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Abstract: This review discusses the evolving topic of atrial cardiomyopathy concerning valvular heart
disease. The pathogenesis of atrial cardiomyopathy involves multiple factors, such as valvular disease
leading to atrial structural and functional remodeling due to pressure and volume overload. Atrial
enlargement and dysfunction can trigger atrial tachyarrhythmia. The complex interaction between
valvular disease and atrial cardiomyopathy creates a vicious cycle of aggravating atrial enlargement,
dysfunction, and valvular disease severity. Furthermore, atrial remodeling and arrhythmia can
predispose to atrial thrombus formation and stroke. The underlying pathomechanism of atrial
myopathy involves molecular, cellular, and subcellular alterations resulting in chronic inflammation,
atrial fibrosis, and electrophysiological changes. Atrial dysfunction has emerged as an essential
determinant of outcomes in valvular disease and heart failure. Despite its predictive value, the
detection of atrial fibrosis and dysfunction is challenging and is not included in the clinical routine.
Transthoracic echocardiography and cardiac magnetic resonance imaging are the main diagnostic
tools for atrial cardiomyopathy. Recently published data have revealed that both left atrial volumes
and functional parameters are independent predictors of cardiovascular events in valvular disease.
The integration of atrial function assessment in clinical practice might help in early cardiovascular
risk estimation, promoting early therapeutic intervention in valvular disease.

Keywords: atrial cardiomyopathy; fibrosis; mitral valve regurgitation; aortic valve stenosis

1. Introduction

The concept of atrial cardiomyopathy was defined in 2016; however, it is still not
profoundly characterized in terms of pathophysiology, risk factors, stages, progression,
and prognostic value [1]. Atrial cardiomyopathy was thought to be only a secondary
consequence of cardiac diseases, such as valvular heart disease. Pressure overload caused
by aortic and mitral stenosis, or volume overload due to mitral and tricuspid regurgitation
may lead to atrial cardiomyopathy including functional, structural, or electrophysiological
remodeling [2] (Figure 1). Two main etiological entities of valve regurgitation have been
defined: organic and functional. Functional valvular regurgitation was believed to be
mainly a consequence of ventricular dysfunction. Recently, the entity of atrial functional
valvular regurgitation has been separated from the ventricular functional one based on
the pathomechanism and etiology [3]. Atrial cardiomyopathy due to chronic atrial fib-
rillation may lead to pronounced mitral or tricuspid annular dilatation inducing valve
malcoaptation, and, consequently, atrial functional regurgitation [3,4] (Figure 1). The
differentiation between ventricular functional valve disease and atrial functional valve
disease is important because of the different management and prognostic implications [3].
Clinical diagnostic tools, such as imaging, serum, and electrophysiological biomarkers,
are used in daily practice. It is recognized that atrial cardiomyopathy is progressive, al-
though the stages of severity have not yet been defined. Nonetheless, the severity of atrial
cardiomyopathy is inversely related to the sensitivity of its detection [1]. Furthermore, its
pathophysiological evaluation has become an emerging bench-to-bedside research area
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involving oxidative stress, inflammation, calcium overload, profibrotic signaling pathways,
and microRNA-induced pathways [5]. Despite advances, the pathogenesis and clinical
impact of atrial cardiomyopathy are only partly known [6]. This review summarizes the
most important clinical features of atrial cardiomyopathy in valvular heart disease and
highlights the most significant cellular, molecular, and neurohormonal factors underlying
atrial remodeling.
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Figure 1. Schematic illustration of atrial cardiomyopathy in valvular heart disease. Valvular heart
disease, such as primary (organic) mitral valve (MV) regurgitation due to leaflet prolapse (white
arrow), leads to atrial volume and/or pressure overload and consequent increased atrial wall stress
(green arrows), which results in cardiomyocyte apoptosis, cardiomyocyte dedifferentiation, and
atrial fibrosis. Atrial dysfunction and/or atrial dilatation with electrophysiological remodeling
develops defined as atrial cardiomyopathy. Atrial cardiomyopathy leads to annular dilatation
and exaggerates valve malcoaptation. Atrial fibrillation might develop and increase the risk of
stroke. Notably, longstanding permanent atrial fibrillation without initial valvular heart disease
may lead to atrial dilatation, subsequent annular dilatation, and secondary (functional) mitral or
tricuspid valve regurgitation. Aortic stenosis may also promote atrial cardiomyopathy due to pressure
overload. In advanced stages of aortic stenosis, functional mitral or tricuspid regurgitation can be
detected due to mitral or tricuspid annulus dilatation. Heart failure symptoms develop when the
adaptive mechanisms fail to further compensate the pathophysiological changes. LA: left atrium; LV:
left ventricle.

2. Physiology and Pathophysiology of Atria: The Concept of Atrial Cardiomyopathy

The atrial myocardium consists of two thin layers of muscle. The atrial cardiomyocytes
are arranged in well-organized muscle bundles. Between the muscle bundles extends the
thin atrial interstitium, which is composed mainly of an extracellular matrix of collagen
type I fibers, which account for 5% of the atrial wall volume. The main cellular components
in the interstitium are fibroblasts, adipocytes, mesenchymal cells, and inflammatory cells [7]
(Figure 2). The cardiomyocytes are mainly mononuclear cells with perinuclear granules
containing cardiac hormones, such as atrial natriuretic peptide (ANP) and brain natriuretic
peptide (BNP), which are secreted into the circulation in response to the dynamics of cardiac
pressure and volume [8]. The ANP is promptly released from granules in response to even
minor triggers and can indicate acute hemodynamic changes [9]. In contrast, BNP has
minimal granular storage, and is consequently regulated transcriptionally and synthesized
and secreted intermittently [9,10]. Increased atrial pressure and wall stress induce the
release of natriuretic peptides into the circulation. These peptides generate natriuresis,
diuresis, vasodilation, and inhibit aldosterone synthesis and renin secretion, which enable
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these cardiac hormones to regulate blood pressure and volume hemodynamics [11,12].
BNP is secreted both by atrial and ventricular cardiomyocytes. A greater proportion of BNP
is produced by ventricle under physiologic circumstances, due to the greater ventricular
mass compared to atrial mass [13,14]. ANP is produced only by atrial cardiomyocytes;
however, its superiority in atrial cardiomyopathy diagnostics is debatable [13]. These
hormones bind to membrane-bound natriuretic peptide receptors of the target organs.
Natriuretic peptides stimulate water excretion in the kidney through the contraction of
efferent arterioles and relaxation of afferent arterioles in nephrons, enhancing glomerular
filtration [12,15]. The natriuretic effect is a consequence of reduced sodium reabsorption
in the renal tubules [12,15]. Furthermore, ANP and BNP act on vascular smooth muscle
cells by affecting the permeability of the vascular endothelium, and increasing the fluid
shift from the intravascular to the extravascular compartment [12,15]. Notably, natriuretic
peptides exert both antifibrotic and antihypertrophic effects in the heart [11,16].
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Figure 2. Schematic illustration of cellular and molecular changes in valvular disease leading to atrial
fibrosis and cardiomyocyte hypertrophy. Valvular disease leads to increased left atrial (LA) pressure
and wall stretch resulting in renin–angiotensin–aldosterone system (RAAS) and leukocyte activation,
which promote atrial fibrosis. NADPH: nicotinamide adenine dinucleotide phosphate; ROS: reactive
oxygen species; MAPK: mitogen-activated protein kinase; Ca: calcium; AT-1R: angiotensin type 1
receptor; PLC: phospholipase C; IP3: inositol triphosphate 3; DAG: diacylglycerol; PKC: protein
kinase C; TGF-β: transforming growth factor β; CTGF: connective tissue growth factor; ECM:
extracellular matrix.

The increased atrial pressure in valvular heart diseases triggers mechanical stimuli in
the atrial wall and initiates complex molecular, cellular, and neurohormonal interlinked
pathways [6,17] (Figure 2). The mechanical atrial wall stress activates the renin–angiotensin–
aldosterone system (RAAS), which promotes fibrosis via several pathways, such as the
activation of hydrolysis phospholipase C (PLC), leading to intracellular Ca2+ overload and
fibroblast proliferation [5,6] (Figure 2). Furthermore, angiotensin II activates nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase and the release of reactive oxygen
species (ROS), which induce intracellular Ca2+ overload and fibrosis via the mitogen-
activated protein kinase (MAPK) pathway [6,18] (Figure 2). In addition, angiotensin II
regulates the expression of profibrotic factors, such as transforming growth factor β (TGF-β)
and connective tissue growth factor (CTGF) [6,18] (Figure 2). Angiotensin II induces the
hypertrophy of atrial cardiomyocytes, characterized by an increase in cell size and the
reinduction of fetal cardiac genes via transcription factors and the epigenetic regulation
of gene transcription regulation [5,19]. Atrial stretch also triggers leukocyte activation
and the subsequent release of inflammatory stimuli [5,20]. Furthermore, atrial stretch
and inflammation activate fibroblast proliferation and differentiation into the myofibrob-
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last phenotype to produce extracellular matrix (ECM) components including fibronectin,
procollagen, laminin, elastin, fibrillin, proteoglycans, glycoproteins matrix metallopro-
teinases (MMPs), and tissue inhibitors of MMPs [5,17] (Figure 2). In the “reactive” form
of fibrosis (or interstitial fibrosis), the accumulation of ECM is observed mainly in the
perivascular space and in the perimysium surrounding cardiac muscle bundles [17,21].
In “reparative” fibrosis, the fibrous tissue replaces apoptotic or necrotic cardiomyocytes,
creating irreversible interruptions in myocardial bundles [17]. However, in many cases,
a “mixed” form of interstitial and reparative fibrosis develops. Notably, fibrosis can be
induced by fatty infiltration and the amyloid deposition of interstitial matrix without
prominent collagen fiber accumulation, defined as “non-collagen” fibrosis [7]. The histo-
logical and pathophysiological classification of atrial cardiomyopathy has been defined
by the European Heart Rhythm Association (EHRA), the Heart Rhythm Society (HRS),
the Asian Pacific Heart Rhythm Society (APHRS), and Sociedad Latino Americana de
Estimulacion Cardiaca y Electrofisiologia (SOLAECE) working groups, determining four
EHRAS (EHRA/HRS/APHRS/SOLAECE) class groups [7]. Accordingly, EHRAS class I
represents cardiomyocyte changes (“reparative” fibrosis), class II fibrotic changes (“reactive”
fibrosis), class III combined cardiomyocyte pathology with fibrosis (“mixed” form), and
class IV non-collagen infiltration with or without cardiomyocyte changes [7]. In addition to
valvular heart disease, further risk factors, such as hypertension, diabetes mellitus, and
heart failure, might contribute to fibrogenesis [7]. The presence of any type of fibrosis
promotes changes in impulse propagation and may induce subsequent re-entrant atrial
arrhythmias [5,17]. Furthermore, inflammation may lead to a dysfunction of cardiomyocyte
ion channels, promoting arrhythmia [5]. Notably, fibroblasts can connect to cardiomyocytes
via gap junctions and consequently act as passive electrical conduits; however, they are not
electrically excitable [5,6,22]. A growing body of evidence supports that atrial fibrillation is
associated with systemic vascular, coronary, and atrial endothelial dysfunction through
multiple mechanisms [23]. Previous studies have shown that altered shear stress on en-
dothelial cells, increased oxidative stress and inflammation, RAAS activation, intracellular
Ca2+ overload, the release of endothelin-1 (ET-1), and reduced nitric oxide production are
the main pathways leading to atrial cardiomyopathy [23–26].

Functionally, the left atrium serves as a conduit between the pulmonary circulation
and left ventricle [27]. Similarly, the right atrium receives peripheral venous blood, which
passes toward the right ventricle [28]. Nonetheless, atria are not only passive chambers
that transfer blood from veins to ventricles. Both atria actively modulate ventricular filling
by acting as reservoirs during ventricular systole, and as conduits for early ventricular
diastole, and finally as booster pumps during late ventricular diastole, when the atria
contract. Atrial contraction and the booster pump function are absent in atrial fibrillation.
Accordingly, atrial filling occurs during pulmonary venous return in the reservoir and
conduit phase, whereas ventricular filling occurs in the conduit and booster pump phase.
Consequently, the reservoir function depends mainly on atrial compliance, end-systolic
ventricular volume, and the descent of the ventricular base during systole; however, the
conduit function is determined by both atrial and ventricular compliance. Atrial booster-
pump function depends on atrial preload and afterload, represented by venous return and
end-diastolic ventricular pressures, respectively [7,27,29].

3. Biomarkers of Atrial Cardiomyopathy: Serological, Electrophysiological, and
Imaging Biomarkers
3.1. Serological Biomarkers in Atrial Cardiomyopathy

The hemodynamic load in valvular heart disease can lead to elevated atrial pressure
and atrial cardiomyopathy, triggering the secretion of natriuretic peptides from the atrial
wall. In general, valvular heart disease impacts both the atria and ventricles; therefore, na-
triuretic peptides usually represent a surrogate marker of overall cardiac stress in valvular
heart disease, and not just atrial cardiomyopathy. The natriuretic peptide level increases
with the progression of valvular heart disease and heart failure, and therefore provides
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important prognostic information [30]. This is also used for monitoring patients before and
after valvular interventions, and to help with the risk stratification and timing of invasive
treatment [30]. Current guidelines recommend the clinical use of natriuretic peptides for
the diagnosis and prognosis of heart failure [31]. Concentrations of different natriuretic
peptides can be measured from blood samples with similar diagnostic and prognostic
accuracy, although they should never be a stand-alone test in the heart failure diagnostic
work-flow [32]. Plasma levels of ANP secreted from the atria are higher than BNP plasma
levels secreted from both atria and ventricles in healthy subjects [10,33,34]. However, both
ANP and BNP are elevated in heart failure, when BNP plasma levels can exceed those
of ANP [10,33,34]. Increased atrial and/or ventricular wall stress in valvular heart dis-
ease triggers the synthesis of pre-proBNP, which is cleaved to proBNP, and then to the
biologically active BNP hormone and the inactive amino-terminal fragment, N-terminal-
pro-B-type natriuretic peptide (NT-proBNP) [30]. Notably, in clinical practice, NT-proBNP
is more commonly used because of its longer half-life (120 min) compared to the half-life
of BNP (22 min) [35,36]. The normal cut-off values of natriuretic peptides depend on
the assessment method, age, gender, and body mass index [36,37]. “Normal” reference
values for NT-proBNP from the Framingham Heart Study ranged from 42.5 pg/mL to
106.4 pg/mL in men, depending on age [37]. Women showed different normal NT-proBNP
cut-off values between 111.0 pg/mL and 215.9 pg/mL [37]. Recent guidelines from the
European Society of Cardiology have established a threshold of 125 pg/mL NT-proBNP
and 100 pg/mL BNP for symptomatic heart failure patients in a non-acute setting; however,
the use of this single cut-off value might be suboptimal for screening the general popula-
tion [31,32,38]. Notably, the Generation Scotland Scottish Family Health Study reported
that NT-proBNP ≥ 125 pg/mL was detectable in 10% of young females without cardiovas-
cular risk factors [38]. Furthermore, anemia, renal failure, obesity, hyperthyroidism, sepsis,
and pulmonary hypertension may represent confounding factors in the interpretation of
NT-proBNP levels in heart failure [30,36,39]. Besides heart valve disease, NT-proBNP has
been established as a marker of atrial fibrillation and ischemic stroke [40]. Atrial fibrillation
was independently associated with greater NT-proBNP elevation and left atrial volumes
compared to sinus rhythm in heart failure population [40]. Other natriuretic peptides, such
as ANP and mid-regional-proANP (MR-proANP), are less prevalent [32]. MR-proANP
is a stable fragment of the precursor hormone ANP, has no receptor binding and protein
interaction, and has a longer half-life compared to ANP [6,41–43]. MR-proANP and ANP
are produced only by the atria and are therefore thought to be more specific biomarkers
of atrial cardiomyopathy compared to BNP and NT-proBNP [6,44]. Previous studies have
shown that atrial arrhythmias are associated with higher levels of BNP, NT-proBNP, ANP,
or MR-proANP, even in the absence of heart failure, due to increased wall stress induced
by tachycardia [44–47]. Meune et al. found that MR-proANP levels were lower; if the onset
of atrial fibrillation was less than 48 h, consequently, MR-proBNP levels might identify the
time from the onset of atrial fibrillation [47]. Notably, natriuretic peptide levels incremen-
tally increase in paroxysmal and chronic atrial fibrillation compared to sinus rhythm [41].
Importantly, natriuretic peptides cannot identify the etiology of heart failure [32]. Subse-
quently, complementary cardiac imaging is useful in interpreting the underlying pathology
in elevated cases [32]. Cui K. et al. found that plasma levels of MR-proANP were associated
with left atrial volumes and functional stages of heart failure; however, NT-proBNP had no
correlation [48]. Furthermore, NT-proBNP levels independently predicted the prevalence
of left atrial fibrosis in a population with atrial fibrillation [6,49].

Vascular cell adhesion molecule 1 (VCAM-1) is a cell surface protein that contributes
to leukocyte infiltration, inflammation, and atrial remodeling; however, it is not used in
clinical practice [6]. ADAMs (A Disintegrin and Metalloproteinase) proteins might be
additional potential biomarkers in atrial cardiomyopathy [50]. ADAMs are membrane-
bound glycoproteins known to regulate cell–cell and cell–matrix interactions and may
thereby influence cardiac remodeling [50]. Arndt M. et al. have reported that atrial
fibrillation is associated with an increased expression of these proteins, which might
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contribute to atrial dilation in arrhythmia [50]. Previous animal studies have revealed that
ADAMs may also be related to myocardial hypertrophy and fibrosis [51,52].

3.2. Electrophysiological Markers in Atrial Cardiomyopathy

Electrophysiological, structural, and functional atrial remodeling, including fibrosis,
represent a substrate for atrial fibrillation. Notably, atrial fibrillation may stimulate further
atrial remodeling, which hence maintains and aggravates the vicious cycle of atrial car-
diomyopathy and atrial fibrillation [17,53,54]. Hopman et al. compared atrial function in
atrial fibrillation patients with higher and lower degrees of left atrial fibrosis [55]. Higher
levels of atrial fibrosis were associated with lower atrial function compared to patients with
less fibrosis [55]. Atrial dysfunction might develop before atrial enlargement; therefore, it
can serve as an early biomarker of cardiac injury and the risk of atrial fibrillation [27]. Fur-
thermore, atrial fibrillation may promote atrial enlargement. The presence of valvular heart
disease further complicates the pathophysiological vicious cycle of atrial cardiomyopathy,
atrial fibrillation, and valvular heart disease (Figure 1).

It is recognized that atrial fibrillation and atrial cardiomyopathy are associated with
a risk of atrial thrombogenesis and cardiogenic embolization [56,57]. Ineffective atrial
contraction and low flow conditions promote thrombus formation, most commonly in the
left atrial appendage, thereby increasing the risk of stroke and peripheral embolization [58]
(Figure 1). Previous studies have revealed substantial prothrombogenic changes in atrial
fibrillation disease with the expression of von Willebrand factor and adhesion molecules in
the atrial endocardium [59]. Moreover, cardiovascular risk factors may further increase the
expression of pro-thrombogenic and pro-inflammatory factors [57,60–63]. New data are
emerging on the relationship between cardiovascular risk factors, inflammation, throm-
bogenesis, and atrial fibrillation [57,60–63]. Watanabe et al. have shown that C-reactive
protein (CRP) levels and atrial diameter size were higher in atrial fibrillation than in sinus
rhythm, which decreased after successful cardioversion [64,65]. Furthermore, CRP might
be useful as an independent factor to predict the recurrence of atrial fibrillation [66,67].
Overall, thrombogenic risk assessment in non-rheumatic atrial fibrillation is based on the
CHA2DS2-VASc Score (Chronic Heart Failure, Hypertension, Age ≥ 75 years, Diabetes
mellitus, prior Stroke or TIA or thromboembolism, Vascular disease, Age 65–74 years,
Sex category (i.e., female sex)) [68]. Notably, patients with cardiovascular risk factors
(CHA2DS2-VASc Score ≥ 2) and paroxysmal (self-terminating) or persistent (lasting more
than seven days or requiring cardioversion) atrial fibrillation have a similar risk of stroke
compared to patients with permanent atrial fibrillation, as prothrombogenic molecular
atrial alterations persist even during periods of sinus rhythm in these populations [7,69,70].
Consequently, continuous anticoagulant medication is required in all three atrial fibrilla-
tion entities if CHA2DS2-VASc Score ≥ 2 [68]. Previous studies have revealed that atrial
cardiomyopathy, even in the absence of atrial fibrillation, is a risk factor for stroke and
cognitive impairment [71–73]. The detection rate of new-onset atrial fibrillation after cryp-
togenic stroke ranged between 5% and 25%, depending on the heart-rhythm monitoring
method [74–77]. This implies that atrial fibrillation may not be a necessary condition for
stroke [72]. Besides atrial fibrillation, further electrocardiogram measurements have been
reported as markers of atrial cardiomyopathy, such as a prolonged PR interval, P-wave
morphology (terminal force in lead V1), paroxysmal supraventricular tachycardia, and
ectopic atrial rhythm [78–80]. These alterations have been shown to increase the risk stroke
and/or atrial fibrillation in large-scale studies [71,78,81–83]. Altered P-wave morphology
might reflect elevated left atrial pressure, left atrial enlargement, and fibrosis [80,84].

3.3. Imaging Markers in Atrial Cardiomyopathy
3.3.1. Transthoracic Echocardiography

Current recommendations suggest conventional two-dimensional (2D) transthoracic
echocardiography to measure atrial dimensions and volumes which have prognostic
value [85,86]. The normal upper limit of left atrial volume is 34 mL/m2 for both gen-
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ders; meanwhile, the normal upper limit of right atrial volume is 25 ± 7 mL/m2 in men
and 21 ± 6 mL/m2 in women [85]. However, 2D echocardiography is based on geometric
assumptions and the foreshortening of the left atrial cavity [87]. Overall, 2D echocardiogra-
phy underestimates left atrial volumes compared to cardiac magnetic resonance values [88].
Left atrial enlargement has been considered a marker of atrial cardiomyopathy and a risk
factor for atrial fibrillation, stroke, heart failure, and cardiovascular mortality [72,89,90]. The
presence of spontaneous echocardiographic contrast in the left atrium and reduced left atrial
appendage blood flow velocity have been recognized as markers of atrial cardiomyopathy
and associated with an increased risk of thrombus formation [80,91,92]. Furthermore,
transthoracic and transesophageal echocardiography can easily detect deformations of the
interatrial septum, such as interatrial septal aneurysm (IASA), patent foramen ovale (PFO),
or atrial septal pouch (ASP) [93–95]. The IASA is defined as a saccular deformation of
the atrial septum, the PFO is a flaplike opening between the atrial septum primum and
secundum at the location of the fossa ovalis, and the diverticulum-like ASP occurs when
the septum primum and secundum are incompletely fused [93,96]. These deformations are
supposed to be associated with thromboembolic events in different mechanisms [93]. Local
thrombus formation related to blood stasis within these deformations might represent
one mechanism [93]. However, thromboembolism transit through the PFO channel might
serve as a further potential mechanism, defined as a paradoxical embolism [93]. Notably,
the prevalence of PFO is approximately 25% in the healthy adult population; nonetheless,
the risk of embolization in this population is mainly associated with several clinical and
morphological factors, such as the length of the PFO channel, the presence of concomitant
IASA or a prominent Eustachian valve, and absence of cardiovascular risk factors [93,97,98].

Advanced echocardiography methods, such as speckle tracking echocardiography,
represent a sensitive tool to assess atrial function. This technique analyses the unique
fingerprint-like natural acoustic marker pattern (or speckle pattern) of grayscale B-mode
images of the myocardium, which are tracked consecutively frame-by-frame during the
cardiac cycle [99]. Atrial strain is a measurement of deformation, expressed as a fractional
change in length from its original dimension in the tangential direction referred to as atrial
longitudinal strain. The strain rate represents the speed at which the deformation (strain)
of the myocardium occurs [29,100]. The left atrial longitudinal strain curve consists of
the three atrial phases defined as reservoir, conduit, and contraction strain, which are
modulated by both loading conditions and heart rate [100] (Figure 3). Notably, atrial
reservoir strain is considered equal to peak atrial longitudinal strain (PALS) due to the
negligible circumferential and radial strain of the thin atrial wall [29]. Similarly, conduit
strain is also defined as longitudinal atrial conduit strain (LACS) and booster pump strain as
peak atrial contraction strain (PACS) [29] (Figure 3). The EACVI/ASE/Industry Taskforce
consensus document recommended a standardized atrial strain analysis that allows both
R–R and P–P ECG wave gating as the zero reference point for the atrial strain curve [100].
The two methods are not interchangeable as the atrial length is different at the zero point
and consequently results in different strain values [29,100]. This makes it difficult to
compare the results of studies using different methods; however, most commonly, R–
R ECG gating has been used in the literature [29]. The Copenhagen City Heart Study
defined the normative absolute values of median PALS, LACS, and PACS parameters in
1641 healthy participants as being 39.4%, 23.7%, and 15.5%, respectively [101] (Figure 3).
Similar normal values were published in a meta-analysis of 2542 healthy individuals [102].
There is a growing body of evidence that normal reservoir strain values become lower
with age, which is compensated for by the increasing atrial contraction strain [101,103–105].
In healthy individuals over 65 years of age, Nielsen A.B. et al. have shown that normal
PALS, LACS, and PACS absolute values are 33.5%, 15.6%, and 18.7%, respectively [101].
There are conflicting data on the effect of gender on atrial strain values [103,105]. The
NORRE (Normal Reference Ranges for Echocardiography) multicenter study found no
gender differences; however, several working groups reported a tendency of lower values
for PALS and LACS in males [101,103,105].
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Figure 3. Representative image of left atrial strain analysis using two dimensional speckle tracking
echocardiography in case of a normal subject (left panel) and valvular heart disease patient (right
panel). The absolute values of reservoir, conduit, and contraction strain parameters are significantly
decreased in the valvular heart disease case, suggesting left atrial dysfunction. LA: left atrium.

3.3.2. Cardiac Computed Tomography

Cardiac computed tomography (CCT) is an accurate tool to assess atrial volumes and
dimensions [106]. However, CCT tends to overestimate maximal and minimal left atrial
volumes compared to cardiac magnetic resonance (CMR) [88]. The Danish Cardiovascular
Screening Trial (DANCAVAS) used a low-dose non-contrast CT scan to demonstrate the
complex pathophysiology behind atrial cardiomyopathy due to an unexpected correla-
tion between cardiovascular risk factors and atrial size [107]. Age, hypertension, pulse
pressure, and blood pressure were associated with an increase in the left atrial area; how-
ever, smoking, diabetes, and dyslipidemia were associated with a decrease in left atrial
size [107]. Furthermore, non-contrast CT-derived left atrial area was an important pre-
dictor of atrial fibrillation, heart failure, and death [108]. Although feature tracking-CT
allows for atrial strain analysis, it is mainly used in research. Data are inconsistent for
the correlation between CT-derived left atrial strain measurements and speckle tracking
echocardiography-derived strain parameters [109,110].

3.3.3. Cardiac Magnetic Resonance

Cardiac magnetic resonance is frequently used for ventricular fibrosis imaging; how-
ever, the detection of atrial fibrosis is still challenging due to the suboptimal image reso-
lution of the thin-walled atrium (2–4 mm). Beyond the cost and availability of CMR, the
time and expertise required for image processing are not negligible [86]. Late-gadolinium-
enhanced (LGE) CMR and post-contrast T1 mapping are used to detect and quantify atrial
fibrosis [111–114]. The Utah Staging System proposed by Oakes R.S. et al. was used to
grade atrial fibrosis based on the extent of LGE: Utah stage I (<5%), stage II (5–20%), stage
III (21–35%), and stage IV (>35%) [111]. Oakes R.S. et al. reported a 14% atrial fibrillation
recurrence after ablation with low scar burden and 75% with high scar burden [111]. The
multicenter, prospective DECAAF Study (Delayed-Enhancement MRI Determinant of Suc-
cessful Radiofrequency Catheter Ablation of Atrial Fibrillation) also defined four stages
of atrial fibrosis in the atrial fibrillation population using a delayed-enhancement MRI
based on the volumetric percentage of left atrial wall enhancement: stage 1 (<10% of the
atrial wall), 2 (between 10% and 19%), 3 (between 20% and 29%), and 4 (≥30%) [113]. For
stage 1, the incidence of recurrent arrhythmia in the DECAAF study following successful
radiofrequency catheter ablation by day 325 was similar (15.3%) to the results of Oakes
et al. [111,113]. A higher incidence of atrial fibrillation recurrence (51.1%) was found in
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stage 4 in the DECAAF study, suggesting an independent association between atrial fibrosis
stage and recurrent arrhythmia [113]. Interestingly, among patients with persistent atrial
fibrillation in the DEACAAF II trial, MRI-guided atrial fibrosis ablation with pulmonary
vein isolation was not superior to conventional pulmonary vein isolation alone in reducing
the recurrence of atrial fibrillation [115]. Furthermore, novel atrial four-dimensional (4D)
flow CMR-derived atrial flow dynamics and stasis quantification might reveal atrial pre-
disposition sites to thrombogenesis, even with a low CHA2DS2-VASc score [114,116]. The
CMR feature tracking (CMR-FT) method may provide a more accurate tool for assessing
atrial strain and strain rate due to higher tracking quality compared to speckle tracking
echocardiography. However, its clinical application is still limited [86,117]. The normal
mean values for the reservoir, conduit, and booster strain using CMR-FT are 39.13% ± 9.27,
25.15% ± 8.34, and 13.99% ± 4.11, respectively [118]. The conduit function gradually
decreases with age, while the booster atrial function significantly increases [118]. However,
no significant gender differences could be revealed [118].

4. Valvular Heart Disease and Atrial Cardiomyopathy
4.1. Aortic Valve Stenosis

Aortic valve stenosis is the most common valvular heart disease, especially in the el-
derly population [119]. Left ventricular pressure increases in aortic stenosis leading to adap-
tive cardiomyocyte hypertrophy and concentric left ventricular hypertrophy. This adaptive
response decreases wall stress and maintains normal left ventricular function [120,121].
However, left ventricular diastolic function deteriorates over time and left ventricular
filling pressures and atrial pressures increase, leading to left atrial dysfunction and enlarge-
ment [122]. In an advanced decompensated condition, additional left ventricular systolic
dysfunction develops due to increased myocardial oxygen consumption and decreased
oxygen supply leading to ischemia and fibrosis [120,121]. A higher atrial pressure induces
mechanical stress on the atrial wall, which generates fibroblast activation and atrial fibro-
sis [123] (Figure 2). Left atrial dysfunction might appear before atrial enlargement and
ventricular damage [124,125]. This could be an initial indicator of atrial cardiomyopathy
and might reveal the presence of cardiac injury in aortic stenosis [124,125]. Atrial remod-
eling in aortic stenosis can serve as a substrate for atrial fibrillation [126,127] (Figure 1).
Previous studies have shown that the prevalence of atrial fibrillation in a population with
aortic stenosis is approximately 10–13% and can reach even 50% in the symptomatic se-
vere aortic stenosis group [2,126,127]. Importantly, it has been recognized that left atrial
dysfunction precedes dilatation. Furthermore, left atrial size increases with the severity of
aortic stenosis reflecting the chronicity of increased left ventricular filling pressure [128].
In addition, recent publications have shown that PALS is impaired in aortic stenosis and
is associated with left ventricular filling pressures and left atrial fibrosis [122,124,129,130].
Overall, a large body of literature has demonstrated that left atrial strain is the predomi-
nant prognostic factor in aortic stenosis over conventional echocardiographic parameters
including left atrial volume [122,124,129,130]. Tan E.S.J. et al. found that PALS < 20%,
LACS < 6%, and PACS < 12% identified patients at a higher risk of adverse outcomes [129].
Similarly, Galli et al. found that PALS < 21% is an independent predictor of prognosis in
aortic stenosis [130]. Furthermore, the working group suggested that reduced PALS might
be a biomarker of global myocardial impairment [130]. BNP and NT-proBNP have been
associated with the severity of aortic stenosis and heart failure functional status [131,132].
Notably, even moderate aortic stenosis is associated with a higher risk of mortality com-
pared to the general population, which is mainly related to associated comorbidities, such
as atrial fibrillation [133]. There is growing evidence that NT-proBNP, left atrial reservoir
function, and volume are among the main prognostic markers in asymptomatic severe
and moderate aortic stenosis, beyond the conventional clinical and echocardiography in-
dices [133–135]. Bergler-Klein et al. have shown that asymptomatic patients with severe
aortic stenosis are unlikely to develop symptoms within 6 months at low plasma natriuretic
peptide levels [134].



Cells 2023, 12, 1796 10 of 26

Current guidelines recommend aortic valve replacement to treat severe aortic valve
stenosis, as no medical treatment is available [29,119]. Besides surgical valve replacement,
transcatheter aortic valve replacement (TAVR) has emerged as an effective treatment for pa-
tients at a high or intermediate surgical risk [119,136,137]. The cessation of left ventricular
pressure afterload was associated with a 47% reduction in left atrial size shortly after TAVR
(a median follow-up time of 7 days) [138]. These patients had a better improvement in
clinical status and lower rates of major adverse cardiac events at one-year follow up, than
patients with unchanged left atrial size [138]. The vast majority of literature reported an
improvement in left atrial reservoir function following aortic valve replacement [139–144].
Interestingly, most studies did not exclude confounding factors of atrial strain assessment,
such as atrial fibrillation and/or moderate-severe mitral valve disease [139,142,143,145].
Weber et al. reported that left atrial reservoir function and volume, in addition to left ventric-
ular function, were associated with worse outcomes after TAVR [141]. Sabatino et al. found
no significant improvement in atrial function and size in a large cohort of patients following
TAVR at a median follow-up time of 31 months [122]. The study group showed that the
lack of improvement in left atrial reservoir strain after TAVR was associated with a worse
outcome [122]. Left atrial contraction strain was less frequently examined in the studies,
but most studies found an improvement in left atrial contraction function [139,140,144,146].
The incidence of postoperative atrial arrhythmias requiring treatment after aortic valve
replacement was 48.8%. This incidence is higher (60.1%) if the aortic valve replacement is
combined with coronary artery bypass grafting [147]. The PARTNER (Placement of Aortic
Transcatheter Valve) 3 trial revealed that patients undergoing aortic valve replacement
and developing post-discharge atrial fibrillation had worse outcomes, irrespective of the
valve replacement technique (surgical or transcatheter) [148]. Cameli et al. reported that
preoperative atrial dysfunction with a cut-off value of 16.9% for PALS was associated with
a risk of postoperative atrial fibrillation after surgical valve replacement [149]. Large-scale
studies demonstrated that at least one-third of TAVR patients had poor outcomes as defined
by mortality and quality of life, mainly attributed to atrial fibrillation, stroke, age, male
gender, diabetes, and severe renal and pulmonary dysfunction [150,151]. This suggests
that the current timing of aortic valve replacement may be suboptimal, as irreversible
maladaptive changes might have already developed by the time of intervention.

4.2. Mitral Valve Regurgitation

Mitral regurgitation is the second most common valvular heart disease with a complex
pathophysiology [152]. Diseases of the mitral valve apparatus (leaflets, chordae tendineae,
papillary muscles, and annulus) lead to primary (organic) mitral regurgitation (Figure 4).
Mitral annulus dilatation and leaflet malcoaptation due to left ventricular or atrial di-
latation are defined as ventricular and atrial functional (secondary) mitral regurgitation,
respectively [153,154]. Atrial functional mitral regurgitation is a unique form that initially
presents with normal left ventricular function and volumes, but with a dilated mitral annu-
lus due to left atrial enlargement as a consequence of persistent atrial fibrillation and/or
heart failure with preserved ejection fraction (HFpEF) [4,153–155] (Figure 1). Ventricular
functional mitral regurgitation is the consequence of ischemic or non-ischemic (e.g., dilated)
cardiomyopathy. Nevertheless, both in organic and functional etiologies, blood from the
left ventricle is ejected forward into the aorta and backward into the left atrium, resulting in
an elevated total stroke volume [153,154]. Volume overload leads to left atrial dysfunction,
which can be used as an early sign of myocardial damage before left ventricular dysfunction
occurs [156]. Left ventricular subclinical damage develops only years after the onset of
chronic volume overload and is detected by left ventricular global longitudinal strain [156].
Left ventricular and atrial dilatation occurs as an additional step to reduce wall stress
and maintain normal intracardiac pressures, also defined as asymptomatic compensatory
eccentric left ventricular hypertrophy. At this stage, the reversibility of cardiac damage
is already uncertain [153,154,156]. Furthermore, long-standing chronic volume overload
can result in progressive left ventricular and atrial enlargement and a reduction in conven-
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tional left ventricular ejection fraction, leading to a symptomatic decompensated condition
with increased left atrial and ventricular diastolic pressures and an increase in pulmonary
vascular resistance [153,154]. Finally, biventricular dysfunction is detected usually at a late
stage, with an uncertain beneficial effect from invasive treatment [156].
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Figure 4. Representative two-dimensional transthoracic echocardiography image showing primary
mitral regurgitation due to prolapse of posterior mitral valve leaflet (red arrow) leading to eccentric
mitral regurgitation (white arrow). The left atrial reservoir function is decreased (1.) LA: left
atrium; RA: right atrium; LV: left ventricle; RV: right ventricle; MV: mitral valve; (2.) conduit strain;
(3.) contraction strain.

Several studies have investigated the cellular and molecular pathophysiology of atrial
cardiomyopathy in mitral regurgitation. Atrial volume and pressure overload result in
atrial myocardial overstretching and increased myocyte oxidative stress [157,158]. Chang
et al. found that atrial stretch in mitral regurgitation triggers NADPH oxidase activity
and superoxide production, which impairs cellular energetic homeostasis [157,159]. Con-
sequently, this activates the programmed cell death of myocytes independently of atrial
fibrillation [157,160]. Hemodynamic load and increased atrial myocardial stretch may
trigger the adaptive dedifferentiation of atrial cardiomyocytes and fibroblast proliferation,
which induces the further dedifferentiation of cardiomyocytes independent of atrial fib-
rillation [161]. Dedifferentiated atrial cardiomyocytes are characterized by the expression
of the fetal α-smooth muscle actin isoform and low numbers of sarcomeres with limited
contractile capacity [161,162]. Nevertheless, fetal cardiomyocytes are considered to be
stable-surviving cells due to having small mitochondria and consequently lower oxygen
requirements [161,162]. Atrial-stretch-induced fibroblast activation and proliferation lead
to interstitial fibrosis and replace apoptotic cardiomyocytes [123,161] (Figure 2). Chen
et al. found similar amounts of atrial interstitial fibrosis in both sinus rhythm and atrial
fibrillation in mitral and tricuspid regurgitation [161]. This suggests that atrial dysfunction
in mitral regurgitation is primarily due to fibrosis caused by wall overstretch and the
apoptosis or dedifferentiation of atrial cardiomyocytes [161]. Cameli et al. have shown
that left atrial dysfunction correlates with the severity of mitral regurgitation; the more
severe the mitral regurgitation, the lower the left atrial reservoir strain [163]. In addition,
plasma levels of natriuretic peptides increase with the severity of mitral regurgitation and
serve as a prognostic marker [164,165]. Furthermore, the amount of atrial fibrosis correlates
with the atrial reservoir strain [166]. Notably, the restoration of sinus rhythm in atrial func-
tional mitral regurgitation might be beneficial through reverse left atrial remodeling [167].
However, the duration of atrial fibrillation is inversely correlated with postcardioversion
or postablation sinus rhythm permanence [168]. Hence, this suggests that sinus rhythm
restoration should be performed in the early stage of atrial fibrillation disease.
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Surgery and transcatheter interventions are invasive treatment options for severe
mitral regurgitation [119]. The cessation of or reduction in regurgitant volume after in-
tervention reduce left atrial extension and pressure; however, the improvement in left
atrial function might depend on preoperative strain values [169]. Improvement in atrial
function after transcatheter mitral valve repair (e.g., MitraClip implantation) is controver-
sial [169–175]. Some study groups have found improvements in left atrial function after
the transcatheter procedure; however, others have found no relevant change or even wors-
ening [169–175]. This might be due to the low study sample size and differences between
study designs, including the etiology of mitral regurgitation, left ventricular function, the
presence of atrial fibrillation, and the severity of residual mitral regurgitation after Mitra-
Clip implantation [169–175]. Avenatti et al. found an improvement in atrial function after
MitraClip intervention, regardless of etiology [173]. In surgical mitral valve repair, preoper-
ative left atrial strain values and volumes are independent predictors of new-onset atrial
fibrillation after surgery for mitral valve regurgitation [176]. In addition, left atrial reservoir
strain, with a cut-off value of 22%, was associated with all-cause mortality after mitral valve
repair for primary mitral regurgitation, and provided an incremental prognostic value over
left atrial volume [177]. Nonetheless, current guidelines recommend surgical treatment
for severe primary mitral regurgitation in the presence of either symptoms or left ventric-
ular dilatation and dysfunction, high pulmonary pressure, left atrial dilatation, and/or
atrial fibrillation [119]. Notably, an assessment of left atrial function in primary mitral
regurgitation has been shown to have a superior prognostic value over established surgical
indicator parameters [156,178–180] (Figure 4). Although some authors have suggested the
addition of left atrial strain to established indices indicating mitral valve surgery, the use of
early signs of atrial cardiomyopathy, such as atrial strains in decision making, remains a
question of further investigation [180]. Importantly, atrial dysfunction is not comparable
in MitraClip and surgical mitral valve repair population, as generally there is no residual
mitral regurgitation following surgical mitral valve repair; however, mild-to-moderate
residual mitral regurgitation is common after MitraClip implantation [169]. Furthermore,
comorbidities affecting atrial function can be different in surgical and transcatheter mitral
valve repair populations [169]. Left ventricular function is an important contributor of left
atrial reservoir strain, which is reduced only in ventricular functional regurgitation, usually
suitable only for MitraClip implantation because of higher surgical risk [169,181,182]. In
addition, the impact of atriotomy on left atrial function in the case of surgery cannot be
neglected [169]. Overall, the optimal timing of mitral valve surgery is of utmost importance;
therefore, the early detection of signs of myocardial damage is crucial [183].

4.3. Aortic Valve Regurgitation

Aortic valve regurgitation occurs when the aortic valve does not close tightly due
to a disease of the valve cusp and/or a dilatation of the aortic root. This leads to the
diastolic backflow of blood from the aorta into the left ventricle, leading to left ventricular
volume and pressure overload, mainly in severe conditions. The systolic function of the left
ventricle is preserved and filling pressure is normal in a compensated state due to adaptive
left ventricular eccentric hypertrophy caused by lengthened myofibrils [184]. In advanced
stages, interstitial fibrosis leads to reduced left ventricular compliance and function, leading
to high filling pressures and symptoms of heart failure [185]. Increased left atrial pressure
affects left atrial mechanics, and pulmonary hypertension might develop. Kalkan S. et al.
found that PALS and PACS were significantly reduced in patients with severe aortic
regurgitation compared to patients with mild and moderate aortic regurgitation [184].
Salas-Pacheco J.L. et al. have shown that left atrial biomechanics are similar in both aortic
regurgitation and stenosis; a larger left atrial volume usually predicts worse atrial strain
values [186]. Furthermore, a one-unit decrease in atrial reservoir strain was associated
with a 6% increase in the probability of pulmonary hypertension [186]. The optimal timing
of surgery in asymptomatic aortic regurgitation is challenging [119]. Ana Garcia Martin
et al. have shown that diastolic function indices, including PALS, are prognostic markers
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of adverse events in asymptomatic severe aortic regurgitation [187]. Similarly to aortic
stenosis, plasma levels of natriuretic peptides also increase with the severity of aortic
regurgitation [30,188].

4.4. Mitral Valve Stenosis

Mitral valve stenosis is rare; however, it remains common in developing countries due
to rheumatic etiology. Mitral stenosis significantly increases left atrial pressure through
upstream hemodynamic effects, with less impact on the left ventricle. This can lead to pul-
monary hypertension and right ventricular dysfunction. Furthermore, rheumatic etiology
promotes atrial dysfunction through atrial myocytolysis and inflammation, supplementary
to upstream pressure increase [189]. Progressive left atrial dysfunction, dilatation, and
atrial fibrosis increase the risk of atrial fibrillation, which can develop by up to 30–50%
in patients with mitral stenosis [2,190–192]. Previous studies have revealed a correlation
between left atrial dimensions and atrial fibrillation; however, left atrial dysfunction might
occur at an earlier stage [191,193,194]. Stassen J. et al. have shown that PALS ≤ 21% is inde-
pendently associated with new-onset atrial fibrillation in a population with mixed severity
mitral stenosis, including 40% severe mitral stenosis patients [191]. In asymptomatic mild
or moderate mitral stenosis, PALS ≤ 16–17% has been defined as the cut-off value for
predicting new-onset atrial fibrillation [176,195]. Bouchahda N. et al. have confirmed a
correlation between left atrial reservoir strain, New York Heart Association (NYHA) heart
failure functional state, and mitral stenosis severity [196,197]. A recent study has found a
strong association between PALS, high pulmonary artery systolic pressure, atrial fibrilla-
tion, and right ventricular dysfunction in a population with severe mitral stenosis [198].
PALS ≤ 7% showed a >80% accuracy in identifying patients with severe hypertension and
atrial fibrillation in the population with mitral stenosis [198]. Despite symptoms, the levels
of natriuretic peptides might initially be lower compared to other valve diseases due to a
cause upstream from the left ventricle and the consequent absence of left ventricular wall
stress [30]. Nonetheless, natriuretic peptides correlate with the severity of mitral stenosis
and NYHA functional class in general [30,199].

Mitral valve commissurotomy is used to repair mitral valve stenosis. Shenthar J.
et al. observed a significant improvement in left atrial reservoir strain from 11.23 ± 6.83%
pre-commissurotomy to 16.80 ± 8.82% at 6 months post-procedure time [189]. In addition,
atrial fibrillation patients in this study had lower left atrial, left ventricular, and right
ventricular strain values than patients with sinus rhythm [189]. Histopathological studies
have revealed larger hypertrophied atrial cells with greater fibrosis and cellular degener-
ation in the mitral stenosis group undergoing mitral valve surgery than coronary artery
bypass surgery patients [193]. Matrix metalloproteinases (MMP)-1 and MMP-9 were down-
regulated in mitral stenosis patients, concordant with the extent of fibrosis, but regardless
of arrhythmia [193].

4.5. Tricuspid Valve Disease

Tricuspid valve regurgitation is common in the general population [200]. The age-
and sex-adjusted prevalence of moderate/severe tricuspid regurgitation is 0.55%, similar
to the prevalence of aortic stenosis [201,202]. Tricuspid regurgitation is classified into pri-
mary (organic), secondary (functional), and cardiac implantable electronic device-related
regurgitation [3]. The predominant mechanism of tricuspid regurgitation is functional with
non-leaflet pathology [3]. It is the consequence of tricuspid annulus enlargement due to
either right atrial enlargement (atrial functional tricuspid regurgitation) or right ventricular
enlargement (ventricular functional tricuspid regurgitation) [3,203]. However, the anatomic
features of the right atrium, tricuspid annulus, and right ventricle differ for atrial and
ventricular functional phenotypes. The right atrium is more dilated, and the enlargement
of the tricuspid annulus is more pronounced in atrial functional tricuspid regurgitation
compared to the ventricular type [204–206]. Utsunomiya H. et al. have demonstrated
that the right atrial volume index is 104 mL/m2 vs. 62 mL/m2, and the right atrial/right
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ventricular end-systolic volume ratio is 2.2 vs. 0.9 in atrial and ventricular phenotypes,
respectively [206]. The most common form of tricuspid regurgitation is the ventricular
functional type. This is the result of left-sided heart disease or right ventricular dysfunction
leading to right ventricular pressure overload, which has a worse outcome compared to
other etiologies [204,205]. Atrial functional tricuspid regurgitation is associated with right
atrial dilatation and permanent atrial fibrillation, with an overall better outcome compared
to the ventricular phenotype [207]. It is recognized that prolonged atrial fibrillation is asso-
ciated with atrial remodeling, which might lead to atrial functional tricuspid regurgitation,
resulting in a vicious cycle of both atrial cardiomyopathy and progression to tricuspid
regurgitation [207–209]. Overall, atrial cardiomyopathy can be observed in all etiologies of
tricuspid regurgitation. However, due to the long neglect of the right side of the heart, there
are only few data on right atrial remodeling associated with tricuspid regurgitation [205].
Guta A.C. et al. found that the minimum right atrial volume was correlated to the sever-
ity of functional tricuspid regurgitation [207]. Furthermore, Wright L.M. et al. revealed
that right atrial strain was correlated with right atrial size, right ventricular function, and
inferior vena cava size [28] (Figure 5). Interestingly, there is a correlation between func-
tional tricuspid regurgitation and left atrial reservoir strain in left heart disease etiology,
such as mitral stenosis [210]. Furthermore, left atrial strain was predictive of recurrent
tricuspid regurgitation after tricuspid valve annuloplasty [210]. Teixeira et al. found that
tricuspid regurgitation and the consequent chronic volume overload state, atrial fibrillation,
and right ventricular systolic longitudinal function significantly alter right atrial reservoir
function [211].
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tricuspid regurgitation (white arrow) and decreased right atrial reservoir function. RA: right atrium;
LA: left atrium; RV: right ventricle; LV: left ventricle.

5. Pharmacological Prevention in Atrial Cardiomyopathy

Sodium-glucose cotransporter 2 (SGLT2) inhibitors induce glucosuria, natriuresis,
and osmotic diuresis leading to a reduction in cardiac preload, afterload, and myocardial
oxygen consumption; subsequently, these drugs can potentially reduce atrial pressure and
dilatation [212]. Recent, large, multicenter, randomized controlled trials have revealed that
SGLT2 inhibitors significantly reduce hospitalization for heart failure and cardiovascular
mortality [213–215]. A large meta-analysis involving 63,604 patients suggested that SGLT2
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inhibitors significantly reduced the risk of atrial fibrillation [216]. The protective mecha-
nism of SGLT2 inhibitors on the heart involves many mechanisms. Importantly, SGLT2
inhibitors can inhibit cardiomyocyte apoptosis and reduce myocardial fibrosis and adverse
remodeling by alleviating oxidative stress, TGF-β production, and regulating macrophage
polarization [217–220]. Furthermore, SGLT2 inhibitors suppress the natrium–hydrogen
exchanger in cardiomyocytes, leading to a reduction in the intracellular sodium content,
which subsequently results in a lower activity of the natrium/calcium exchanger, and
a decrease in the sarcoplasmic reticulum calcium levels; hence, the risk of arrhythmia
decreases [217]. It is presumed that epicardial fat could increase the risk of atrial fibrillation
via localized inflammation [221,222]. Nonetheless, recent evidence has suggested that
SGLT2 inhibitors can reduce the thickness and volume of epicardial adipose tissue by pro-
moting fat burning and normalizing the lipogenesis-to-lipolysis ratio [223–226]. Moreover,
SGLT2 inhibitors can also reduce lipid peroxidation and oxidative damage, and modulate
epicardial adipocyte differentiation [225,227].

Atrial fibrosis and atrial fibrillation might be initiated by aldosterone binding to the
mineralocorticoid receptor and promoting inflammation, oxidative stress, and connective
tissue growth factor upregulation [228,229]. Previous studies have revealed that aldosterone
pathway blockade with mineralocorticoid receptor antagonists (MRA) reduces atrial fibrosis
and the risk of new-onset and recurrent atrial fibrillation [230,231]. Experimental data have
revealed that MRAs suppress oxidative stress and fibrosis independently of their blood
pressure lowering effects [229]. However, Pretorius et al. demonstrated that MRAs did not
significantly reduce the risk of postoperative atrial fibrillation [232]. Consequently, MRAs
may not suppress the immediate inflammatory response in postoperative atrial fibrillation
but could reduce the fibrosis and atrial fibrillation burden [229,231].

6. Conclusions

In conclusion, atrial cardiomyopathy has been defined as structural, functional, or
electrophysiological atrial changes with potential clinical manifestations [7]. Clinical data,
such as serum biomarkers, ECG, and conventional and advanced imaging techniques,
can provide information on the diagnosis, and the anatomical and functional features of
atria and valves, as well as provide prognostic information for valvular heart disease [6].
These features of atrial cardiomyopathy may vary depending on the type and severity
of valvular disease, representing different hemodynamic loads on the atria [2]. Some
pathophysiological steps in atrial cardiomyopathy have already been explored, including
cellular, molecular, neurohormonal, and biomechanical adaptive responses to valvular dis-
ease [5]. Previous histopathological studies have revealed atrial fibrosis in the background
of atrial cardiomyopathy. Furthermore, the amount of atrial fibrosis may correlate with
atrial function. Increasing evidence suggests that left atrial function, defined by speckle
tracking echocardiography-derived strain parameters, can provide important prognostic
information in valvular diseases. In addition, atrial dysfunction may precede atrial en-
largement and predict the development of atrial fibrillation and the risk of major adverse
cardiovascular events. However, questions about atrial cardiomyopathy still remain unan-
swered in both bedside and bench-side research. Besides the known interactions between
atrial cardiomyopathy and valvular heart disease, a more-in-depth cellular and clinical
characterization of atrial cardiomyopathy is lacking. There is a paucity of histopathological
and molecular biological data on the different stages of atrial cardiomyopathy. Moreover,
a deeper pathophysiological understanding and biological approach would help in de-
veloping new drug innovations to delay disease progression. From a clinical perspective,
the most important question is the usefulness of atrial measurements in clinical decision-
making. It is essential to select the most appropriate atrial markers to detect the different
stages of atrial cardiomyopathy and to define prognostic cut-off points in order to apply
them in clinically meaningful management strategies. Nonetheless, there is no accepted
prognostic atrial strain cut-off value in many clinical settings. The point of irreversible
progression is still not known, when irreversible maladaptive atrial deterioration develops
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regardless of treatment. Despite advances in the clinical and cellular characterization of
atrial cardiomyopathy, further comprehensive work is needed to improve risk assessment,
diagnostic accuracy, and patient selection for optimal valvular disease management.
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Ovale Channel Morphometric Characteristics Associated with Cryptogenic Stroke: The MorPFO Score. J. Am. Soc. Echocardiogr.
2021, 34, 1285–1293.e1283. [CrossRef]

98. Kleindorfer, D.O.; Towfighi, A.; Chaturvedi, S.; Cockroft, K.M.; Gutierrez, J.; Lombardi-Hill, D.; Kamel, H.; Kernan, W.N.; Kittner,
S.J.; Leira, E.C.; et al. 2021 Guideline for the Prevention of Stroke in Patients with Stroke and Transient Ischemic Attack: A
Guideline from the American Heart Association/American Stroke Association. Stroke 2021, 52, e364–e467. [CrossRef]

99. Geyer, H.; Caracciolo, G.; Abe, H.; Wilansky, S.; Carerj, S.; Gentile, F.; Nesser, H.-J.; Khandheria, B.; Narula, J.; Sengupta, P.P.
Assessment of Myocardial Mechanics Using Speckle Tracking Echocardiography: Fundamentals and Clinical Applications. J. Am.
Soc. Echocardiogr. 2010, 23, 351–369. [CrossRef]

100. Badano, L.P.; Kolias, T.J.; Muraru, D.; Abraham, T.P.; Aurigemma, G.; Edvardsen, T.; D’Hooge, J.; Donal, E.; Fraser, A.G.; Marwick,
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.
Eur. Heart J. Cardiovasc. Imaging 2018, 19, 591–600. [CrossRef]

101. Nielsen, A.B.; Skaarup, K.G.; Hauser, R.; Johansen, N.D.; Lassen, M.C.H.; Jensen, G.B.; Schnohr, P.; Møgelvang, R.; Biering-
Sørensen, T. Normal values and reference ranges for left atrial strain by speckle-tracking echocardiography: The Copenhagen
City Heart Study. Eur. Heart J. Cardiovasc. Imaging 2021, 23, 42–51. [CrossRef]

102. Pathan, F.; D’Elia, N.; Nolan, M.T.; Marwick, T.H.; Negishi, K. Normal Ranges of Left Atrial Strain by Speckle-Tracking
Echocardiography: A Systematic Review and Meta-Analysis. J. Am. Soc. Echocardiogr. 2017, 30, 59–70.e58. [CrossRef]

103. Liao, J.N.; Chao, T.F.; Kuo, J.Y.; Sung, K.T.; Tsai, J.P.; Lo, C.I.; Lai, Y.H.; Su, C.H.; Hung, C.L.; Yeh, H.I.; et al. Age, Sex, and Blood
Pressure-Related Influences on Reference Values of Left Atrial Deformation and Mechanics from a Large-Scale Asian Population.
Circ. Cardiovasc. Imaging 2017, 10, e006077. [CrossRef]

104. van Grootel, R.W.J.; Strachinaru, M.; Menting, M.E.; McGhie, J.; Roos-Hesselink, J.W.; van den Bosch, A.E. In-depth echocar-
diographic analysis of left atrial function in healthy adults using speckle tracking echocardiography and volumetric analysis.
Echocardiography 2018, 35, 1956–1965. [CrossRef]

105. Sugimoto, T.; Robinet, S.; Dulgheru, R.; Bernard, A.; Ilardi, F.; Contu, L.; Addetia, K.; Caballero, L.; Kacharava, G.; Athanassopou-
los, G.D.; et al. Echocardiographic reference ranges for normal left atrial function parameters: Results from the EACVI NORRE
study. Eur. Heart J. Cardiovasc. Imaging 2018, 19, 630–638. [CrossRef]

106. Kuchynka, P.; Podzimkova, J.; Masek, M.; Lambert, L.; Cerny, V.; Danek, B.; Palecek, T. The Role of Magnetic Resonance Imaging
and Cardiac Computed Tomography in the Assessment of Left Atrial Anatomy, Size, and Function. BioMed Res. Int. 2015,
2015, 247865. [CrossRef] [PubMed]

107. Fredgart, M.H.; Lindholt, J.S.; Brandes, A.; Steffensen, F.H.; Frost, L.; Lambrechtsen, J.; Karon, M.; Busk, M.; Urbonaviciene, G.;
Egstrup, K.; et al. Association of Left Atrial Size Measured by Non-Contrast Computed Tomography with Cardiovascular Risk
Factors-The Danish Cardiovascular Screening Trial (DANCAVAS). Diagnostics 2022, 12, 244. [CrossRef] [PubMed]

108. Fredgart, M.H.; Lindholt, J.S.; Brandes, A.; Steffensen, F.H.; Frost, L.; Lambrechtsen, J.; Karon, M.; Busk, M.; Urbonaviciene,
G.; Egstrup, K.; et al. Prognostic importance of left atrial size measured by non-contrast cardiac computed tomography-A
DANCAVAS study. Int. J. Cardiol. 2021, 328, 220–226. [CrossRef]

109. Bernhard, B.; Grogg, H.; Zurkirchen, J.; Demirel, C.; Hagemeyer, D.; Okuno, T.; Brugger, N.; De Marchi, S.; Huber, A.T.; Berto,
M.B.; et al. Reproducibility of 4D cardiac computed tomography feature tracking myocardial strain and comparison against
speckle-tracking echocardiography in patients with severe aortic stenosis. J. Cardiovasc. Comput. Tomogr. 2022, 16, 309–318.
[CrossRef] [PubMed]

110. Hirasawa, K.; Kuneman, J.H.; Singh, G.K.; Gegenava, T.; Hautemann, D.; Reiber, J.H.C.; Ajmone Marsan, N.; Bax, J.J.; Delgado, V.
Comparison of left atrial strain measured by feature tracking computed tomography and speckle tracking echocardiography in
patients with aortic stenosis. Eur. Heart J. Cardiovasc. Imaging 2021, 23, 95–101. [CrossRef] [PubMed]

111. Oakes, R.S.; Badger, T.J.; Kholmovski, E.G.; Akoum, N.; Burgon, N.S.; Fish, E.N.; Blauer, J.J.; Rao, S.N.; DiBella, E.V.; Segerson,
N.M.; et al. Detection and quantification of left atrial structural remodeling with delayed-enhancement magnetic resonance
imaging in patients with atrial fibrillation. Circulation 2009, 119, 1758–1767. [CrossRef]

https://doi.org/10.1016/j.amjcard.2013.11.058
https://doi.org/10.1016/j.tria.2022.100190
https://doi.org/10.3791/61240
https://doi.org/10.1016/j.echo.2015.05.015
https://doi.org/10.1016/j.ijcard.2016.06.141
https://www.ncbi.nlm.nih.gov/pubmed/27390952
https://doi.org/10.1016/j.echo.2021.07.016
https://doi.org/10.1161/STR.0000000000000375
https://doi.org/10.1016/j.echo.2010.02.015
https://doi.org/10.1093/ehjci/jey042
https://doi.org/10.1093/ehjci/jeab201
https://doi.org/10.1016/j.echo.2016.09.007
https://doi.org/10.1161/CIRCIMAGING.116.006077
https://doi.org/10.1111/echo.14174
https://doi.org/10.1093/ehjci/jey018
https://doi.org/10.1155/2015/247865
https://www.ncbi.nlm.nih.gov/pubmed/26221583
https://doi.org/10.3390/diagnostics12020244
https://www.ncbi.nlm.nih.gov/pubmed/35204336
https://doi.org/10.1016/j.ijcard.2020.12.029
https://doi.org/10.1016/j.jcct.2022.01.003
https://www.ncbi.nlm.nih.gov/pubmed/35148996
https://doi.org/10.1093/ehjci/jeab166
https://www.ncbi.nlm.nih.gov/pubmed/34491334
https://doi.org/10.1161/CIRCULATIONAHA.108.811877


Cells 2023, 12, 1796 21 of 26

112. Kuppahally, S.S.; Akoum, N.; Burgon, N.S.; Badger, T.J.; Kholmovski, E.G.; Vijayakumar, S.; Rao, S.N.; Blauer, J.; Fish, E.N.;
Dibella, E.V.; et al. Left atrial strain and strain rate in patients with paroxysmal and persistent atrial fibrillation: Relationship to
left atrial structural remodeling detected by delayed-enhancement MRI. Circ. Cardiovasc. Imaging 2010, 3, 231–239. [CrossRef]
[PubMed]

113. Marrouche, N.F.; Wilber, D.; Hindricks, G.; Jais, P.; Akoum, N.; Marchlinski, F.; Kholmovski, E.; Burgon, N.; Hu, N.; Mont, L.; et al.
Association of atrial tissue fibrosis identified by delayed enhancement MRI and atrial fibrillation catheter ablation: The DECAAF
study. JAMA 2014, 311, 498–506. [CrossRef]

114. Shen, M.J.; Arora, R.; Jalife, J. Atrial Myopathy. JACC Basic Transl. Sci. 2019, 4, 640–654. [CrossRef] [PubMed]
115. Marrouche, N.F.; Wazni, O.; McGann, C.; Greene, T.; Dean, J.M.; Dagher, L.; Kholmovski, E.; Mansour, M.; Marchlinski, F.; Wilber,

D.; et al. Effect of MRI-Guided Fibrosis Ablation vs. Conventional Catheter Ablation on Atrial Arrhythmia Recurrence in Patients
With Persistent Atrial Fibrillation: The DECAAF II Randomized Clinical Trial. JAMA 2022, 327, 2296–2305. [CrossRef] [PubMed]

116. Markl, M.; Lee, D.C.; Ng, J.; Carr, M.; Carr, J.; Goldberger, J.J. Left Atrial 4-Dimensional Flow Magnetic Resonance Imaging: Stasis
and Velocity Mapping in Patients With Atrial Fibrillation. Investig. Radiol. 2016, 51, 147–154. [CrossRef]

117. Kowallick, J.T.; Kutty, S.; Edelmann, F.; Chiribiri, A.; Villa, A.; Steinmetz, M.; Sohns, J.M.; Staab, W.; Bettencourt, N.; Unterberg-
Buchwald, C.; et al. Quantification of left atrial strain and strain rate using Cardiovascular Magnetic Resonance myocardial
feature tracking: A feasibility study. J. Cardiovasc. Magn. Reson. 2014, 16, 60. [CrossRef] [PubMed]

118. Truong, V.T.; Palmer, C.; Wolking, S.; Sheets, B.; Young, M.; Ngo, T.N.M.; Taylor, M.; Nagueh, S.F.; Zareba, K.M.; Raman, S.; et al.
Normal left atrial strain and strain rate using cardiac magnetic resonance feature tracking in healthy volunteers. Eur. Heart J.
Cardiovasc. Imaging 2020, 21, 446–453. [CrossRef]

119. Vahanian, A.; Beyersdorf, F.; Praz, F.; Milojevic, M.; Baldus, S.; Bauersachs, J.; Capodanno, D.; Conradi, L.; De Bonis, M.; De Paulis,
R.; et al. 2021 ESC/EACTS Guidelines for the management of valvular heart disease. Eur. Heart J. 2022, 43, 561–632. [CrossRef]
[PubMed]

120. Lorell, B.H.; Carabello, B.A. Left ventricular hypertrophy: Pathogenesis, detection, and prognosis. Circulation 2000, 102, 470–479.
[CrossRef]

121. Nakamura, M.; Sadoshima, J. Mechanisms of physiological and pathological cardiac hypertrophy. Nat. Rev. Cardiol. 2018, 15,
387–407. [CrossRef] [PubMed]

122. Sabatino, J.; De Rosa, S.; Leo, I.; Strangio, A.; La Bella, S.; Sorrentino, S.; Mongiardo, A.; Spaccarotella, C.; Polimeni, A.; Indolfi,
C. Early reduction of left atrial function predicts adverse clinical outcomes in patients with severe aortic stenosis undergoing
transcatheter aortic valve replacement. Open Heart 2021, 8, e001685. [CrossRef] [PubMed]

123. Carver, W.; Goldsmith, E.C. Regulation of tissue fibrosis by the biomechanical environment. BioMed Res. Int. 2013, 2013, 101979.
[CrossRef] [PubMed]

124. Meimoun, P.; Djebali, M.; Botoro, T.; Djou Md, U.; Bidounga, H.; Elmkies, F.; Martis, S.; Clerc, J. Left atrial strain and distensibility
in relation to left ventricular dysfunction and prognosis in aortic stenosis. Echocardiography 2019, 36, 469–477. [CrossRef]

125. Mutluer, F.O.; Bowen, D.J.; van Grootel, R.W.J.; Kardys, I.; Roos-Hesselink, J.W.; van den Bosch, A.E. Prognostic value of left atrial
strain in patients with congenital aortic stenosis. Eur. Heart J. Open. 2022, 2, oeac023. [CrossRef]

126. Leon, M.B.; Smith, C.R.; Mack, M.; Miller, D.C.; Moses, J.W.; Svensson, L.G.; Tuzcu, E.M.; Webb, J.G.; Fontana, G.P.; Makkar, R.R.;
et al. Transcatheter aortic-valve implantation for aortic stenosis in patients who cannot undergo surgery. N. Engl. J. Med. 2010,
363, 1597–1607. [CrossRef]

127. Stortecky, S.; Buellesfeld, L.; Wenaweser, P.; Heg, D.; Pilgrim, T.; Khattab, A.A.; Gloekler, S.; Huber, C.; Nietlispach, F.; Meier, B.;
et al. Atrial fibrillation and aortic stenosis: Impact on clinical outcomes among patients undergoing transcatheter aortic valve
implantation. Circ. Cardiovasc. Interv. 2013, 6, 77–84. [CrossRef]

128. O’Connor, K.; Magne, J.; Rosca, M.; Piérard, L.A.; Lancellotti, P. Left atrial function and remodelling in aortic stenosis. Eur. J.
Echocardiogr. 2011, 12, 299–305. [CrossRef]

129. Tan, E.S.J.; Jin, X.; Oon, Y.Y.; Chan, S.P.; Gong, L.; Lunaria, J.B.; Liew, O.W.; Chong, J.P.; Tay, E.L.W.; Soo, W.M.; et al. Prognostic
Value of Left Atrial Strain in Aortic Stenosis: A Competing Risk Analysis. J. Am. Soc. Echocardiogr. 2023, 36, 29–37.e25. [CrossRef]

130. Galli, E.; Fournet, M.; Chabanne, C.; Lelong, B.; Leguerrier, A.; Flecher, E.; Mabo, P.; Donal, E. Prognostic value of left atrial
reservoir function in patients with severe aortic stenosis: A 2D speckle-tracking echocardiographic study. Eur. Heart J. Cardiovasc.
Imaging 2016, 17, 533–541. [CrossRef]

131. Gerber, I.L.; Stewart, R.A.; Legget, M.E.; West, T.M.; French, R.L.; Sutton, T.M.; Yandle, T.G.; French, J.K.; Richards, A.M.; White,
H.D. Increased plasma natriuretic peptide levels reflect symptom onset in aortic stenosis. Circulation 2003, 107, 1884–1890.
[CrossRef] [PubMed]

132. Talwar, S.; Downie, P.F.; Squire, I.B.; Davies, J.E.; Barnett, D.B.; Ng, L.L. Plasma N-terminal pro BNP and cardiotrophin-1 are
elevated in aortic stenosis. Eur. J. Heart Fail. 2001, 3, 15–19. [CrossRef]

133. Delesalle, G.; Bohbot, Y.; Rusinaru, D.; Delpierre, Q.; Maréchaux, S.; Tribouilloy, C. Characteristics and Prognosis of Patients
with Moderate Aortic Stenosis and Preserved Left Ventricular Ejection Fraction. J. Am. Heart Assoc. 2019, 8, e011036. [CrossRef]
[PubMed]

134. Bergler-Klein, J.; Klaar, U.; Heger, M.; Rosenhek, R.; Mundigler, G.; Gabriel, H.; Binder, T.; Pacher, R.; Maurer, G.; Baumgartner, H.
Natriuretic peptides predict symptom-free survival and postoperative outcome in severe aortic stenosis. Circulation 2004, 109,
2302–2308. [CrossRef]

https://doi.org/10.1161/CIRCIMAGING.109.865683
https://www.ncbi.nlm.nih.gov/pubmed/20133512
https://doi.org/10.1001/jama.2014.3
https://doi.org/10.1016/j.jacbts.2019.05.005
https://www.ncbi.nlm.nih.gov/pubmed/31768479
https://doi.org/10.1001/jama.2022.8831
https://www.ncbi.nlm.nih.gov/pubmed/35727277
https://doi.org/10.1097/RLI.0000000000000219
https://doi.org/10.1186/s12968-014-0060-6
https://www.ncbi.nlm.nih.gov/pubmed/25196447
https://doi.org/10.1093/ehjci/jez157
https://doi.org/10.1093/eurheartj/ehab395
https://www.ncbi.nlm.nih.gov/pubmed/34453165
https://doi.org/10.1161/01.CIR.102.4.470
https://doi.org/10.1038/s41569-018-0007-y
https://www.ncbi.nlm.nih.gov/pubmed/29674714
https://doi.org/10.1136/openhrt-2021-001685
https://www.ncbi.nlm.nih.gov/pubmed/34233914
https://doi.org/10.1155/2013/101979
https://www.ncbi.nlm.nih.gov/pubmed/23781495
https://doi.org/10.1111/echo.14258
https://doi.org/10.1093/ehjopen/oeac023
https://doi.org/10.1056/NEJMoa1008232
https://doi.org/10.1161/CIRCINTERVENTIONS.112.000124
https://doi.org/10.1093/ejechocard/jer006
https://doi.org/10.1016/j.echo.2022.10.011
https://doi.org/10.1093/ehjci/jev230
https://doi.org/10.1161/01.CIR.0000060533.79248.0C
https://www.ncbi.nlm.nih.gov/pubmed/12668523
https://doi.org/10.1016/S1388-9842(00)00074-X
https://doi.org/10.1161/JAHA.118.011036
https://www.ncbi.nlm.nih.gov/pubmed/30841771
https://doi.org/10.1161/01.CIR.0000126825.50903.18


Cells 2023, 12, 1796 22 of 26

135. Sonaglioni, A.; Nicolosi, G.L.; Rigamonti, E.; Lombardo, M. Incremental prognostic role of left atrial reservoir strain in asymp-
tomatic patients with moderate aortic stenosis. Int. J. Cardiovasc. Imaging 2021, 37, 1913–1925. [CrossRef]

136. Makkar, R.R.; Thourani, V.H.; Mack, M.J.; Kodali, S.K.; Kapadia, S.; Webb, J.G.; Yoon, S.H.; Trento, A.; Svensson, L.G.; Herrmann,
H.C.; et al. Five-Year Outcomes of Transcatheter or Surgical Aortic-Valve Replacement. N. Engl. J. Med. 2020, 382, 799–809.
[CrossRef]

137. Reardon, M.J.; Van Mieghem, N.M.; Popma, J.J.; Kleiman, N.S.; Søndergaard, L.; Mumtaz, M.; Adams, D.H.; Deeb, G.M.; Maini,
B.; Gada, H.; et al. Surgical or Transcatheter Aortic-Valve Replacement in Intermediate-Risk Patients. N. Engl. J. Med. 2017, 376,
1321–1331. [CrossRef]

138. De Rosa, R.; Murray, M.I.; Schranz, D.; Mas-Peiro, S.; Esmaeili, A.; Zeiher, A.M.; Fichtlscherer, S.; Vasa-Nicotera, M. Short-term
decrease of left atrial size predicts clinical outcome in patients with severe aortic stenosis undergoing TAVR. Catheter. Cardiovasc.
Interv. 2020, 96, E341–E347. [CrossRef]

139. Anastasius, M.; Ro, R.; Gavalas, M.; Patel, N.; Prandi, F.R.; Tang, G.H.L.; Krishnamoorthy, P.; Sharma, S.K.; Kini, A.; Lerakis, S.
The Effect of TAVR on Left Ventricular and Left Atrial Mechanics in Patients with Aortic Stenosis. J. Cardiovasc. Dev. Dis. 2022,
9, 35. [CrossRef] [PubMed]

140. D’Ascenzi, F.; Cameli, M.; Henein, M.; Iadanza, A.; Reccia, R.; Lisi, M.; Curci, V.; Sinicropi, G.; Torrisi, A.; Pierli, C.; et al. Left
atrial remodelling in patients undergoing transcatheter aortic valve implantation: A speckle-tracking prospective, longitudinal
study. Int. J. Cardiovasc. Imaging 2013, 29, 1717–1724. [CrossRef]

141. Weber, J.; Bond, K.; Flanagan, J.; Passick, M.; Petillo, F.; Pollack, S.; Robinson, N.; Petrossian, G.; Cao, J.J.; Barasch, E. The
Prognostic Value of Left Atrial Global Longitudinal Strain and Left Atrial Phasic Volumes in Patients Undergoing Transcatheter
Valve Implantation for Severe Aortic Stenosis. Cardiology 2021, 146, 489–500. [CrossRef] [PubMed]

142. D’Andrea, A.; Padalino, R.; Cocchia, R.; Di Palma, E.; Riegler, L.; Scarafile, R.; Rossi, G.; Bianchi, R.; Tartaglione, D.; Cappelli
Bigazzi, M.; et al. Effects of transcatheter aortic valve implantation on left ventricular and left atrial morphology and function.
Echocardiography 2015, 32, 928–936. [CrossRef] [PubMed]

143. Spethmann, S.; Dreger, H.; Baldenhofer, G.; Stüer, K.; Saghabalyan, D.; Müller, E.; Hättasch, R.; Stangl, V.; Laule, M.; Baumann, G.;
et al. Short-term effects of transcatheter aortic valve implantation on left atrial mechanics and left ventricular diastolic function. J.
Am. Soc. Echocardiogr. 2013, 26, 64–71.e62. [CrossRef] [PubMed]

144. Lisi, M.; Pastore, M.C.; Fiorio, A.; Cameli, M.; Mandoli, G.E.; Righini, F.M.; Cavigli, L.; D’Ascenzi, F.; Focardi, M.; Rubboli, A.;
et al. Left Atrial Remodeling in Response to Aortic Valve Replacement: Pathophysiology and Myocardial Strain Analysis. Life
2022, 12, 2074. [CrossRef]

145. Medvedofsky, D.; Koifman, E.; Miyoshi, T.; Rogers, T.; Wang, Z.; Goldstein, S.A.; Ben-Dor, I.; Satler, L.F.; Torguson, R.; Waksman,
R.; et al. Usefulness of Longitudinal Strain to Assess Remodeling of Right and Left Cardiac Chambers Following Transcatheter
Aortic Valve Implantation. Am. J. Cardiol. 2019, 124, 253–261. [CrossRef]

146. Poulin, F.; Thavendiranathan, P.; Carasso, S.; Rakowski, H.; Horlick, E.M.; Osten, M.D.; Cusimano, R.J.; Woo, A. Left Atrial Phasic
Function and Its Association with Atrial Fibrillation in Patients After Transcatheter Aortic Valve Implantation. Can. J. Cardiol.
2017, 33, 925–932. [CrossRef]

147. Creswell, L.L.; Schuessler, R.B.; Rosenbloom, M.; Cox, J.L. Hazards of postoperative atrial arrhythmias. Ann. Thorac. Surg. 1993,
56, 539–549. [CrossRef]

148. Shahim, B.; Malaisrie, S.C.; George, I.; Thourani, V.H.; Biviano, A.B.; Russo, M.; Brown, D.L.; Babaliaros, V.; Guyton, R.A.; Kodali,
S.K.; et al. Postoperative Atrial Fibrillation or Flutter Following Transcatheter or Surgical Aortic Valve Replacement: PARTNER 3
Trial. JACC Cardiovasc. Interv. 2021, 14, 1565–1574. [CrossRef]

149. Cameli, M.; Lisi, M.; Reccia, R.; Bennati, E.; Malandrino, A.; Solari, M.; Bigio, E.; Biagioli, B.; Righini, F.M.; Maccherini, M.; et al.
Pre-operative left atrial strain predicts post-operative atrial fibrillation in patients undergoing aortic valve replacement for aortic
stenosis. Int. J. Cardiovasc. Imaging 2014, 30, 279–286. [CrossRef]

150. Januzzi, J.L.; Elmariah, S. A Stitch in Time: Biomarker-Guided Timing of Aortic Valve Replacement for Severe Aortic Stenosis?
JACC Cardiovasc. Interv. 2018, 11, 2182–2184. [CrossRef]

151. Lauck, S.B.; Yu, M.; Ding, L.; Hardiman, S.; Wong, D.; Sathananthan, J.; Ye, J.; Chan, A.; Hodge, S.; Robinson, S.; et al. Quality-of-
Life Outcomes After Transcatheter Aortic Valve Implantation in a “Real World” Population: Insights from a Prospective Canadian
Database. CJC Open 2021, 3, 1033–1042. [CrossRef] [PubMed]

152. Iung, B.; Baron, G.; Butchart, E.G.; Delahaye, F.; Gohlke-Bärwolf, C.; Levang, O.W.; Tornos, P.; Vanoverschelde, J.L.; Vermeer, F.;
Boersma, E.; et al. A prospective survey of patients with valvular heart disease in Europe: The Euro Heart Survey on Valvular
Heart Disease. Eur. Heart J. 2003, 24, 1231–1243. [CrossRef] [PubMed]

153. Nishimura, R.A.; Vahanian, A.; Eleid, M.F.; Mack, M.J. Mitral valve disease--current management and future challenges. Lancet
2016, 387, 1324–1334. [CrossRef]

154. Apostolidou, E.; Maslow, A.D.; Poppas, A. Primary mitral valve regurgitation: Update and review. Glob. Cardiol. Sci. Pract. 2017,
2017, e201703. [CrossRef]

155. Kagiyama, N.; Mondillo, S.; Yoshida, K.; Mandoli, G.E.; Cameli, M. Subtypes of Atrial Functional Mitral Regurgitation: Imaging
Insights into Their Mechanisms and Therapeutic Implications. JACC Cardiovasc. Imaging 2020, 13, 820–835. [CrossRef] [PubMed]

https://doi.org/10.1007/s10554-021-02175-6
https://doi.org/10.1056/NEJMoa1910555
https://doi.org/10.1056/NEJMoa1700456
https://doi.org/10.1002/ccd.28542
https://doi.org/10.3390/jcdd9020035
https://www.ncbi.nlm.nih.gov/pubmed/35200690
https://doi.org/10.1007/s10554-013-0265-z
https://doi.org/10.1159/000514665
https://www.ncbi.nlm.nih.gov/pubmed/33752215
https://doi.org/10.1111/echo.12808
https://www.ncbi.nlm.nih.gov/pubmed/25323699
https://doi.org/10.1016/j.echo.2012.10.002
https://www.ncbi.nlm.nih.gov/pubmed/23140843
https://doi.org/10.3390/life12122074
https://doi.org/10.1016/j.amjcard.2019.04.029
https://doi.org/10.1016/j.cjca.2017.04.005
https://doi.org/10.1016/0003-4975(93)90894-N
https://doi.org/10.1016/j.jcin.2021.05.026
https://doi.org/10.1007/s10554-013-0323-6
https://doi.org/10.1016/j.jcin.2018.08.018
https://doi.org/10.1016/j.cjco.2021.04.006
https://www.ncbi.nlm.nih.gov/pubmed/34505043
https://doi.org/10.1016/S0195-668X(03)00201-X
https://www.ncbi.nlm.nih.gov/pubmed/12831818
https://doi.org/10.1016/S0140-6736(16)00558-4
https://doi.org/10.21542/gcsp.2017.3
https://doi.org/10.1016/j.jcmg.2019.01.040
https://www.ncbi.nlm.nih.gov/pubmed/31422123


Cells 2023, 12, 1796 23 of 26

156. Pastore, M.C.; Mandoli, G.E.; Dokollari, A.; Bisleri, G.; D’Ascenzi, F.; Santoro, C.; Miglioranza, M.H.; Focardi, M.; Cavigli, L.; Patti,
G.; et al. Speckle tracking echocardiography in primary mitral regurgitation: Should we reconsider the time for intervention?
Heart Fail. Rev. 2022, 27, 1247–1260. [CrossRef]

157. Chang, J.P.; Chen, M.C.; Liu, W.H.; Yang, C.H.; Chen, C.J.; Chen, Y.L.; Pan, K.L.; Tsai, T.H.; Chang, H.W. Atrial myocardial
nox2 containing NADPH oxidase activity contribution to oxidative stress in mitral regurgitation: Potential mechanism for atrial
remodeling. Cardiovasc. Pathol. 2011, 20, 99–106. [CrossRef]

158. Cheng, W.; Li, B.; Kajstura, J.; Li, P.; Wolin, M.S.; Sonnenblick, E.H.; Hintze, T.H.; Olivetti, G.; Anversa, P. Stretch-induced
programmed myocyte cell death. J. Clin. Investig. 1995, 96, 2247–2259. [CrossRef] [PubMed]

159. Mihm, M.J.; Yu, F.; Carnes, C.A.; Reiser, P.J.; McCarthy, P.M.; Van Wagoner, D.R.; Bauer, J.A. Impaired myofibrillar energetics and
oxidative injury during human atrial fibrillation. Circulation 2001, 104, 174–180. [CrossRef]

160. Pimentel, D.R.; Amin, J.K.; Xiao, L.; Miller, T.; Viereck, J.; Oliver-Krasinski, J.; Baliga, R.; Wang, J.; Siwik, D.A.; Singh, K.; et al.
Reactive oxygen species mediate amplitude-dependent hypertrophic and apoptotic responses to mechanical stretch in cardiac
myocytes. Circ. Res. 2001, 89, 453–460. [CrossRef]

161. Chen, M.C.; Chang, J.P.; Huang, S.C.; Chang, H.W.; Chen, C.J.; Yang, C.H.; Liu, W.H. Dedifferentiation of atrial cardiomyocytes in
cardiac valve disease: Unrelated to atrial fibrillation. Cardiovasc. Pathol. 2008, 17, 156–165. [CrossRef]

162. Ausma, J.; Wijffels, M.; Thoné, F.; Wouters, L.; Allessie, M.; Borgers, M. Structural changes of atrial myocardium due to sustained
atrial fibrillation in the goat. Circulation 1997, 96, 3157–3163. [CrossRef] [PubMed]

163. Cameli, M.; Lisi, M.; Giacomin, E.; Caputo, M.; Navarri, R.; Malandrino, A.; Ballo, P.; Agricola, E.; Mondillo, S. Chronic mitral
regurgitation: Left atrial deformation analysis by two-dimensional speckle tracking echocardiography. Echocardiography 2011, 28,
327–334. [CrossRef] [PubMed]

164. Sutton, T.M.; Stewart, R.A.; Gerber, I.L.; West, T.M.; Richards, A.M.; Yandle, T.G.; Kerr, A.J. Plasma natriuretic peptide levels
increase with symptoms and severity of mitral regurgitation. J. Am. Coll. Cardiol. 2003, 41, 2280–2287. [CrossRef] [PubMed]

165. Detaint, D.; Messika-Zeitoun, D.; Avierinos, J.F.; Scott, C.; Chen, H.; Burnett, J.C., Jr.; Enriquez-Sarano, M. B-type natriuretic
peptide in organic mitral regurgitation: Determinants and impact on outcome. Circulation 2005, 111, 2391–2397. [CrossRef]

166. Cameli, M.; Lisi, M.; Righini, F.M.; Massoni, A.; Natali, B.M.; Focardi, M.; Tacchini, D.; Geyer, A.; Curci, V.; Di Tommaso, C.; et al.
Usefulness of atrial deformation analysis to predict left atrial fibrosis and endocardial thickness in patients undergoing mitral
valve operations for severe mitral regurgitation secondary to mitral valve prolapse. Am. J. Cardiol. 2013, 111, 595–601. [CrossRef]

167. Soulat-Dufour, L.; Lang, S.; Addetia, K.; Ederhy, S.; Adavane-Scheuble, S.; Chauvet-Droit, M.; Jean, M.L.; Nhan, P.; Ben Said, R.;
Kamami, I.; et al. Restoring Sinus Rhythm Reverses Cardiac Remodeling and Reduces Valvular Regurgitation in Patients With
Atrial Fibrillation. J. Am. Coll. Cardiol. 2022, 79, 951–961. [CrossRef]

168. Gallagher, M.M.; Guo, X.H.; Poloniecki, J.D.; Guan Yap, Y.; Ward, D.; Camm, A.J. Initial energy setting, outcome and efficiency in
direct current cardioversion of atrial fibrillation and flutter. J. Am. Coll. Cardiol. 2001, 38, 1498–1504. [CrossRef]

169. Gucuk Ipek, E.; Singh, S.; Viloria, E.; Feldman, T.; Grayburn, P.; Foster, E.; Qasim, A. Impact of the MitraClip Procedure on Left
Atrial Strain and Strain Rate. Circ. Cardiovasc. Imaging 2018, 11, e006553. [CrossRef]

170. Rammos, C.; Zeus, T.; Balzer, J.; Veulemans, V.; Hellhammer, K.; Niebel, S.; Kelm, M.; Rassaf, T. Left Atrial and Left Ventricular
Function and Remodeling Following Percutaneous Mitral Valve Repair. J. Heart Valve Dis. 2016, 25, 309–319.

171. van Wijngaarden, S.E.; Kamperidis, V.; Al-Amri, I.; van der Kley, F.; Schalij, M.J.; Ajmone Marsan, N.; Bax, J.J.; Delgado, V. Effects
of Transcatheter Mitral Valve Repair with MitraClip on Left Ventricular and Atrial Hemodynamic Load and Myocardial Wall
Stress. J. Card. Fail. 2018, 24, 137–145. [CrossRef] [PubMed]

172. Öztürk, C.; Fasell, T.; Sinning, J.M.; Werner, N.; Nickenig, G.; Hammerstingl, C.; Schueler, R. Left atrial global function in chronic
heart failure patients with functional mitral regurgitation after MitraClip. Catheter. Cardiovasc. Interv. 2020, 96, 678–684. [CrossRef]

173. Avenatti, E.; Little, S.H.; Barker, C.M.; Nagueh, S.F. Changes in Left Atrial Function After Transcutaneous Mitral Valve Repair.
Am. J. Cardiol. 2018, 122, 1204–1209. [CrossRef]

174. Biersmith, M.; Orsinelli, D.A.; Harfi, T.T.; Lilly, S.; Boudoulas, K.D. Effect of mitral valve transcatheter edge-to-edge repair on
indices of left atrial performance in chronic mitral regurgitation. Echocardiography 2022, 39, 1420–1425. [CrossRef] [PubMed]

175. Toprak, C.; Kahveci, G.; Kilicgedik, A.; Pala, S.; Kirma, C.; Tabakci, M.M.; Inanir, M.; Esen, A.M. Left atrial remodeling in patients
undergoing percutaneous mitral valve repair with the MitraClip system: An advanced echocardiography study. Echocardiography
2016, 33, 1504–1511. [CrossRef] [PubMed]

176. Candan, O.; Ozdemir, N.; Aung, S.M.; Dogan, C.; Karabay, C.Y.; Gecmen, C.; Omaygenç, O.; Güler, A. Left atrial longitudinal strain
parameters predict postoperative persistent atrial fibrillation following mitral valve surgery: A speckle tracking echocardiography
study. Echocardiography 2013, 30, 1061–1068. [CrossRef] [PubMed]

177. Stassen, J.; van Wijngaarden, A.L.; Butcher, S.C.; Palmen, M.; Herbots, L.; Bax, J.J.; Delgado, V.; Ajmone Marsan, N. Prognostic
value of left atrial reservoir function in patients with severe primary mitral regurgitation undergoing mitral valve repair. Eur.
Heart J. Cardiovasc. Imaging 2022, 24, 142–151. [CrossRef]

178. Cameli, M.; Incampo, E.; Mondillo, S. Left atrial deformation: Useful index for early detection of cardiac damage in chronic mitral
regurgitation. Int. J. Cardiol. Heart Vasc. 2017, 17, 17–22. [CrossRef]

https://doi.org/10.1007/s10741-021-10100-1
https://doi.org/10.1016/j.carpath.2009.12.005
https://doi.org/10.1172/JCI118280
https://www.ncbi.nlm.nih.gov/pubmed/7593611
https://doi.org/10.1161/01.CIR.104.2.174
https://doi.org/10.1161/hh1701.096615
https://doi.org/10.1016/j.carpath.2007.07.008
https://doi.org/10.1161/01.CIR.96.9.3157
https://www.ncbi.nlm.nih.gov/pubmed/9386188
https://doi.org/10.1111/j.1540-8175.2010.01329.x
https://www.ncbi.nlm.nih.gov/pubmed/21323986
https://doi.org/10.1016/S0735-1097(03)00486-8
https://www.ncbi.nlm.nih.gov/pubmed/12821260
https://doi.org/10.1161/01.CIR.0000164269.80908.9D
https://doi.org/10.1016/j.amjcard.2012.10.049
https://doi.org/10.1016/j.jacc.2021.12.029
https://doi.org/10.1016/S0735-1097(01)01540-6
https://doi.org/10.1161/CIRCIMAGING.117.006553
https://doi.org/10.1016/j.cardfail.2017.12.008
https://www.ncbi.nlm.nih.gov/pubmed/29292112
https://doi.org/10.1002/ccd.28775
https://doi.org/10.1016/j.amjcard.2018.06.031
https://doi.org/10.1111/echo.15470
https://www.ncbi.nlm.nih.gov/pubmed/36258636
https://doi.org/10.1111/echo.13288
https://www.ncbi.nlm.nih.gov/pubmed/27350336
https://doi.org/10.1111/echo.12222
https://www.ncbi.nlm.nih.gov/pubmed/23600893
https://doi.org/10.1093/ehjci/jeac058
https://doi.org/10.1016/j.ijcha.2017.08.003


Cells 2023, 12, 1796 24 of 26

179. Debonnaire, P.; Leong, D.P.; Witkowski, T.G.; Al Amri, I.; Joyce, E.; Katsanos, S.; Schalij, M.J.; Bax, J.J.; Delgado, V.; Marsan, N.A.
Left atrial function by two-dimensional speckle-tracking echocardiography in patients with severe organic mitral regurgitation:
Association with guidelines-based surgical indication and postoperative (long-term) survival. J. Am. Soc. Echocardiogr. 2013, 26,
1053–1062. [CrossRef]

180. Ring, L.; Abu-Omar, Y.; Kaye, N.; Rana, B.S.; Watson, W.; Dutka, D.P.; Vassiliou, V.S. Left Atrial Function Is Associated with
Earlier Need for Cardiac Surgery in Moderate to Severe Mitral Regurgitation: Usefulness in Targeting for Early Surgery. J. Am.
Soc. Echocardiogr. 2018, 31, 983–991. [CrossRef]

181. Kurt, M.; Wang, J.; Torre-Amione, G.; Nagueh, S.F. Left atrial function in diastolic heart failure. Circ. Cardiovasc. Imaging 2009, 2,
10–15. [CrossRef]

182. Barbier, P.; Solomon, S.B.; Schiller, N.B.; Glantz, S.A. Left atrial relaxation and left ventricular systolic function determine left
atrial reservoir function. Circulation 1999, 100, 427–436. [CrossRef]

183. Ajmone Marsan, N.; Delgado, V.; Shah, D.J.; Pellikka, P.; Bax, J.J.; Treibel, T.; Cavalcante, J.L. Valvular heart disease: Shifting the
focus to the myocardium. Eur. Heart J. 2023, 44, 28–40. [CrossRef]

184. Kalkan, S.; Efe, S.C.; Tasar, O.; Koyuncu, A.; Yilmaz, F.M.; Batgerel, U.; Şimşek, Z.; Karabay, C.Y. The Role of the Left Atrial Strain
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