
European Journal of Heart Failure (2022) 24, 959–975 REVIEW
doi:10.1002/ejhf.2562

Left atrial disease and left atrial reverse
remodelling across different stages of heart
failure development and progression:
a new target for prevention and treatment
Riccardo M. Inciardi1†, Andrea Bonelli1†, Tor Biering-Sorensen2, Matteo Cameli3,
Matteo Pagnesi1, Carlo Mario Lombardi1, Scott D. Solomon4, and Marco Metra1*
1ASST Spedali Civili di Brescia and Department of Medical and Surgical Specialties, Radiological Sciences and Public Health, University of Brescia, Brescia, Italy; 2Department of
Cardiology, Herlev and Gentofte Hospital, and the Department of Biomedical Sciences, Faculty of Health and Medical Sciences, University of Copenhagen, Copenhagen,
Denmark; 3Division of Cardiology, Department of Medical Biotechnologies, University of Siena, Siena, Italy; and 4Brigham and Women’s Hospital and Harvard Medical School,
Boston, MA, USA

Received 26 December 2021; revised 2 May 2022; accepted 18 May 2022 ; online publish-ahead-of-print 6 June 2022

The left atrium is a dynamic chamber with peculiar characteristics. Stressors and disease mechanisms may deeply modify its structure and
function, leading to left atrial remodelling and disease. Left atrial disease is a predictor of poor outcomes. It may be a consequence of left
ventricular systolic and diastolic dysfunction and neurohormonal and inflammatory activation and/or actively contribute to the progression
and clinical course of heart failure through multiple mechanisms such as left ventricular filling and development of atrial fibrillation and
subsequent embolic events. There is growing evidence that therapy may improve left atrial function and reverse left atrial remodelling.
Whether this translates into changes in patient’s prognosis is still unknown.
In this review we report current data about changes in left atrial size and function across different stages of development and progression
of heart failure. At each stage, drug therapies, lifestyle interventions and procedures have been associated with improvement in left atrial
structure and function, namely a reduction in left atrial volume and/or an improvement in left atrial strain function, a process that can
be defined as left atrial reverse remodelling and, in some cases, this has been associated with improvement in clinical outcomes. Further
evidence is still needed mainly with respect of the possible role of left atrial reverse remodelling as an independent mechanism affecting
the patient’s clinical course and as regards better standardization of clinically meaningful changes in left atrial measurements. Summarizing
current evidence, this review may be the basis for further studies.
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Graphical Abstract

Pathogenetic mechanism of atrial failure. Left atrial (LA) remodelling is a multifactorial clinical entity driven by different electrical, mechanical and
metabolic stressors. These ones lead to volume/pressure overload, activate the renin–angiotensin–aldosterone (RAA) system and determine the
release of different cytokines and hormones. The time-dependent adaptation of atrial myocytes finally results in a chronic LA dilatation and a loss
of elasticity, with a consequent stiffer chamber, less affected by changes in pressure. Without removing the causative stressor, this adaptive process
inexorably progresses and the alterations become persistent. However, by treating the underlying diseases or risk factors and with heart failure
therapies, atrial failure progression may be halted and, in some cases, reversed.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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Introduction
The left atrium (LA) is a thin-walled dynamic chamber that plays
an important role in global cardiac performance, contributing
to left ventricle (LV) filling and cardiac output and maintain-
ing a dynamic interaction with the LV.1 In response to varying
stressors (i.e. electrical, mechanical and metabolic), the LA can
undergo a remodelling process resulting in its persistent dilatation ..
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with functional impairment.2,3 LA enlargement and dysfunction are
well-established markers of diastolic4 and systolic dysfunction,5

as well as predictors of cardiovascular (CV) outcomes, including
atrial fibrillation (AF),6,7 stroke,8,9 heart failure (HF), and subse-
quent mortality.10 This relationship is highly related to LV function
and has been shown across all the ejection fraction,11–14 even in
advanced HF.15 However, recent data suggest a possible indepen-
dent contribution of LA dysfunction in HF.16

© 2022 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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In the past decades, the concept of LA remodelling has evolved,
and the contribution of the LA to the pathophysiology of HF has
grown in appreciation.2,17–20 Indeed, changes in LA structure and
function may be either a marker of HF severity or a mechanism
actively contributing to the progression of cardiac dysfunction. One
manifestation of LA disease, AF, contributes substantially to mor-
bidity in patients with HF. Recent data suggest that timely thera-
peutic intervention may attenuate the process of deleterious LA
remodelling and potentially promote reverse LA remodelling with
a consequent improvement in clinical symptoms and outcomes.2,21

In contrast, age and endurance exercise are related to LA enlarge-
ment even in absence of LA disease.22,23

Prevention of LA dysfunction and treatment of LA disease may
therefore be of critical importance. The relationship between
changes in LV structure and function and subsequent CV out-
come is well established.24 We propose here a similar conceptual
approach to the LA reflecting dynamic changes in relation to HF
progression. The aim of this review is to summarize the concepts
and the pathophysiologic mechanisms behind the potential benefi-
cial effects of directed medical therapy on LA reverse remodelling
and its clinical implications across all HF stages.

Definition of left atrial reverse
remodelling
Atrial disease, as stated in the recent European Society of Cardiol-
ogy (ESC) HF guidelines, can be defined as a complex of subclinical
structural, electrophysiological, and functional changes that affect
the atria with the potential to produce clinical consequences25

(Graphical Abstract). Signs and symptoms may be those of HF and/or
of atrial arrhythmias and be due to both a failing LV and a dysfunc-
tional LA, proving the active role of atrial disease in HF pathophys-
iology18,26 and in other pathophysiological processes.27 Impaired
atrial contractile reserve and LA enlargement independently pre-
dict mortality and CV morbidity, as well as AF onset or recurrence
and severity of functional impairment in HF patients.14,28–30

The temporal process occurring after the removal of external
stressors,21 leading to a reduction in LA volume and/or a restora-
tion of specific functional parameters2 is called reverse remodelling.

Only recently the attention shifted to quantifying and evaluating
LA reverse remodelling as a potential biomarker that responds to
specific therapeutic interventions, potentially providing prognostic
information. One critical aspect is that the response to therapeu-
tic interventions is potentially different in the acute or chronic
settings or in the early or late stage of atrial failure. In the early
stage, the LA is less abnormal and potentially more capable of
responding to the changes in myocardial structure and function.
When stressors act for a longer time, LA remodelling progresses
and reversal might be less likely (Figure 1). Reversibility and, ulti-
mately, the clinical significance of LA reverse remodelling in the
late stages of atrial failure, have to be proven, yet. Some studies
have indicated that LA dysfunction may precede changes in LA vol-
ume in different clinical settings31–34 and in normal subjects.35,36

Thus, changes in LA function may be more sensitive than changes in
LA volume to detect abnormal myocardial function and the effects ..
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.. of therapeutic interventions. However, this has not been proven,
yet.

Assessment of left atrial reverse
remodelling
Assessment of LA remodelling is based on various non-invasive
parameters. To date, there are no definite cutoffs identifying a
clinically relevant LA reverse remodelling. Hence, monitoring LA
remodelling without such standardization makes routine examina-
tion challenging. Another major limitation of current evaluations
of changes in LA function is that they are almost completely based
on LA size. Measurements of LA strain and the different passive
and active components might, on the other hand, better define
atrial function in different clinical settings (Table 1).37–40 Table 2
shows some of the definitions of LA reverse remodelling reported
from the literature.16,41–48 Most reports have used arbitrarily a
15% change of LA volume measured with either echocardiogra-
phy and/or cardiac magnetic resonance (CMR). Functional aspects
of LA reverse remodelling have been extensively described using
strain analysis. A recent systematic review and meta-analysis includ-
ing more than 2500 patients showed reference values for reservoir,
conduit and contractile strains. The variability was mostly explained
by heart rate, body surface area, and sample size.49 Nevertheless,
little is known about the percentage change of LA strain which
may be clinically significant. The difficulties related to the assess-
ment of LA reverse remodelling are due to time-consuming issues,
the reliability of the measurement and the lack of standardization
across inter-vendor packages. However, the reproducibility of both
LA volume and LA strain seems acceptable.50,51

Stages of heart failure
In line with the 2021 HF Society of America, HF Association of
the ESC and Japanese HF Society universal definition of HF,52 a
four-stage classification has been proposed for atrial disease. We
discuss below the potential benefits of prevention and treatment
on LA reverse remodelling, across the four HF stages.

Patients at risk for heart failure and with
pre-heart failure (stages A and B)
The importance of adopting effective measures to control risk fac-
tors and thus to prevent future HF development is an emerging
public health need.53 Even in the absence of overt HF, LA remod-
elling has a crucial role in this process. LA structural and functional
reverse remodelling has been used to assess the therapeutic util-
ity of different treatments, both in animal models and in humans
(Table 3).43,47,54–75 Risk of HF and pre-HF, i.e. structural heart dis-
ease and/or abnormal cardiac function in the absence of symptoms
(stages A and B) represent two crucial steps of the progression of
LA remodelling in which preventive measures and targeted treat-
ments have shown favourable results.

© 2022 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Figure 1 Progression of left atrial remodelling. The progression of left atrial remodelling goes through several stages, along with progressive
worse cardiovascular outcomes. When causative stressors are not removed (by preventive measures or treatments), worsening atrial failure
inexorably reaches an irreversible stage. On contrast, acting in the earlier phases may arrest and also reverse the pathophysiologic process.
CV, cardiovascular; HFpEF, heart failure with preserved ejection fraction; HFrEF, heart failure with reduced ejection fraction; LA, left atrium;
LV, left ventricle; RA, right atrium; RV, right ventricle.

Hypertension

In hypertensive patients, evidence of LA reverse remodelling has
been provided by the efficacy of specific therapies and a better
blood pressure (BP) control.76 In fact, some studies have demon-
strated a reversal of LA dimension with associated functional
improvement54–56,77,78 (Table 3). Telmisartan showed a reduction
in LA maximum and minimum volumes along with an increase
in atrial ejection force and a decrease in BP, after 12 months of
treatment.55 Along with structural reverse remodelling, the use
of antihypertensive therapy has also been shown to be associ-
ated with functional improvement in measures of LA strain. In a
group of 160 patients treated with irbesartan or nebivolol, speckle
tracking analysis showed a significant improvement in LA global
peak reservoir strain after 12 months (from 37% to 40% and
from 36% to 41% for irbesartan and nebivolol, respectively).78

Whether these results may be translated to a clinically relevant
LA reverse remodelling has yet to be demonstrated. Also, given the ..
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.. observational nature of these studies, results should be considered
as exploratory.

The use of angiotensin-converting enzyme inhibitors (ACEi) and
angiotensin receptor blockers (ARBs) has been hypothesized to be
associated with LA reverse remodelling by a dual mechanism: an
improved haemodynamic status, mediated by BP reduction, with
a secondary improvement in LV diastolic function and a direct
anti-fibrotic effect.56

Accordingly, careful monitoring of LA structure and function
over time may serve as a surrogate marker to assess the efficacy
of antihypertensive therapies. However, no study to date has
assessed the prognostic significance of LA reverse remodelling
among hypertensive patients.

Atrial fibrillation

The relationship between LA remodelling and AF is reciprocal.79

The progression of LA disease may predispose to the occurrence

© 2022 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Table 2 Definitions of left atrial reverse remodelling

Author Imaging
modality

Definition Type of choice Reproducibility and
agreement

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Westenberg et al.41 CMR ≥15% LAV reduction Arbitrary, pre-specified Assessed: good
Antonini-Canterin et al.42 TTE ≥15% LAV reduction Arbitrary, pre-specified

Based on previously reported data
Assessed on 10 pts: good

Tops et al.43 TTE ≥15% LAV reduction Arbitrary, pre-specified Assessed on 15 pts: good
Brenyo et al.44 TTE High responders: ≥20%

LAV reduction
Arbitrary Not mentioned

Low responders: <20%
LAV reduction

≥lower-quartile response in the
CRT-D group vs. <lower-quartile
response in the CRT-D group

Marsan et al.45 3D-TTE ≥15% LAV reduction Arbitrary
Based on previously reported data

Assessed on 20 pts: acceptable

Candan et al.46 TTE >15% LAV index
reduction

Arbitrary, pre-specified Assessed on 20 pts: good

Gelsomino et al.47 TTE ≥15% LAV reduction Arbitrary, pre-specified Assessed: acceptable
Kloosterman et al.16 TTE ≥10% reduction in LAV Arbitrary, pre-specified Not mentioned
Mathias et al.48 TTE >30% LAV reduction Arbitrary Not mentioned

Median value of LAV percent
decrease

3D, three-dimensional; CMR, cardiac magnetic resonance; CRT-D, cardiac resynchronization therapy-defibrillator; LAV, left atrial volume; pts, patients; TTE, transthoracic
echocardiography.

of AF and, on the other hand, AF perpetuates and might worsen
adverse LA remodelling in a vicious circle. The basis of this pro-
cess seems to be related, at least in part, to an inflammatory
state and the development of fibrosis.80 In addition, the structural
alterations associated with an enlarged LA lead to electrical remod-
elling.81

Reverse remodelling identified by a shrinking LA volume has
been associated with fewer AF recurrences in HF patients.82–84

Several studies have demonstrated the benefits of both medical
therapy and catheter ablation on LA reverse remodelling (Table 3).
Even in animal models of HF due to rapid atrial pacing, the use
of ACEi or ARB resulted in a significant LA size reduction and
decreased amount of fibrosis.85,86 The reduction of LA fibrosis
has also been reported in one human study. The amount of
collagen I was higher in AF versus sinus rhythm patients undergoing
cardiac surgery. Interestingly, when divided into groups with or
without ACEi treatment, there was a significant lower expression
of collagen in AF with ACEi versus AF without ACEi.63

The extent of pre-existing fibrosis is a crucial determinant of
interventional success in patients undergoing AF treatment.87,88

Pre-procedural LA strain is associated with rhythm outcome
after LA catheter ablation.89 Despite ablation itself may result in
increased LA fibrosis,90,91 performing the procedure has shown to
favour LA reverse remodelling. Two studies reported LA response
to catheter ablation or surgical treatment of AF.43,47 In one study,
LA reverse remodelling (Table 2) occurred in 63% of patients
undergoing radiofrequency catheter ablation.43 While LA maxi-
mum volume and LA minimum volume significantly decreased in
the overall population, only the responder group reported a sig-
nificant increase in LA strain. In this study, baseline LA strain and ..
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. LA maximum volume were independent predictors of LA reverse
remodelling. Similarly, in a cohort of patients who underwent sur-
gical treatment of AF, 73% had LA reverse remodelling after a
12-month follow-up.47

Coronary artery disease

Left atrial volume increases in patients with recent myocardial
infarction (MI), especially in the early phase. LA remodelling after
1 month and baseline LA size are both independent predictors of
morbidity and mortality.14 LA enlargement often occurs in parallel
with LV remodelling, even in the absence of LV ejection fraction
(LVEF) deterioration.92,93

Very few studies have assessed the direct effect of coronary
interventions on LA reverse remodelling (Table 3). Ahn et al.67

investigated the impact of myocardial perfusion on LA remod-
elling in 105 patients with acute MI treated with successful
primary percutaneous coronary intervention. Despite no overall
change of LA volume after 6 months, evidence of significant LA
reverse remodelling according to myocardial perfusion grade was
reported. In addition, perfusion grade and anterior MI location
were independent determinants of LA remodelling at multivariate
analysis (both p< 0.001).

In post-MI animal models, renin–angiotensin–aldosterone
system (RAAS) inhibition produced some effects on LA remod-
elling, preventing LA enlargement (Table 3). The anti-fibrotic
effect of ARBs was highlighted by a reduction in the expression
of connexin 43.66 Similarly, in ischaemic HF rats treated with
ACEi, beta-blocker or mineralocorticoid receptor antagonists
(MRAs), atrial hyperexcitability was reduced by all drugs, but only
spironolactone reduced atrial fibrosis.65 The hypothesis generating

© 2022 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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nature of these findings should be replicated in humans to validate
consistency in clinical practice.

Other risk factors

Recent evidence showed that dietary modification, physical activ-
ity and weight loss may reverse atrial abnormalities and may
impact on arrhythmias incidence and recurrence in obese patients2

(Table 3).
A recent meta-analysis reported conflicting data about cardiac

structural and functional changes after bariatric surgery.94 Karason
et al.68 demonstrated LA reverse remodelling in obese patients fol-
lowing bariatric surgery when compared to the group with only
dietary restrictions. Nevertheless, the difference in LA volume
between the interventional and the dietary group was not signif-
icant either at baseline and after 1-year follow-up. In general, LA
reverse remodelling occurred in parallel with LV mass reduction
and LV filling pressure improvement.

Even in the absence of surgery, weight loss influenced LA reverse
remodelling. Dietary modifications among obese patients have
been shown to decrease LA volume along with a decrease in body
mass index.75

Other potentially modifiable risk factors such as sleep apnoea
syndrome and arterial stiffness are associated with AF recurrence
and LA remodelling.95,96 Future studies will clarify whether tar-
geted treatment of these conditions can reverse atrial remod-
elling and whether such changes are associated with a reduction
in symptoms.

As opposed to LA reverse remodelling, exercise training may
also be associated with LA enlargement. Young athletes tend to
have larger LA volume when compared to active but not trained
patients.23 LA volume of athletes without AF showed considerable
overlap with non-athletes with AF. However, LA reservoir strain
in AF patients was significantly impaired compared with patients
in sinus rhythm, regardless of training status,97 reflecting that the
dysfunction acts as the basis of the arrhythmia.

Patients with heart failure (stage C)
Heart failure with reduced ejection fraction

Myocardial injury, haemodynamic changes, and neuro-hormonal
activation cause heart remodelling and this is a key factor for pro-
gression of HF with reduced ejection fraction (HFrEF). LA remod-
elling is a well-studied entity, as it is associated with adverse CV
events. LV reverse remodelling is a critical finding as a surrogate
of the beneficial effects of most HF treatments and is associated
with an improved prognosis.98 Although some evidence on LA
reverse remodelling has been reported from several HFrEF tri-
als, the real impact on clinical outcomes remains less explored
(Table 4)16,42,44–46,48,99–119.

The Prospective Study of Biomarkers, Symptom Improvement,
and Ventricular Remodelling During Sacubitril/Valsartan Therapy
for Heart Failure (PROVE-HF) study100 showed a reduction in LA
volume index (from 37 to 29 ml/m2, p< 0.001) after 12 months
in patients treated with angiotensin receptor–neprilysin inhibitor
(ARNI), along with an increase in LVEF and decrease in LV ..
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.. volumes and E/e′ ratio. Similarly, in the multicentre randomized
EVALUATE-HF trial,99 the ARNI group showed significant greater
reductions in LA volume index, LV volumes and E/e′ ratio as
compared to enalapril, while no significant change in LVEF was
observed.

The rapid drop in N-terminal pro-B-type natriuretic peptide
(NT-proBNP) levels during treatment with ARNI100,120 testifies
the direct effect of sacubitril/valsartan on ventricular wall stress
and a possible acute effect on filling pressures, perhaps related to
increased venous capacitance or natriuresis. It has been demon-
strated that the significant reduction in circulating NT-proBNP
(and high-sensitivity cardiac troponin T) is correlated to the LA vol-
ume index reduction among HFrEF patients treated with ARNI.121

Left atrial reverse remodelling can be considered an active player
of the so-called ‘complete left-sided reverse remodelling’.16,48

This concept has been elucidated by trials testing the structural
response to cardiac resynchronization therapy (CRT) (Table 4).
Results from the Multicenter Automatic Defibrillator Implanta-
tion Trial with Cardiac Resynchronization Therapy (MADIT-CRT)44

study showed that reductions in LA volume with CRT-defibrillator
(CRT-D) at 1 year were highly associated with reduction in LV
volume, suggesting a cause–effect relationship. In this trial, most
CRT-D patients experienced ≥20% reduction in LA volume, while
the implantable cardioverter-defibrillator (ICD)-only group had a
significantly lower LA response. Patients who showed a favourable
LA response to CRT-D experienced a subsequent reduction in the
risk of atrial tachycardia, HF events and death. Importantly, atrial
tachycardia risk reduction appeared to be related to LA response
independently of LV structural changes.

Two studies revealed that 20%–45% of patients with CRT
showed LA reverse remodelling in absence of LV reverse remod-
elling16,48 and contrasting results in terms of outcome have been
reported (Table 4). Kloosterman et al.16 retrospectively assessed
LA reverse remodelling in 365 patients who were eligible for
CRT. They reported that discordant left side reverse remodelling
(LA without LV reverse remodelling) showed comparable mor-
tality and HF hospitalization risk to patients with both LA and
LV reverse remodelling. Thus, successful CRT can reduce LA size
and improve LA pump function and LA reverse remodelling might
improve outcome in CRT patients, even in the absence of LV
remodelling.

The LA plays an active role in HFrEF pathophysiology and
appears as a promising target to evaluate the efficacy of HF
treatments. Although trials showed variable results, additional
efforts should be addressed to clarify whether the assessment
of LA reverse remodelling, as an independent entity, can provide
prognostic information.

Heart failure with preserved ejection fraction

The assessment of LA response to different interventions in HF
with preserved ejection fraction (HFpEF) patients has not been fully
evaluated and available data have shown contrasting results.

Mineralocorticoid receptor antagonists decrease extracellular
matrix turnover and myocardial collagen, one of the mechanisms of
atrial disease. Studies investigating the impact of MRAs on cardiac

© 2022 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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.. function did not show significant LA reverse remodelling, despite

many of them reported improvement in certain parameters of LV
diastolic function (Table 4). In the Treatment of Preserved Cardiac
Function Heart Failure With an Aldosterone Antagonist (TOP-
CAT)113 echocardiographic sub-study, while spironolactone was
not associated with significant change in either LA and LV struc-
ture over time, the overall reduction in LA volume was associated
with an independent lower risk of subsequent occurrence of CV
death, HF hospitalization, or aborted cardiac arrest. The reasons
why the effects of antagonizing aldosterone activity did not show a
direct effect on LA structure are uncertain. It is possible that the
anti-fibrotic effect of MRAs may require a longer time to result in
functional or structural reverse remodelling.

In the phase II Prospective Comparison of ARNI With ARB on
Management of Heart Failure With Preserved Ejection Fraction
(PARAMOUNT) trial,109,122 while the use of ARNI did not show
a significant effect on changes of LV structure or function, dias-
tolic function, or LV mass after 12 and 36 weeks of treatment, LA
size and volume significantly decreased after 36 weeks (Table 4).
The concomitant inhibition of RAAS activity and the augmentation
of the actions of natriuretic peptides have incremental effects on
cardiac haemodynamics and structural remodelling. In the afore-
mentioned study, the use of ARNI rapidly reversed LA remodelling
without an apparent effect on LV size or diastolic function. This
result may be explained by a rapid decrease in LV filling pressure,
testified by the reduction of NT-proBNP levels. LA remodelling
reflects increased LV filling pressure in a more robust way than
Doppler-derived measures of diastolic function which are subject
to greater variability. Also, the improvement of New York Heart
Association (NYHA) functional class after 36 weeks may possibly
explain the independent contribution of LA reverse remodelling to
improvement of symptoms in HFpEF patients.

The Exercise training in Diastolic Heart Failure (Ex-DHF)108

study assessed the effect of structured exercise training compared
to usual care in 64 patients with HFpEF. It demonstrated that
exercise training positively affected exercise capacity and quality
of life in HFpEF, through improvement in LV diastolic function and
reduction in LA volume. BP values and body mass index did not
change in either group, hence the effect on LA size reduction
is not likely to be due to the haemodynamic effect. In fact, a
significant reduction of procollagen type I plasma levels induced by
exercise training was reported. It seems reasonable that LA reverse
remodelling may be related to reduced collagen turnover.

The link between LA reverse remodelling and outcomes in
patients with HFpEF needs to be evaluated in larger trials, possibly
with longer follow-up. However, targeting therapies based on LA
response in HFpEF seems to be a rational approach.

Valvular heart disease

Mitral valve disease is a well-studied model that represents the
consequences of haemodynamic impairment on the LA. In mitral
regurgitation (MR), volume overload has a direct effect on the
LA causing chamber enlargement and myocyte hypertrophy to
compensate the haemodynamic stress and to prevent pulmonary

© 2022 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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congestion.123 At a cellular level, atrophy and interstitial fibrosis
progressively impair LA function and decrease atrial elasticity.124

Candan et al.46 assessed the relationship between LA peak longi-
tudinal reservoir strain and LA reverse remodelling in 53 patients
with severe MR undergoing surgical valve repair or replacement
(Table 4). LA volume index significantly decreased after surgery,
regardless of the type of intervention. Also, pre-operative higher
LA volume, younger age and higher peak LA longitudinal strain val-
ues were independent predictor of LA reverse remodelling.

Left atrial function assessed by speckle tracking echocardiog-
raphy has been associated with CV outcomes in patients with
primary degenerative moderate asymptomatic MR.125 Data from
87 subjects with degenerative MR enrolled in the Endovascular
Valve Edge-to-Edge Repair Study II (EVEREST II) trial126 displayed
LA strain changes after both surgical or transcatheter mitral valve
repair. LA strain improvement was dependent on baseline LA func-
tion as only in patients with normal or high baseline strain values,
MR reduction resulted in normalization of LA strain. Moreover,
in a cohort of 25 patients undergoing MitraClip, pre-operative LA
volume measured by three-dimensional echocardiography (but not
by two-dimensional) and LA reservoir strain were associated with
1-year major adverse CV events.118

Recently, transcatheter indirect mitral annuloplasty showed
benefits in reducing functional MR in HFrEF patients with a
high procedural successful rate; an improvement in NYHA class
was reported too.127 One individual patient data meta-analysis
found that Carillon device implantation resulted in significant
left-sided reverse remodelling, as demonstrated by reduction in
LV end-diastolic and end-systolic volume and reduction in LA
volume.128

The mechanisms behind LA remodelling in aortic stenosis (AS)
are thought to be related to LV hypertrophy and increased LV
filling pressure due to high afterload. The impact of aortic valve
replacement (AVR) has yet to be explained. LV and LA reverse
remodelling have been assessed in one cohort of patients with
severe AS undergoing AVR117 (Table 4). LA volume index rapidly
decreased after 1 month along with a reduction in LV mass index.
Patients who did not experience LA and LV reverse remodelling
appeared to exhibit worse long-term outcomes.

Even transcatheter AVR (TAVR) has been demonstrated to
be associated with significant LA reverse remodelling. D’Ascenzi
et al.116 reported a significant reduction of LA size at a 40-day
follow-up after TAVR. Alongside the recovery of LA structure,
TAVR was accompanied by a significant increase in global peak
atrial longitudinal reservoir strain. Pre-procedural LA volume and
trans-aortic mean gradient change were reported as predictors of
LA volume reduction 3 months following TAVR.

Advanced heart failure (stage D)
When reversal of LA remodelling fails to occur, the disease pro-
gresses to stage D of atrial disease.1 The lack of LA volume
reduction despite treatment identifies the irreversible advanced
end-stage, mainly related to a larger amount of fibrosis. Albeit
not largely proven, in this stage, no therapeutic intervention may
have beneficial consequences on LA function or structure. Only ..
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.. acting at earlier stages may prevent LA remodelling progression
(Figure 1).

New treatments and future
perspectives
While the effects of sodium–glucose cotransporter 2 inhibitors
on atrial function have not been assessed, to date,104,129–131 new
drugs acting directly on cardiac function may have an impact
also on the LA. Compared with placebo, the myosin activator
omecamtiv mecarbil improved LA function, as shown by a reduced
LA minimal volume and a larger emptying fraction, in the Chronic
Oral Study of Myosin Activation to Increase Contractility in HF
(COSMIC-HF) trial and reduced the risk of new-onset AF and
stroke, likely through an improvement in LA function, in the larger
Global Approach to Lowering Adverse Cardiac outcomes Through
Improving Contractility in HF (GALACTIC-HF) trial.132–135

Rhythm control for AF may improve LA function and this may
improve patients’ outcomes.130 These effects, shown also after
pulmonary vein isolation, may be particularly effective in patients
with HFpEF such as 79% of the patients analysed in the Catheter
Ablation versus Antiarrhythmic Drug Therapy for Atrial Fibrillation
(CABANA) trial.136 Improvement in LA function, as well as in
outcomes, has been shown also in the Catheter Ablation versus
Standard Conventional Therapy in Patients with Left Ventricular
Dysfunction and Atrial Fibrillation (CASTLE-AF) trial, enrolling
patients with reduced LVEF.137

Our review shows that LA reverse remodelling may occur in
clinical practice and be related with better outcomes. Changes in
LA size and function may be related with progression of cardiac
function and thus be a target of treatment or rather be a surrogate
measurement of the severity of cardiac dysfunction. Also in this
last case, changes in LA function may allow a more complete
assessment of cardiac function and of the risk of cardiac events. LA
function depends on both systolic and diastolic LV function and may
predict not only HF events, as related with intracardiac pressure
and congestion, but also other events including stroke and AF.
However, even if measurements of LA function seem more stable
than others, more data regarding their reproducibility and their
clinically meaningful threshold are warranted. Future studies will
also show whether LA function can be a target of treatment. Some
interventions, such as pulmonary vein isolation for rhythm control
in patients with AF may favourably affect LA function and this
may mediate their effects on outcomes.135–138 Also percutaneous
treatment of MR may have an effect on LA function that may be
larger than on LV function.123

Conclusions
Left atrial remodelling and LA disease are markers of CV disease
and may also have an impact on clinical outcomes. Counteracting
the underlying mechanisms and removing the causative factors may
restore LA structure and function. Increasing evidence indicates
significant LA reverse remodelling after initiation of medical therapy
across all the stages of development and progression of HF.

© 2022 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Although a clear definition of LA reverse remodelling is needed,
assessing LA response to targeted therapies appears to be a valid
parameter to re-define patients’ risk stratification. Prospective
clinical trials are required to establish the role of LA reverse
remodelling as a marker of therapeutic response in clinical practice
and to assess its potential independent role as a mechanism of
development and progression of HF.

Acknowledgement
Open Access Funding provided by Università degli Studi di Brescia
within the CRUI-CARE Agreement.
Conflict of interest: T.B.S.: Steering Committee of the Amgen
financed GALACTIC-HF trial and the Boston Scientific financed
LUX-Dx TRENDS, Chief investigator of the Sanofi Pasteur
financed NUDGEFLU trial, the DANFLU-1 & DANFLU-2 trials;
research grants: Sanofi Pasteur & GE Healthcare; advisory boards:
Sanofi Pasteur, Amgen & GSK; and speaker honoraria: Novartis,
Sanofi Pasteur, GSK & Bayer. S.D.S. received research grants from
Actelion, Alnylam, Amgen, AstraZeneca, Bellerophon, Bayer, BMS,
Celladon, Cytokinetics, Eidos, Gilead, GSK, Ionis, Lilly, Mesoblast,
MyoKardia, NIH/NHLBI, Neurotronik, Novartis, NovoNordisk,
Respicardia, Sanofi Pasteur, Theracos, US2.AI and has consulted
for Abbott, Action, Akros, Alnylam, Amgen, Arena, AstraZeneca,
Bayer, Boehringer Ingelheim, BMS, Cardior, Cardurion, Corvia,
Cytokinetics, Daiichi-Sankyo, GSK, Lilly, Merck, Myokardia, Novar-
tis, Roche, Theracos, Quantum Genomics, Cardurion, Janssen,
Cardiac Dimensions, Tenaya, Sanofi-Pasteur, Dinaqor, Tremeau,
CellProThera, Moderna, American Regent, Sarepta, Lexicon,
Anacardio, Akros, Puretech Health. M.M received personal fees
of minimal amounts in the last 3 years from Actelion, Amgen,
Livanova, Servier and Vifor pharma as member of Executive or
Data Monitoring Committees of sponsored clinical trials and from
AstraZeneca, Abbott Vascular, Bayer, Boehringer Ingelheim and
Edwards Therapeutics for participation in advisory boards and/or
speeches at sponsored meetings. All other authors have nothing
to disclose.

References
1. Shen MJ, Arora R, Jalife J. Atrial myopathy. JACC Basic Transl Sci. 2019;4:640–54.
2. Thomas L, Abhayaratna WP. Left atrial reverse remodeling: mechanisms, eval-

uation, and clinical significance. JACC Cardiovasc Imaging. 2017;10:65–77.
3. Wakili R, Voigt N, Kääb S, Dobrev D, Nattel S. Recent advances in the molecular

pathophysiology of atrial fibrillation. J Clin Invest. 2011;121:2955–68.
4. 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. J Am Coll Cardiol. 2019;73:1961–77.

5. Nagueh SF, Smiseth OA, Appleton CP, Byrd BF, Dokainish H, Edvardsen T,
et al. Recommendations for the evaluation of left ventricular diastolic function
by echocardiography: an update from the American Society of Echocardiography
and the European Association of Cardiovascular Imaging. Eur Heart J Cardiovasc
Imaging. 2016;17:1321–60.

6. Hsu PC, Lee WH, Chu CY, Lee HH, Lee CS, Yen HW, et al. Prognostic role
of left atrial strain and its combination index with transmitral E-wave velocity in
patients with atrial fibrillation. Sci Rep. 2016;6:17318.

7. Jarasunas J, Aidietis A, Aidietiene S. Left atrial strain – an early marker of left
ventricular diastolic dysfunction in patients with hypertension and paroxysmal
atrial fibrillation. Cardiovasc Ultrasound. 2018;16:29.

8. Sajeev JK, Kalman JM, Dewey H, Cooke JC, Teh AW. The atrium and embolic
stroke: myopathy not atrial fibrillation as the requisite determinant? JACC Clin
Electrophysiol. 2020;6:251–61. ..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

.. 9. Yaghi S, Kamel H, Elkind MSV. Atrial cardiopathy: a mechanism of cryptogenic
stroke. Expert Rev Cardiovasc Ther. 2017;15:591–9.

10. Huynh QL, Kalam K, Iannaccone A, Negishi K, Thomas L, Marwick TH.
Functional and anatomic responses of the left atrium to change in esti-
mated left ventricular filling pressure. J Am Soc Echocardiogr. 2015;28:
1428–1433.e1.

11. Blume GG, Mcleod CJ, Barnes ME, Seward JB, Pellikka PA, Bastiansen PM,
et al. Left atrial function: physiology, assessment, and clinical implications. Eur
J Echocardiogr. 2011;12:421–30.

12. Patel DA, Lavie CJ, Milani RV, Shah S, Gilliland Y. Clinical implications of left
atrial enlargement: a review. Ochsner J. 2009;9:191–6.

13. Ristow B, Ali S, Whooley MA, Schiller NB. Usefulness of left atrial volume index
to predict heart failure hospitalization and mortality in ambulatory patients
with coronary heart disease and comparison to left ventricular ejection fraction
(from the Heart and Soul study). Am J Cardiol. 2008;102:70–6.

14. Meris A, Amigoni M, Uno H, Thune JJ, Verma A, Køber L, et al. Left atrial
remodelling in patients with myocardial infarction complicated by heart failure,
left ventricular dysfunction, or both: the VALIANT Echo study. Eur Heart J.
2009;30:56–65.

15. Melenovsky V, Hwang SJ, Redfield MM, Zakeri R, Lin G, Borlaug BA. Left atrial
remodeling and function in advanced heart failure with preserved or reduced
ejection fraction. Circ Heart Fail. 2015;8:295–303.

16. Kloosterman M, Rienstra M, Mulder BA, Van Gelder IC, Maass AH. Atrial
reverse remodelling is associated with outcome of cardiac resynchronization
therapy. Europace. 2016;18:1211–9.

17. Khan MS, Memon MM, Murad MH, Vaduganathan M, Greene SJ, Hall M, et al.
Left atrial function in heart failure with preserved ejection fraction: a systematic
review and meta-analysis. Eur J Heart Fail. 2020;22:472–85.

18. Reddy YNV, Borlaug BA. Left atrial myopathy in heart failure with preserved
ejection fraction. Eur J Heart Fail. 2020;22:486–8.

19. Tamargo M, Obokata M, Reddy YNV, Pislaru SV, Lin G, Egbe AC, et al. Functional
mitral regurgitation and left atrial myopathy in heart failure with preserved
ejection fraction. Eur J Heart Fail. 2020;22:489–98.

20. Pritchett AM, Mahoney DW, Jacobsen SJ, Rodeheffer RJ, Karon BL, Redfield
MM. Diastolic dysfunction and left atrial volume: a population-based study. J Am
Coll Cardiol. 2005;45:87–92.

21. Rossi A, Gheorghiade M, Triposkiadis F, Solomon SD, Pieske B, Butler J. Left
atrium in heart failure with preserved ejection fraction: structure, function, and
significance. Circ Heart Fail. 2014;7:1042–9.

22. Rønningen PS, Berge T, Solberg MG, Enger S, Nygård S, Pervez MO, et al. Sex
differences and higher upper normal limits for left atrial end-systolic volume in
individuals in their mid-60s: data from the ACE 1950 study. Eur Heart J Cardiovasc
Imaging. 2020;21:501–7.

23. Cuspidi C, Tadic M, Sala C, Gherbesi E, Grassi G, Mancia G. Left atrial
function in elite athletes: a meta-analysis of two-dimensional speckle tracking
echocardiographic studies. Clin Cardiol. 2019;42:579–87.

24. Kim GH, Uriel N, Burkhoff D. Reverse remodelling and myocardial recovery in
heart failure. Nat Rev Cardiol. 2018;15:83–96.

25. McDonagh TA, Metra M, Adamo M, Gardner RS, Baumbach A, Böhm M, et al.
2021 ESC Guidelines for the diagnosis and treatment of acute and chronic heart
failure. Eur J Heart Fail. 2022;24:4–131.
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