atrial fibrillation.
Journal of Cardiovascular Electrophysiology. 2021; 32: 305–
315.
[99] Longobardo L, Todaro MC, Zito C, Piccione MC, Di Bella G,
Oreto L, et al. Role of imaging in assessment of atrial fibrosis in
patients with atrial fibrillation: state-of-the-art review. European
Heart Journal Cardiovascular Imaging. 2014; 15: 1–5.
[100] Patel RB, Delaney JA, Hu M, Patel H, Cheng J, Gottdiener J,
et al. Characterization of cardiac mechanics and incident atrial
fibrillation in participants of the Cardiovascular Health Study.
JCI insight. 2020; 5: e141656.
[101] Park JJ, Park J, Hwang I, Park J, Cho G, Marwick TH. Left
Atrial Strain as a Predictor of New-Onset Atrial Fibrillation
in Patients with Heart Failure. JACC: Cardiovascular Imaging.
2020; 13: 2071–2081.
[102] Hoit BD. Left atrial size and function: role in prognosis. Journal of the American College of Cardiology. 2014; 63: 493–505.
[103] Nielsen AB, Skaarup KG, Hauser R, Johansen ND, Lassen
MCH, Jensen GB, et al. Normal values and reference ranges
for left atrial strain by speckle-tracking echocardiography: the
Copenhagen City Heart Study. European Heart Journal Cardiovascular Imaging. 2021; 23: 42–51.
[104] Pathan F, D’Elia N, Nolan MT, Marwick TH, Negishi K. Normal Ranges of Left Atrial Strain by Speckle-Tracking Echocardiography: a Systematic Review and Meta-Analysis. Journal of
the American Society of Echocardiography. 2017; 30: 59–70.e8.
[105] Hauser R, Nielsen AB, Skaarup KG, Lassen MCH, Duus LS,
Johansen ND, et al. Left atrial strain predicts incident atrial fibrillation in the general population: the Copenhagen City Heart
Study. European Heart Journal Cardiovascular Imaging. 2021;
23: 52–60.
[106] Petre I, Onciul S, Iancovici S, Zamfir D, Stoian M, Scărlătescu
A, et al. Left Atrial Strain for Predicting Atrial Fibrillation Onset
in Hypertensive Patients. High Blood Pressure and Cardiovascular Prevention. 2019; 26: 331–337.
[107] Hammerstingl C, Schwekendiek M, Momcilovic D, Schueler
R, Sinning J, Schrickel JW, et al. Left atrial deformation imaging
with ultrasound based two-dimensional speckle-tracking predicts the rate of recurrence of paroxysmal and persistent atrial
fibrillation after successful ablation procedures. Journal of Cardiovascular Electrophysiology. 2012; 23: 247–255.
[108] Motoki H, Negishi K, Kusunose K, Popović ZB, Bhargava M,

Wazni OM, et al. Global left atrial strain in the prediction of
sinus rhythm maintenance after catheter ablation for atrial fibrillation. Journal of the American Society of Echocardiography.
2014; 27: 1184–1192.
[109] Parwani AS, Morris D, Blaschke F, Huemer M, Pieske B,
Haverkamp W, et al. Left atrial strain predicts recurrence of
atrial arrhythmias after catheter ablation of persistent atrial fibrillation. Open Heart. 2017; 4: e000572.
[110] Nielsen AB, Skaarup KG, Lassen MCH, Djernæs K, Hansen
ML, Svendsen JH, et al. Usefulness of left atrial speckle tracking
echocardiography in predicting recurrence of atrial fibrillation
after radiofrequency ablation: a systematic review and metaanalysis. The International Journal of Cardiovascular Imaging.
2020; 36: 1293–1309.
[111] Wen S, Indrabhinduwat M, Brady PA, Pislaru C, Miller FA,
Ammash NM, et al. Post Procedural Peak Left Atrial Contraction Strain Predicts Recurrence of Arrhythmia after Catheter Ablation of Atrial Fibrillation. Cardiovascular Ultrasound. 2021;
19: 22.
[112] Yang CH, Liu HT, Lee HL, Lin FC, Chou CC. Left atrial
booster-pump function as a predictive parameter for atrial fibrillation in patients with severely dilated left atrium. Quantitative
Imaging in Medicine and Surgery. 2022; 12: 2523–2534.
[113] Wang Z, Tan H, Zhong M, Jiang G, Zhang Y, Zhang W. Strain
rate imaging for noninvasive functional quantification of the left
atrium in hypertensive patients with paroxysmal atrial fibrillation. Cardiology. 2008; 109: 15–24.
[114] Kokubu N, Yuda S, Tsuchihashi K, Hashimoto A, Nakata T,
Miura T, et al. Noninvasive assessment of left atrial function
by strain rate imaging in patients with hypertension: a possible
beneficial effect of renin-angiotensin system inhibition on left
atrial function. Hypertension Research. 2007; 30: 13–21.
[115] Hirose T, Kawasaki M, Tanaka R, Ono K, Watanabe T, Iwama
M, et al. Left atrial function assessed by speckle tracking
echocardiography as a predictor of new-onset non-valvular atrial
fibrillation: results from a prospective study in 580 adults. European Heart Journal Cardiovascular Imaging. 2012; 13: 243–250.
[116] Shang Z, Su D, Cong T, Sun Y, Liu Y, Chen N, et al. Assessment of left atrial mechanical function and synchrony in paroxysmal atrial fibrillation with two-dimensional speckle tracking
echocardiography. Echocardiography. 2017; 34: 176–183.
[117] Cameli M, Mandoli GE, Sciaccaluga C, Mondillo S. More than
10 years of speckle tracking echocardiography: still a novel
technique or a definite tool for clinical practice? Echocardiography. 2019; 36: 958–970.
[118] Chen Y, Li Z, Shen X, Wang W, Kang Y, Qiao Z, et al. Assessment of left atrial remodeling in paroxysmal atrial fibrillation with speckle tracking echocardiography: a study with an
electrophysiological mapping system. The International Journal
of Cardiovascular Imaging. 2019; 35: 451–459.
[119] Sarvari SI, Haugaa KH, Stokke TM, Ansari HZ, Leren IS, Hegbom F, et al. Strain echocardiographic assessment of left atrial
function predicts recurrence of atrial fibrillation. European Heart
Journal Cardiovascular Imaging. 2016; 17: 660–667.
[120] Kawakami H, Ramkumar S, Nolan M, Wright L, Yang H,
Negishi K, et al. Left Atrial Mechanical Dispersion Assessed
by Strain Echocardiography as an Independent Predictor of
New-Onset Atrial Fibrillation: a Case-Control Study. Journal
of the American Society of Echocardiography. 2019; 32: 1268–
1276.e3.
[121] Hwang YT, Lee HL, Lu CH, Chang PC, Wo HT, Liu HT, et al.
A Novel Approach for Predicting Atrial Fibrillation Recurrence
After Ablation Using Deep Convolutional Neural Networks by
Assessing Left Atrial Curved M-Mode Speckle-Tracking Images. Frontiers in cardiovascular medicine. 2021; 7: 605642.
[122] Gaita F, Caponi D, Scaglione M, Montefusco A, Corleto A,

Di Monte F, et al. Long-Term Clinical Results of 2 Different
Ablation Strategies in Patients with Paroxysmal and Persistent
Atrial Fibrillation. Circulation: Arrhythmia and Electrophysiology. 2008; 1: 269–275.
[123] Liu HT, Yang CH, Lee HL, Chang PC, Wo HT, Wen MS, et
al. Clinical Outcomes of low-voltage area-guided left atrial linear ablation for non-paroxysmal atrial fibrillation patients. PLoS
ONE. 2021; 16: e0260834.
[124] Willems S, Klemm H, Rostock T, Brandstrup B, Ventura R,
Steven D, et al. Substrate modification combined with pulmonary vein isolation improves outcome of catheter ablation
in patients with persistent atrial fibrillation: a prospective randomized comparison. European Heart Journal. 2006; 27: 2871–
2878.
[125] Maille B, Das M, Hussein A, Shaw M, Chaturvedi V, Williams
E, et al. Reverse electrical and structural remodeling of the left
atrium occurs early after pulmonary vein isolation for persistent
atrial fibrillation. Journal of Interventional Cardiac Electrophysiology. 2020; 58: 9–19.
[126] Wylie JV, Peters DC, Essebag V, Manning WJ, Josephson ME,
Hauser TH. Left atrial function and scar after catheter ablation
of atrial fibrillation. Heart Rhythm. 2008; 5: 656–662.
[127] Tops LF, Delgado V, Bertini M, Marsan NA, Den Uijl DW,
Trines SAIP, et al. Left atrial strain predicts reverse remodeling
after catheter ablation for atrial fibrillation. Journal of the American College of Cardiology. 2011; 57: 324–331.
[128] Spethmann S, Stüer K, Diaz I, Althoff T, Hewing B, Baumann
G, et al. Left atrial mechanics predict the success of pulmonary
vein isolation in patients with atrial fibrillation. Journal of Interventional Cardiac Electrophysiology. 2014; 40: 53–62.
[129] Perea RJ, Tamborero D, Mont L, De Caralt TM, Ortiz JT,
Berruezo A, et al. Left atrial contractility is preserved after successful circumferential pulmonary vein ablation in patients with
atrial fibrillation. Journal of Cardiovascular Electrophysiology.
2008; 19: 374–379.
[130] Lemola K, Desjardins B, Sneider M, Case I, Chugh A, Good
E, et al. Effect of left atrial circumferential ablation for atrial
fibrillation on left atrial transport function. Heart Rhythm. 2005;
2: 923–928.
[131] Jeevanantham V, Ntim W, Navaneethan SD, Shah S, Johnson
AC, Hall B, et al. Meta-analysis of the effect of radiofrequency
catheter ablation on left atrial size, volumes and function in patients with atrial fibrillation. The American Journal of Cardiology. 2010; 105: 1317–1326.
[132] Yang CH, Chou CC, Hung KC, Wen MS, Chang PC, Wo HT, et
al. Comparisons of the underlying mechanisms of left atrial remodeling after repeat circumferential pulmonary vein isolation
with or without additional left atrial linear ablation in patients
with recurrent atrial fibrillation. International Journal of Cardiology. 2017; 228: 449–455.
[133] Xiong B, Li D, Wang J, Gyawali L, Jing J, Su L. The Effect of
Catheter Ablation on Left Atrial Size and Function for Patients
with Atrial Fibrillation: an Updated Meta-Analysis. PLoS ONE.
2015; 10: e0129274.
[134] Kagawa Y, Fujii E, Fujita S, Ito M. Association between left
atrial reverse remodeling and maintenance of sinus rhythm after
catheter ablation of persistent atrial fibrillation. Heart and Vessels. 2020; 35: 239–245.
[135] Kawakami H, Inoue K, Nagai T, Fujii A, Sasaki Y, Shikano
Y, et al. Persistence of left atrial abnormalities despite left atrial
volume normalization after successful ablation of atrial fibrillation. Journal of Arrhythmia. 2021; 37: 1318–1329.
[136] Lee HL, Hwang YT, Chang PC, Wen MS, Chou CC. A threeyear longitudinal study of the relation between left atrial diameter remodeling and atrial fibrillation ablation outcome. Journal
of Geriatric Cardiology. 2018; 15: 486–491.

13

[137] Reant P, Lafitte S, Jaïs P, Serri K, Weerasooriya R, Hocini M, et
al. Reverse remodeling of the left cardiac chambers after catheter
ablation after 1 year in a series of patients with isolated atrial
fibrillation. Circulation. 2005; 112: 2896–2903.
[138] Thomas L, Thomas SP, Hoy M, Boyd A, Schiller NB, Ross DL.
Comparison of left atrial volume and function after linear ablation and after cardioversion for chronic atrial fibrillation. The
American Journal of Cardiology. 2004; 93: 165–170.
[139] Artang R, Migrino RQ, Harmann L, Bowers M, Woods
TD. Left atrial volume measurement with automated border detection by 3-dimensional echocardiography: comparison
with Magnetic Resonance Imaging. Cardiovascular Ultrasound.
2009; 7: 16.
[140] Kawai J, Tanabe K, Wang CL, Tani T, Yagi T, Shiotani H, et
al. Comparison of left atrial size by freehand scanning threedimensional echocardiography and two-dimensional echocardiography. European Journal of Echocardiography. 2004; 5: 18–
24.
[141] Anwar AM, Geleijnse ML, Soliman OII, Nemes A, ten
Cate FJ. Left atrial Frank-Starling law assessed by real-time,
three-dimensional echocardiographic left atrial volume changes.
Heart. 2007; 93: 1393–1397.
[142] Badano LP, Pezzutto N, Marinigh R, Cinello M, Nucifora G,
Pavoni D, et al. How many patients would be misclassified using
M-mode and two-dimensional estimates of left atrial size instead
of left atrial volume? A three-dimensional echocardiographic
study. Journal of Cardiovascular Medicine. 2008; 9: 476–484.
[143] Anwar AM, Soliman OII, Geleijnse ML, Nemes A, Vletter
WB, ten Cate FJ. Assessment of left atrial volume and function
by real-time three-dimensional echocardiography. International
Journal of Cardiology. 2008; 123: 155–161.
[144] Marsan NA, Tops LF, Holman ER, Van de Veire NR, Zeppenfeld K, Boersma E, et al. Comparison of left atrial volumes and
function by real-time three-dimensional echocardiography in patients having catheter ablation for atrial fibrillation with persistence of sinus rhythm versus recurrent atrial fibrillation three
months later. The American Journal of Cardiology. 2008; 102:

14

847–853.
[145] Schaaf M, Andre P, Altman M, Maucort-Boulch D, Placide J,
Chevalier P, et al. Left atrial remodelling assessed by 2D and 3D
echocardiography identifies paroxysmal atrial fibrillation. European Heart Journal Cardiovascular Imaging. 2017; 18: 46–53.
[146] Chadaide S, Domsik P, Kalapos A, Sághy L, Forster T, Nemes
A. Three-Dimensional Speckle Tracking EchocardiographyDerived Left Atrial Strain Parameters are Reduced in Patients with Atrial Fibrillation (Results from the MAGYAR-Path
Study). Echocardiography. 2013; 30: 1078–1083.
[147] Mochizuki A, Yuda S, Oi Y, Kawamukai M, Nishida J, Kouzu
H, et al. Assessment of left atrial deformation and synchrony
by three-dimensional speckle-tracking echocardiography: comparative studies in healthy subjects and patients with atrial fibrillation. Journal of the American Society of Echocardiography.
2013; 26: 165–174.
[148] Mochizuki A, Yuda S, Fujito T, Kawamukai M, Muranaka
A, Nagahara D, et al. Left atrial strain assessed by threedimensional speckle tracking echocardiography predicts atrial
fibrillation recurrence after catheter ablation in patients with
paroxysmal atrial fibrillation. Journal of Echocardiography.
2017; 15: 79–87.
[149] Kobayashi Y, Okura H, Kobayashi Y, Okawa K, Banba K, Hirohata A, et al. Assessment of Atrial Synchrony in Paroxysmal
Atrial Fibrillation and Impact of Pulmonary Vein Isolation for
Atrial Dyssynchrony and Global Strain by Three-Dimensional
Strain Echocardiography. Journal of the American Society of
Echocardiography. 2014; 27: 1193–1199.
[150] Wu VC, Takeuchi M, Otani K, Haruki N, Yoshitani H,
Tamura M, et al. Effect of through-Plane and Twisting Motion on Left Ventricular Strain Calculation: Direct Comparison
between Two-Dimensional and Three-Dimensional SpeckleTracking Echocardiography. Journal of the American Society of
Echocardiography. 2013; 26: 1274–1281.e4.
[151] Yuda S. Current clinical applications of speckle tracking
echocardiography for assessment of left atrial function. Journal
of Echocardiography. 2021; 19: 129–140.

