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Abstract

Aims In patients with heart failure with reduced ejection fraction (HFrEF), an association between left atrial (LA) dilatation
and dysfunction is expected, but the degree of coexistence of the two abnormalities and their relative prognostic role is not
known.
Methods and results A total of 626 HFrEF patients formed the study population. All of them underwent a comprehensive
echocardiographic evaluation. LA maximal volume was indexed to body surface area (LAVi); LA function was assessed using
strain analysis during the reservoir phase: peak atrial longitudinal strain (PALS) analysis. Study primary endpoint was overall
mortality or hospitalization for worsening heart failure. Four groups of patients were included in this study according to LAVi
(≤34 or >34 mL/m2) and PALS (≤23% or >23%); 61 (10%) patients had normal LA volume and function (Group 1), 58 (9%) had
LA dilatation but normal function (Group 2), 100 (16%) had normal volume but abnormal function (Group 3), and 407 (65%)
had enlarged left atrium and abnormal function (Group 4). PALS was associated with primary endpoint in patients with both
normal-size [Groups 1 and 3: hazard ratio (HR) 0.92, 95% confidence interval (CI) 0.88–0.96; P = 0.0006] and dilated left atria
(Groups 2 and 4: HR 0.93, 95% CI 0.91–0.96; P < 0.0001). In contrast, LAVi was associated with the primary endpoint in pa-
tients with abnormal LA function (Groups 3 and 4: HR 1.018, 95% CI 1.011–1.024; P < 0.00001) but not in those with normal
PALS (Groups 1 and 2: HR 1.023, 95% CI 0.99–1.057; P = 0.1).
Conclusions Left atrial dilatation and dysfunction frequently but not invariably coexist. PALS emerged as a significant
prognostic parameter in HFrEF even in the absence of LA dilation.
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Introduction

In patients with heart failure (HF), remodelling of the LA cav-
ity is very common, regardless of the disease phenotype.1,2 In
patients with HF with reduced ejection fraction (HFrEF) or
preserved ejection fraction (EF) and in those with mitral valve
regurgitation, left atrial (LA) dilatation frequently occurs and
is associated with increased disease severity.3–5 Evaluation
of LA volume and cavity remodelling, in daily practice, is

achieved by echocardiography using reproducible
measurements.

Nevertheless, the LA remodelling process is a complex phe-
nomenon that encompasses changes at molecular, cellular,
tissue, and chamber levels,6 thus making determination of
the LA chamber volume alone an oversimplification of such
complex pathophysiology. Recent echocardiological techno-
logical advances allowed accurate evaluation of LA myocar-
dial deformation, measured by strain and strain rate.7 LA
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strain measurements during the reservoir phase, defined as
peak atrial longitudinal strain (PALS) analysis, describe myo-
cardial stretch during cavity filling, a fundamental property
of LA function. Reduced PALS has been shown to be associ-
ated with important clinical outcomes.8–10 It has also been
proposed to be used as an integral measure of LA remodel-
ling in different cardiac diseases.11

The aim of the present study was to evaluate whether LA
structural remodelling (increased LA volume) and mechanical
remodelling (reduced PALS) necessarily coexist and if their
combination may have a better predictive value of clinical
outcome in a homogeneous group of heart failure with
EF < 40% (HFrEF) patients.

Methods

Our data, methods, and study materials will be made avail-
able to other researchers on request from the authors. The
data that support the findings of this study are available from
the corresponding author upon reasonable request.

Heart failure with reduced ejection fraction (defined as
EF < 40%) patients followed in the HF clinic of three Italian
centres were prospectively included in the study database
between 2010 and 2019. Exclusion criteria were as follows:
(i) presence of atrial fibrillation at the time of the echocardio-
gram; (ii) previous surgical or percutaneous treatment of mi-
tral regurgitation or previous heart transplantation; (iii) more
than moderate organic mitral and aortic valve disease; (iv)
hospitalization for worsening HF, myocardial infarction, and
coronary revascularization in the previous 6 months; and (v)
malignancies or other non-cardiac diseases that could affect
short-term outcome.

The present study complied with the Declaration of Hel-
sinki, the locally appointed ethics committee had approved
the research protocol, and an informed consent was obtained
from all included subjects.

Clinical evaluation

Clinical data were obtained from medical records. Age, gen-
der, clinical symptoms [New York Heart Association (NYHA)
class], and disease aetiology were recorded. Patients were
classified as having HF of ischaemic aetiology on the basis
of a history of myocardial infarction, prior coronary revascu-
larization, or objective evidence of significant (>70%) steno-
sis in at least one epicardial coronary artery as assessed by
coronary angiography. Hypertension and diabetes mellitus
were considered to be present when there was a history or
corresponding medical therapy, or patients were on respec-
tive treatment. A modified congestion score was calculated
as previously described.12 Venous blood samples for brain na-
triuretic peptide (BNP) and creatinine assessment were

drawn on the day of index echocardiogram. Chilled EDTA
tubes were centrifuged immediately at 4000 g (48°C) for
15 min. Plasma samples were processed by immunofluores-
cence assay. For BNP, the lower assay detection limit was
1 pg/mL.

Standard echocardiography

All patients underwent a comprehensive transthoracic
echocardiogram using a Vivid 7 or Vivid S6 ultrasound system
(GE Vingmed Healthcare, GE Medical system, Milwaukee,
USA) or iE33 X-matrix (Philips, Eindhoven, the Netherlands).
Left ventricular (LV) end-diastolic and end-systolic volumes
and EF were measured as recommended.13 Pulsed-wave peak
early (E) and atrial (A) LV filling velocities, E/A ratio, and
E-wave deceleration time were also measured. Pulsed-wave
tissue Doppler imaging was used to detect lateral and septal
mitral annular early diastolic velocities (E0), which were aver-
aged. The ratio of early transmitral flow velocity (E wave) to
the tissue Doppler imaging mitral annular averaged E0 veloc-
ity (E/E0) was then calculated. Right ventricular function was
assessed by measuring tricuspid annular plane systolic excur-
sion (TAPSE). Systolic pulmonary arterial pressure (SPAP) was
estimated by combining the tricuspid regurgitation jet
velocity with an estimate of right atrial pressure based on di-
ameter and collapsibility of the inferior vena cava. The ratio
between TAPSE and SPAP was then calculated.14 Severity of
mitral regurgitation (Grades I–IV) was determined by measur-
ing the effective regurgitant orifice area or vena contracta
width, as suggested.15

Left atrial remodelling

A special emphasis was applied for the evaluation of LA struc-
ture and function. The degree of LA structural remodelling
was defined by the value of LA maximal volume measured
at the time of end LV systole. LA volume was measured from
apical four-chamber and two-chamber views (biplane
Simpson) and was indexed for body surface area. According
to the recommendations of the American and European Soci-
eties of Echocardiography, LA enlargement was defined as an
LA maximal volume index (LAVi) higher than 34 mL/m2. LA
functional remodelling was determined by the evaluation of
PALS, using speckle tracking echocardiography technology.
Digital cine loops of two-dimensional greyscale images of
three consecutive beats, during breathhold and stable
electrocardiogram recordings, were acquired in standard
four-chamber and two-chamber views and stored for offline
analysis. Frame rate was set between 60 and 80 frames per
second. The recordings were processed using an acoustic
tracking dedicated software (EchoPAC or QLab), which
allowed semi-automated analysis of LA strain. In order to
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measure LA strain during the reservoir phase, we used the
QRS onset on the superimposed electrocardiogram as refer-
ence. A normal value for PALS was considered >23% in a
large multicentre study.16

Clinical follow-up

Follow-up information was obtained during clinical visits and
by phone call interviews with the patients or their relatives.
The composite primary endpoint of the study was all-cause
mortality or hospitalization for worsening HF. Secondary end-
points were cardiac mortality and HF worsening hospitaliza-
tion as a single endpoint. For patients without events, the
date of last contact was considered the end of follow-up for
the purpose of survival analysis.

Statistical analysis

Data for continuous variables are presented as
mean ± standard deviation or as median with inter-quartile
range in case of skewed distribution. Categorical variables
are expressed as percentage. Graphic association between
PALS and LAVi was assessed using restricted cubic spline
analysis, and linearity was defined with the lowest Akaike
information criterion. For the purpose of statistical analysis,
patients were divided into four groups according to LA vol-
ume and function. Group 1 was defined as normal volume
(LAVi ≤ 34 mL/m2) and normal function (PALS > 23%); Group

2: increased volume but normal function; Group 3: normal
volume but decreased function; and Group 4: abnormal vol-
ume and function. Clinical and echocardiographic variables
were described in the overall population and in the
pre-specified groups. Differences among groups were
analysed by ANOVA or χ2 test as appropriate. The association
between clinical and echocardiographic variables and cardio-
vascular events during follow-up was calculated using unad-
justed and multivariable adjusted Cox proportional hazards
regression models. Kaplan–Meier curves were used to illus-
trate outcomes, and curves were compared using the
log-rank test. The flexible continuous relationship between
PALS and the composite outcome was displayed using re-
stricted cubic spline models with three knots and resulted
in the lowest model Akaike information criterion (three to
six knots were assessed). Effect of modification of LA enlarge-
ment on the relationship between PALS and the composite
endpoint was also tested using an interaction test. P values
<0.05 were considered to indicate differences of statistical
significance. All analyses were performed using Stata Version
14 (StataCorp LLC, College Station, TX, USA) and SPSS 23.0
software (Statistical Package for Social Sciences, Chicago, IL,
USA).

Results

The study population was formed of 626 patients (mean age
65 ± 11 years; 25% female). Table 1 (left column) shows the

Table 1 Clinical characteristics of patients divided according LA volume and function (Group 1: normal LA volume and function; Group 2:
LA dilatation but normal function; Group 3: normal LA volume but abnormal function; and Group 4: enlarged LA and abnormal function)

Overall

Group 1 Group 2

P (1 vs. 2)

Group 3 Group 4

P (3 vs. 4)
P for
trend61 (10%) 58 (9%) 100 (16%) 407 (65%)

LAVi (mL/m2) 48 ± 18 27 ± 5 46 ± 10 <0.0001 29 ± 4 57 ± 16 <0.0001 <0.0001
PALS (%) 17 ± 8 30 ± 7 29 ± 6 0.3 15 ± 4 13 ± 5 <0.0001 <0.0001
Age (years) 65 ± 11 64 ± 11 61 ± 13 0.2 66 ± 10 66 ± 11 0.9 0.04
Female gender (%) 22 32 33 0.9 23 18 0.2 0.005
NYHA 2.2 ± 0.7 1.7 ± 0.7 1.9 ± 0.6 0.2 2.0 ± 0.7 2.4 ± 0.6 <0.0001 <0.0001
BSA (m2) 1.9 ± 0.2 1.9 ± 0.2 1.9 ± 0.2 0.6 1.9 ± 0.2 1.9 ± 0.2 0.1 0.5
BNP (log) 2.6 ± 0.5 2.2 ± 0.5 2.3 ± 0.5 0.1 2.3 ± 0.5 2.7 ± 0.4 <0.0001 <0.0001
Creatinine (mg/dL) 1.2 ± 0.7 1.00 ± 0.3 1.01 ± 0.4 0.9 1.17 ± 0.5 1.24 ± 0.5 0.2 0.006
Hypertension (%) 39 33 51 0.04 37 39 0.8 0.1
Diabetes (%) 49 33 46 0.2 45 55 0.1 0.009
CAD (%) 55 48 57 0.4 60 57 0.4 0.4
Furosemide (%) 82 71 75 0.7 91 94 0.5 0.0005
Furosemide (mg) 69 ± 76 24 ± 43 63 ± 93 0.01 52 ± 57 78 ± 76 0.01 0.003
Beta-blocker (%) 81 91 86 0.6 82 81 0.3 0.01
Spironolactone (%) 50 45 64 0.06 62 57 0.5 0.2
ACE/ARB (%) 85 91 86 0.8 87 85 0.4 0.4
Score congestion 0.6 ± 1.1 0.16 ± 0.5 0.20 ± 0.4 0.8 0.73 ± 1.02 0.73 ± 1.2 0.9 0.0001
All-cause death (%) 24 4 2 0.8 15 33 0.001 0.0005
Cardiac death (%) 23 1 2 0.5 15 30 0.004 0.0005
Hospitalization (%) 31 7 12 0.5 16 41 0.0005 <0.0001
Primary endpoint (%) 42 10 12 0.8 29 56 0.0005 <0.0001

ACE, angiotensin-converting enzyme; ARB, angiotensin receptor blocker; BNP, brain natriuretic peptide; BSA, body surface area; CAD, cor-
onary artery disease; LA, left atrial; LAVi, left atrial maximal volume indexed by surface body area; NYHA, New York Heart Association func-
tional class; PALS, peak atrial longitudinal strain.
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clinical and echocardiographic characteristics of the overall
population. The majority of patients (55%) had ischaemic LV
dysfunction; 15% of patients were asymptomatic (NYHA I),
49% in NYHA Class II, 33% in NYHA Class III, and only 3% in
NYHA Class IV. Based on inclusion criteria, all patients had re-
duced LV systolic function, and accordingly, mean EF was
30 ± 6 (range 10–39%); 275 (43%) patients had severe LV dys-
function, defined as EF < 30%. In the overall population, the
mean LAVi was 48 ± 18 mL/m2, and 466 patients (75%) had
dilated LAVi according to the American Society of Echocardi-
ography/European Association of Echocardiography recom-
mendations. Based on PALS as a marker of LA function, 508
(81%) patients had LA mechanical remodelling (defined as
PALS ≤ 23%).

Although a close and negative association between LAVi
and PALS was observed (r = �0.41; P < 0.0001) (Figure 1),
when patients were grouped according LA structural and
function remodelling, it was clear that the two aspects do
not always coexist in the same patients. While 61 (10%) pa-
tients had completely normal left atrium (Group 1) and 407
(65%) had both enlarged and dysfunctional left atrium (Group
4), there were 158 patients (25%) with dissociated LA volume
and function: in particular, 58 (9%) with LA dilatation but nor-
mal PALS (Group 2) and 100 (16%) with the opposite, that is,
normal LAVi but abnormal PALS (Group 3).

In patients with normal PALS (Groups 1 and 2), the iso-
lated LA dilatation was not associated with significant clinical
outcomes: in terms of symptomatic impairment (P = 0.5),
congestive score (P = 0.4), natriuretic production (P = 0.2),
right ventricular pressure and function (SPAP and TAPSE/
SPAP; P = 0.3 and 0.61, respectively), or primary and second-
ary endpoints (P > 0.5 for all). In contrast, in patients with
normal LAVi (Groups 1 and 3), those with isolated reduced
PALS were characterized by more symptomatic impairment

(P = 0.006), higher congestive score (P = 0.003), higher natri-
uretic level (P = 0.08), worse pulmonary haemodynamics
(SPAP and TAPSE/SPAP: P = 0.006 and P = 0.04, respec-
tively), and worse clinical outcomes (P = 0.005 for primary;
P = 0.07 and P = 0.01 for hospitalization and cardiac mortal-
ity, respectively) (Table 2).

Similarly, the coexistence of reduced PALS in the subgroups
of patients with dilated left atrium (Groups 2 and 4) deter-
mined a significantly worse haemodynamic and clinical pro-
files (P < 0.001 for all). On Kaplan–Meier survival analysis, a
significantly different prognosis was observed among groups
(Figure 2). Group-to-group comparisons showed that there
was no statistical difference between Groups 1 and 2 (log-
rank Mantel–Cox 1.0; P = 0.3), a borderline significance be-
tween Groups 2 and 3 (log-rank Mantel–Cox 5.4; P = 0.05),
and a significant difference between Groups 3 and 4 (log-rank
Mantel–Cox 14.8; P = 0.008).

Cox survival analysis quantitated the risk associated with
combined LA structural and function remodelling (Group 4)
to be 5.5-fold higher [95% confidence interval (CI) 1.7–
17.75; P = 0.004] than in patients with normal LA volume
and function (Group 1) after adjusting for NYHA, age, gender,
hypertension, EF, BNP, mitral regurgitation grading, TAPSE/
SPAP, and E/E0. Analogously, Group 3 patients (normal LAVi
and abnormal PALS) had a 4.4-fold increased risk (95% CI
1.3–14.7; P = 0.01) after adjusting for the same covariates.
In contrast, the isolated LA dilatation (Group 2) was not inde-
pendently associated with the primary endpoint (P = 0.2).

Peak atrial longitudinal strain was associated with primary
endpoint in patients with both normal [Groups 1 and 3: haz-
ard ratio (HR) 0.92, 95% CI 0.88–0.96; P = 0.0006] and dilated
left atria (Groups 2 and 4: HR 0.93, 95% CI 0.91–0.95;
P < 0.0001) (P for interaction 0.2) (Figure 3). In contrast, LAVi
was associated with primary endpoint in patients with abnor-

Figure 1 Association between left atrial maximal volume index (LAVi) and peak atrial longitudinal strain (PALS); a significant non-linear association was
observed. LA, left atrial.
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mal PALS (Groups 3 and 4: HR 1.018, 95% CI 1.011–1.024;
P < 0.00001), but not in those with normal PALS (Groups 1
and 2: HR 1.023, 95% CI 0.99–1.057; P = 0.1).

In the overall population, independent correlates of PALS
and LAVi were described in Table 3. Furthermore, limiting
the multivariable adjusted analysis to patients with normal
LAVi (Groups 1 and 3), E/E0 (P = 0.009) emerged as the only
correlate of PALS. In contrast, limiting the analysis to patients
with normal PALS (Groups 1 and 2), LV diastolic volume
(P = 0.001), mitral regurgitation (P = 0.0008), and hyperten-
sion (P = 0.02) were independent correlates of LAVi, with a
non-significant independent effect of E/E0.

Discussion

The main results of the present study are as follows: (i)
there is close association between LA structural and me-
chanical remodelling, but the two pathological entities are
not invariably linked; (ii) the coexistence of LA structural
and mechanical remodelling identified a subgroup of pa-
tients with particular severe disease, as shown by symp-
toms, haemodynamic and hormonal disturbances, and
poor prognosis; and (iii) the isolated LA mechanical remod-
elling (reduced PALS), but not cavity dilation, is associated
with worse clinical condition.

Figure 2 Kaplan–Meier survival curves of four patient groups, divided according left atrial maximal volume index (LAVi) and peak atrial longitudinal
strain (PALS). Log-rank (Mantel–Cox) χ2 84; P < 0.0001.

Table 2 Echocardiographic characteristics of patients divided according LA volume and function (Group 1: normal LA volume and
function; Group 2: LA dilatation but normal function; Group 3: normal LA volume but abnormal function; and Group 4: enlarged LA
and abnormal function)

Overall Group 1 Group 2

P (1 vs. 2)

Group3 Group 4

P (3 vs. 4)
P for
trend626 pts 61 (10%) 58 (9%) 100 (16%) 420 (65%)

LAV (mL) 92 ± 36 52 ± 12 <0.0001 55 ± 11 108 ± 33 <0.0001 <0.0001
LAVi (mL/m2) 48 ± 18 27 ± 5 46 ± 10 <0.0001 29 ± 4 57 ± 16 <0.0001 <0.0001
PALS (%) 16 ± 8 30 ± 7 29 ± 6 0.3 15 ± 4 13 ± 5 <0.0001 <0.0001
LVD (mL) 200 ± 66 174 ± 45 188 ± 60 0.3 181 ± 18 212 ± 72 <0.0001 <0.0001
EF (%) 30 ± 7 32 ± 5 32 ± 5 0.5 32 ± 5 28 ± 6 <0.0001 <0.0001
ERO (mm2) 13 ± 15 3.0 ± 8.0 10 ± 10 0.02 4.0 ± 9.0 20 ± 15 <0.0001 <0.0001
TAPSE (mm) 19 ± 4 20 ± 3 20 ± 3 0.9 20 ± 4 19 ± 4 0.008 0.0001
SPAP (mmHg) 36 ± 13 29 ± 6 31 ± 10 0.5 34 ± 10 39 ± 15 0.0005 <0.0001
TAPSE/SPAP 0.61 ± 0.35 0.73 ± 0.24 0.77 ± 0.4 0.6 0.66 ± 0.3 0.57 ± 0.3 0.03 <0.0001
E (cm/s) 65 ± 38 52 ± 28 62 ± 30 0.1 61 ± 30 69 ± 40 0.07 0.006
E/A 1.6 ± 1.2 1.0 ± 0.9 1.0 ± 0.6 0.9 1.2 ± 1.1 1.9 ± 1.1 <0.0001 <0.0001
DTE (ms) 173 ± 69 204 ± 75 190 ± 76 0.3 190 ± 66 162 ± 66 0.0004 <0.0001
E/E0 15 ± 8 10 ± 4 11 ± 4 0.5 13 ± 6 17 ± 8 <0.0001 <0.0001

DTE, E-wave deceleration time; EF, ejection fraction; ERO, mitral effective regurgitant orifice; LA, left atrial; LAV, left atrial maximal volume;
LAVi, left atrial maximal volume indexed by surface body area; LVD, left ventricular diastolic volume; SPAP, systolic pulmonary artery pres-
sure; TAPSE, tricuspid annular plane systolic excursion.
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Left atrial structural and mechanical remodelling

In many clinical models, LA structure, expressed as increased
cavity volume, and mechanical remodelling (reduced PALS)
overlap, and accordingly, we examined such close relation-
ship in our population. The question we were set to answer
was whether such anatomical and function association is an
established phenomenon in all patients with HFrEF or it
varies in different conditions. LA cavity remodelling refers
to adverse electrophysiological, cellular, and structural
changes in myocardial tissue in response to pressure and vol-
ume overload or arrhythmic insults.17 Non-cardiac conditions
such as sleep apnoea syndrome, hypertension, diabetes, and
obesity are important contributors to LA remodelling through
haemodynamic and non-haemodynamic pathways.18,19 In pa-
tients with mitral regurgitation, we have recently shown that
LA remodelling is significant and multifaceted.20 For the same
degree of volume overload, the features of LA remodelling
can be different according to the underlying mechanism for

mitral regurgitation. In primary mitral regurgitation, there is
a strong association between effective orifice area and LA
volume (structural remodelling) but not with PALS (mechani-
cal remodelling). In contrast, secondary mitral regurgitation is
characterized by worse impaired mechanical than structural
LA remodelling. These findings suggested that organic mitral
leaflet disease causing regurgitation exerts a pure haemody-
namic effect on the LA, leading to isolated dilatation, whereas
tissue function impairment might be related to the chronic
exposure to haemodynamic and non-haemodynamic atrial
stressors.21,22 A similar example of LA remodelling can be
seen in athletes, likely due to increase in venous return and
its impact on LA pressure.23 When mitral regurgitation is de-
termined by LV regional or global dysfunction (secondary re-
gurgitation), it is likely that its impact on LA cavity changes is
predominantly related to raised pressure, rather than volume
effect, with its direct effect on myocardial intrinsic function.
In the present study, therefore, we have observed similar dif-
ferences, with structural and function remodelling not simul-
taneously occurring in all patients with HFrEF, and are also
having different impact on clinical outcome. The exact under-
lying pathophysiological explanation of the link between LA
structural and function abnormalities and adverse outcomes
is not clear. There is increasing evidence that LA function ab-
normalities result from alterations in extracellular matrix that
is reflected on pathophysiological changes in renin secretion,
levels of angiotensin II, aldosterone, transforming growth fac-
tor-β1, sympathetic stimulation, and markers of systemic in-
flammation such as C-reactive protein, which are all
well-known pathways in patients with HF.24–28

Clinical implications of atrial remodelling

In HF patients, several studies have shown that the increased
LA volume is associated with higher mortality rate after

Figure 3 Restricted cubic splines showing the continuous relationship between left atrial peak atrial longitudinal strain (LA PALS) and the composite of
death or heart failure (HF), overall (left panel) and stratified by left atrial maximal volume index (LAVi) enlargement (right panel). The association be-
tween LA PALS and outcome was consistent regardless of LA enlargement (P for interaction = 0.49). P for non-linearity = 0.072 (>0.05) indicates a
linear relationship between LA PALS and outcome.

Table 3 Multivariable analysis showed the correlates of PALS and
LAV in the overall population (coefficients and P values)

PALS determinants LAVi determinants

Age (years) 0.61; P = 0.02 0.03; P = 0.04
Female gender (%) �2.6; P < 0.0001 1.7; P = NS
Hypertension (%) 0.18; P = NS 1.3; P = NS
Diabetes (%) �0.23; P = NS 0.88; P = NS
Creatinine (mg/dL) �1.3; P = 0.008 0.67; P = NS
LVD (mL) 0.05; P = 0.009 0.56; P < 0.0001
EF (%) 0.23; P < 0.0001 �0.02; P = NS
MR (grades) �0.32; P = NS 4.7; P < 0.0001
E/E0 �0.23; P < 0.0001 0.3; P = 0.0008
LAVi (mL/m2) �0.08; P < 0.0001 N/A
PALS (%) N/A �0.3; P < 0.0001

EF, ejection fraction; LAV, left atrial maximal volume; LAVi, left
atrial maximal volume indexed by surface body area; LVD, left ven-
tricular diastolic volume; MR, mitral regurgitation; PALS, peak atrial
longitudinal strain.
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adjusting for well-recognized prognostic markers.29–31 For
many years, the most likely explanation for such association
has been the underlying factors causing LA cavity enlarge-
ment. Therefore, the left atrium has been considered a sim-
ple marker unifying multiple factors, which individually
affect prognosis. However, recently, the role of LA function it-
self emerged as an important predictor of clinical events.4,8,9

Thanks to the new technologies, in particular speckle tracking
echocardiography, which allows relatively fast evaluation of
LA function during the whole cardiac cycle. LA strain during
the reservoir phase of the cardiac cycle reflects the ability
of LA myocardium to stretch during cavity filling and has
proved to be an important parameter associated with clinical
outcomes in different diseases.32,33 It has been recently pub-
lished that even in the general population, a subclinical LA
dysfunction (expressed as PALS lower than 23%) was associ-
ated with a 111% increased higher adjusted risk for future ad-
verse cardiac events.34

Although LA volume and function are strongly correlated,
modification of LA function appears earlier than cavity re-
modelling and can be present even if LA volume is
normal35,36; as our study showed, 16% of patients had LA me-
chanical remodelling but normal cavity volume. More impor-
tantly, PALS was clearly and independently associated with
the primary outcome in patients with both dilated and nor-
mal LA volume. In contrast, LA volume was associated with
prognosis, only in the presence of reduced PALS but not in
patients with preserved PALS. Taken together, these findings
underscore the clinical relevance of LA mechanical remodel-
ling (PALS), which suggests that most of the predictive value
of LA volume, documented in previous studies, might be
hypothetically attributed to the associated reduced atrial
function. The close association between PALS and degree of
fibrosis in atrial tissue21 underscores that this parameter re-
flects better than others, one of the main pathways leading
to clinical impairment in HFrEF patients.

It might, then, be suggested that the evaluation of LA
mechanical remodelling, through PALS assessment, should
be incorporated as an integral evaluation of the LA in all car-
diac patients irrespective of cavity size. The comprehensive
LA evaluation provides relevant clinical information, which
might enhance HFrEF patient care.

Limitations

A major limitation of the present study is the use of two dif-
ferent echocardiographic vendors and relative software for
strain analysis with lack of inter-observer variability assess-
ment. Another limitation is the definition of normality for
PALS. We did not have a control group of normal people, so
used a value of 23% to define normal PALS, as suggested in
a large multicentre study16 and in EACVI NORRE study.37

We tried to overcome both limitations by redefining the

cut-off value for PALS as a median, which were specific for
populations studied with each vendor and accordingly
regrouping patients. This trial did not change the results of
the analysis (Table 4). Interestingly, a recent study proposed
outcome-driven cut-off value for PALS and underscored that
23% was the PALS value, which better discriminated patients
with adverse outcome in general population.34 Another limi-
tation might be the relatively small size of the population
subgroups, particularly those characterized by structural re-
modelling and normal function (Group 2). However, with
the reclassification of patients using median value of PALS,
the size of the subgroup was larger and confirmed the results
previously presented. Finally, the lack of information on atrial
fibrillation because it might be associated with both LA struc-
tural and mechanical remodelling is a potential limitation. In
order to avoid this confounding variable, we included only
patients with sinus rhythm, but we are not certain about pos-
sible previous episodes of atrial fibrillation in some patients.

Conclusions

Left atrial remodelling is a frequent phenomenon in patients
with HFrEF, which is characterized by structural and mechan-
ical chamber modifications. These two aspects are related
but not invariably associated in HFrEF patients. The coexis-
tence of LA structural and mechanical remodelling seems to
exist in patients with worse symptoms, hormonal activation,
and prognosis. However, our results highlight the LA mechan-
ical impairment (reduced PALS) as the most important player
in the disease burden, further supporting the hypothesis that
LA remodelling is more than just LA enlargement.38

Table 4 Cox proportional multivariable hazard model

HR (95% CI) P-value

Group 4 3.4 (1.7–6.5) 0.0003
Group 3 2.7 (1.3–5.6) 0.01
Group 2 1.9 (0.9–3.6) 0.06
Age 1.02 (1.00–1.03) 0.009
Female gender 0.7 (0.5–1.0) 0.07
Hypertension 0.9 (0.7–1.2) 0.6
NYHA (%) 1.4 (1.1–1.8) 0.005
EF (%) 1.0 (0.97–1.02) 0.7
E/E0 0.99 (0.97–1.02) 0.3
MR 1.2 (1.1–1.3) 0.002
BNP (log) 2.1 (1.3 3.1) 0.0006
TAPSE/SPAP (mm/mmHg) 0.99 (0.49–1.36) 0.4

BNP, brain natriuretic peptide; CI, confidence interval; EF, ejection
fraction; HR, hazard ratio; MR, mitral regurgitation; NYHA, New
York Heart Association functional class; PALS, peak atrial longitudi-
nal strain; SPAP, systolic pulmonary artery pressure; TAPSE, tricus-
pid annular plane systolic excursion.
Groups were redefined according to a cut-off value of PALS deter-
mined by the its median value specific for the population evaluated
with different software.
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