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Abstract

Aims We hypothesized that left atrial (LA) remodelling and function are associated with poor exercise capacity as prognostic
marker in chronic heart failure (CHF) across a broad range of left ventricular ejection fraction (LVEF).
Methods and results One hundred seventy-one patients with CHF were analysed [age 65 ± 11 years, 136 males (80%); 86
heart failure with reduced ejection fraction (HFrEF), 27 heart failure with mid-range ejection fraction (HFmrEF), 58 heart fail-
ure with preserved ejection fraction (HFpEF)]. All patients underwent echocardiography and maximal cardiopulmonary exer-
cise testing and were classified according to a prognostic cut-off of peak VO2 (pVO2; 14 mL/kg/min). Seventy-seven (45%)
patients reached pVO2 < 14 and 94 (55%) pVO2 ≥ 14 mL/kg/min. Between the two groups, there was a considerable differ-
ence in both left atrial volume (LAVi, 53 ± 24 vs. 44 ± 18 mL/m2, P = 0.005) and function (LA reservoir strain 12 ± 5 vs.
20 ± 10%, P < 0.0001). Receiver-operating characteristic curves identified LA reservoir strain (area under the curve: 0.73
[0.65–0.80], P < 0.0001) as strong predictor for impaired pVO2 among all echocardiographic variables; LA reservoir
strain < 23% had 37% specificity but a very high sensitivity (96%) in identifying a severely reduced pVO2. In logistic
regression analysis, LA reservoir strain < 23% was associated with a highly increased risk of pVO2 < 14 mL/kg/min (odds
ratio 16.0 [4.7–54.6]; P < 0.0001). The multivariate analysis showed that a reduced LA reservoir strain was associated with
pVO2 < 14 mL/kg/min after adjustment for age, body mass index (BMI), and clinical variables, that is, New York Heart
Association class, atrial fibrillation, haemoglobin, and creatinine (b 0.22 [95% confidence interval, CI, 0.12–0.31];
P < 0.0001), and after adjustment for echocardiographic variables, that is, LVEF or left ventricular global longitudinal strain
(LVGLS) and tricuspid annular plane systolic excursion (TAPSE) (b 0.16 [95% CI 0.08–0.24]; P < 0.0001). Patients with HFrEF,
HFmrEF, and HFpEF were separately analysed. Among LA reservoir strain, LAVi, LVEF, LVGLS, and TAPSE, LA reservoir strain
was the only one significantly associated with pVO2 in all subgroups (after adjustment for sex and BMI, P = 0.003, 0.04, and
0.01, respectively).
Conclusions In patients with CHF, an impaired LA reservoir function is independently associated with a severely reduced
pVO2. LA dysfunction represents a marker of poor prognosis across LVEF borders in the CHF population.
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Introduction

Contemporary classification of heart failure (HF) is ubiqui-
tously based on the use of left ventricular ejection fraction
(LVEF), and three groups are currently recognized in clinical
practice and research.1 Indeed, LVEF is an established power-
ful predictor of outcome in HF patients, especially in those
with reduced EF. In the subgroup with an LVEF above 45%,
patients have a much lower risk of cardiovascular events than
those with lower EF, but LVEF is not useful in further risk
stratification of patients,2 so the contribution of systolic func-
tion in prognostic assessment across the full spectrum of HF
could be questioned. However, the identification of a univer-
sal marker of poor prognosis in the HF population would be
of utmost importance, because the HF syndrome compre-
hends disorders with a variety of pathophysiological mecha-
nisms; moreover, patients could switch from one EF-based
group to another in the course of the disease, so that appeals
have been recently made to shift from an HF classification
system based on LVEF alone.3

The relationship between left atrial (LA) function and prog-
nosis has not yet been described in HF patients across the full
spectrum of EF. However, LA function has been found to be
closely related to functional capacity in patients with HF both
with reduced and preserved EF.4–7 In the present study, we
analysed the influence of LA function on exercise capacity,
as recognized marker of prognosis in chronic HF, in a cohort
of HF patients with a broad spectrum of EF. Indeed, LA func-
tion plays a role in exercise capacity through its influence on
LV filling, because it buffers flow and pressure fluctuations
during the cardiac cycle, so that on the one hand it affects
LV output and on the other hand it influences pressures in
the pulmonary circulation. We hypothesized that in an HF
population, LA function could be a marker of poor exercise
capacity regardless of LVEF.

Methods

Two hundred forty-seven patients with a diagnosis of HF,
evaluated between August 2016 and December 2019 in an
outpatient setting or during hospitalization for HF in two Eu-
ropean HF clinics, were enrolled. All patients were stable and
fully recompensated before inclusion into this study. One
hundred thirty-one consecutive patients with a diagnosis of
HF with preserved ejection fraction (HFpEF) or mid-range
ejection fraction (HFmrEF) were evaluated at the Charité Uni-
versity Hospital, Berlin, Germany, and prospectively enrolled
in the German HFpEF Registry (data previously published7);
116 consecutive patients with HF evaluated at the Cardiac Re-
habilitation Centre, Veruno, Italy, in the same time frame
were retrospectively enrolled.

Inclusion criteria of the German HFpEF Registry have been
previously published.7 Inclusion criteria for patients included
at the Veruno Centre were (i) known LV systolic dysfunction
(LVEF ≤ 50%); (ii) age ≥ 18 years; and (iii) New York Heart As-
sociation (NYHA) functional class ≥ II. For both populations,
patients were ineligible in the presence of acute coronary
syndrome or cardiac surgery/percutaneous intervention dur-
ing the past 3 months, haemodynamic relevant pericardial
disease, significant mitral annular calcification, congenital
heart disease, previous cardiac transplantation, restrictive
cardiomyopathy, severe chronic obstructive pulmonary dis-
ease, severe kidney disease, or severe liver disease. After pa-
tients were evaluated for inclusion, those with more than
moderate valve disease, unsuitable LA echocardiographic
analyses, or sub-maximal exercise testing were excluded.
The study complies with the Declaration of Helsinki. The
ethics committee of Charité University Hospital approved
the research project. As for the patients retrospectively en-
rolled at Veruno Cardiac Rehab Centre, an informed consent
to the treatment of anonymized clinical data was signed by
all patients, according to the institutional policy. Thus, written
informed consent was obtained from all study subjects.

For every study participant, clinical data were collected:
demographics, body mass index (BMI), cardiovascular risk
factors, chronic ischaemic heart disease, history of paroxys-
mal or permanent atrial fibrillation (AFib), NYHA functional
class, and medications. Blood samples were collected for lab-
oratory testing, including haemoglobin, creatinine, and
N-terminal pro-brain natriuretic peptide (NT-proBNP).

Echocardiography

All patients underwent comprehensive 2D echocardiography
at rest using commercially available ultrasound systems
(Philips EPIQ 7, Philips Medical Systems, Andover, MA, or
Vivid 7/Vivid S6, GE Vingmed Healthcare). In addition, images
were obtained at a frame rate of 50 to 80 frame/s for
speckle-tracking echocardiographic analysis. A minimum of
three cardiac cycles (for patients in sinus rhythm) or five car-
diac cycles (for patients in AFib) were acquired. All sonogra-
phers were trained in accordance with a pre-specified
standard operation procedure. All 2D, Doppler, and strain
measurements were performed offline, at the Charité Aca-
demic Echocardiography core laboratory using a customized
software package (TomTec Image Arena, Unterschleissheim,
Germany) and at the Veruno echocardiographic laboratory
using the EchoPAC Workstation Software (GE Healthcare).
All analyses were performed according to ASE/EACVI recom-
mendations by a single investigator, with over-reading by a
second investigator. All researchers were blinded to the clin-
ical characteristics of the patients.

Left ventricular endocardial longitudinal strain was mea-
sured with an algorithm designed for the LV in apical
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four-chamber and two-chamber view, and an average of the
two values was calculated; the biplane longitudinal strain
was considered for the analyses as global longitudinal strain
(GLS). LV endocardial border was contoured at LV
end-diastole and end-systole and manually adjusted when re-
quired. When there were dropout or poor tracking in two or
more segments out of six, LV strain was not measured.

In apical four-chamber view, LA maximal volume and LA
strain were measured. The onset of QRS was used as the ref-
erent point, and the average of three consecutive measure-
ments was considered. LA endocardial border was manually
contoured at LV end-diastole and end-systole, with visual
tracking quality and manual adjustment when required.
When there were dropout or poor tracking due to inade-
quate image quality in one out of three segments (LA sep-
tum, LA lateral wall, or LA roof), LA strain was not
measured and patients without measurable LA strain were
excluded from the final study population. Overall, a total of
238/247 (96%) LA speckle tracings were suitable for strain
analysis. LA enlargement was defined as an LA maximal vol-
ume index (LAVi) higher than 34 mL/m2. The three compo-
nents of LA function were evaluated: reservoir (the LA filling
phase, corresponding to LV systole), conduit (the passive LA
empting phase, from mitral valve opening to P-wave), and
contractile (the active LA empting phase, from the onset of
P-wave to mitral valve closure). The value of reservoir strain
was considered normal when >23%, as defined in a large
multicentre study.8

Measurement’s reproducibility has been estimated for LA
reservoir strain and LVGLS by means of interclass correlation
coefficient (ICC). The intra-observer variability was excellent
for both reservoir strain (ICC 0.92 [95% confidence interval,
CI, 0.83–0.96]) and LVGLS (ICC 0.95 [95% CI 0.93–0.96]).

Cardiopulmonary exercise test

All patients performed a symptom-limited cardiopulmonary
exercise test (CPET) using a cycle ergometer protocol within
a 1 week time interval from echocardiography. The protocol
consisted in cycling at 60 rpm, starting at a workload of
20 W, with a stepwise 20 W increment every 2 min. Heart
rate and blood pressure were monitored at rest and during
exercise. By means of a ventilatory expired gas analysis sys-
tem, breath-by-breath oxygen consumption (VO2), carbon di-
oxide production (VCO2), and minute ventilation (VE) were
registered and averaged over a 30 s interval. Test was termi-
nated due to symptoms onset, ventricular arrhythmia, ST seg-
ment depression ≥ 2.0 mm, and drop in systolic blood
pressure ≥ 20 mmHg. All oral medications were continued
before and through CPET.

Peak VO2 (pVO2) was defined as the highest averaged VO2

during the last stage of exercise. Percentage values of pre-
dicted pVO2 were calculated using the Wasserman formula.

The ventilatory response to exercise was estimated by VE/
VCO2 slope. The maximal respiratory exchange ratio (RER)
was calculated as the VCO2/VO2 ratio during the last stage
of exercise. The ability to perform maximal exercise testing
(RER > 1.0) was considered a mandatory inclusion criterion.
Therefore, patients with maximal RER < 1.0 were excluded
from the study analyses.9

Statistical analysis

Data are presented as mean ± standard deviation (SD) or ab-
solute values and percentages, as appropriate. Exercise ca-
pacity was evaluated by measuring pVO2 and VE/VCO2.
Patients were divided into two groups according to their ex-
ercise capacity, using a validated pVO2 cut-off of prognostic
value in HF patients’ populations (pVO2 14 mL/kg/
min).4,10–12 Student’s t-test and χ2 test were used to compare
continuous and categorical variables between groups, respec-
tively. To determine the association between continuous var-
iables, Pearson’s correlation coefficient was used. Receiver-
operating characteristic (ROC) curve analysis was performed
to assess the area under the curve (AUC) for the most rele-
vant echocardiographic variables measured, and DeLong’s
test was performed to compare AUC values. The independent
association of LA strain with pVO2 was studied with regres-
sion analysis. All variables were considered on a continuous
scale. Two different models were used. In addition to LA
strain, in the clinical model, we considered as independent
variables age and BMI as non-cardiac factors known to have
an influence on pVO2 values

12 and clinical and laboratory var-
iables significantly associated with pVO2 at univariate analy-
sis. In the echocardiographic model, LVEF or LVGLS as
measure of LV systolic function and tricuspid annular plane
systolic excursion (TAPSE) as measure of right ventricular
function were used. Then, univariate and multivariate logistic
regression analyses were performed to assess the predictabil-
ity of VO2 < 14 mL/kg/min for LAVi and LA strain, in the over-
all population and in subgroups with normal and dilated LAVi.
Finally, we analysed separately patients with HF with reduced
ejection fraction (HFrEF), HFmrEF, and HFpEF, to validate the
study results in LVEF subgroups. All tests were two-tailed. A
P-value < 0.05 was considered statistically significant. Analy-
ses were performed using SPSS Version 20.0 (SPSS, Chicago,
IL).

Results

Of the 247 patients with HF evaluated for enrolment in the
study and analysed, 54 patients were excluded due to
sub-maximal exercise testing, 10 due to absence of CPET, 3
due to resting heart rate < 45 or >100 b.p.m., 1 due to se-
vere valve disease, and 8 due to unsuitable LA strain analysis.
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Thus, 171 patients formed the final population. Mean age
was 65 ± 11 years, 136 (80%) were males, and 42 (25%) were
obese (BMI ≥ 30 kg/m2). Of the 171 patients, 86 were classi-
fied HFrEF (LVEF < 40%), 27 HFmrEF (LVEF 40–49%), and 58
HFpEF (LVEF ≥ 50%). Overall, mean pVO2 was 16 ± 11 mL/
kg/min; 77 patients (45%) reached a pVO2 < 14 mL/kg/min
(mean value 11 ± 2), and 94 (55%) a pVO2 ≥ 14 mL/kg/min
(mean value 18 ± 4). Clinical and echocardiographic charac-

teristics of patients divided according to pVO2 are shown in
Table 1. On average, patients with more severely reduced ex-
ercise capacity were older and had higher BMI, lower systolic
blood pressure, higher prevalence of NYHA class III, higher
NT-proBNP, worse renal function and higher prevalence of
loop diuretics medications, slightly lower haemoglobin, and
higher AFib prevalence. On the contrary, between the two
groups, there was not a significant difference in terms of

Table 1 Demographic, clinical, and echocardiographic characteristics in the overall population and according to exercise capacity< 14 or
≥14 mL/kg/min; P-value for comparison of each variable between the two groups (peak VO2 < 14 or ≥14 mL/kg/min); P-value for Pearson’s
correlation between each variable and linear peak VO2 in the overall population

Overall
population
(n = 171)

Peak VO2
< 14 mL/kg/min

(n = 77)

Peak VO2
≥ 14 mL/kg/min

(n = 94)
P-value for
comparison

P-value for
correlation with
linear peak VO2

Age, years 65 ± 11 68 ± 10 63 ± 11 0.001 0.002
Male sex, n (%) 136 (80) 59 (77) 77 (82) 0.4 0.4
Body mass index, kg/m2 27 ± 5 28 ± 5 26 ± 4 0.01 0.003
NYHA class III, n (%) 23 (13) 18 (23) 5 (5) <0.0001 <0.0001
Hypertension, n (%) 105 (61) 48 (62) 57 (61) 0.6 0.8
Hypercholesterolaemia, n (%) 79 (46) 37 (48) 42 (42) 0.7 0.7
Diabetes, n (%) 36 (21) 17 (22) 19 (20) 0.7 0.7
Ischaemic heart disease, n (%) 93 (54) 45 (58) 48 (51) 0.4 0.4
Atrial fibrillation, n (%) 30 (18) 21 (27) 9 (10) 0.004 0.003
Haemoglobin, g/dL 13.4 ± 1.6 13.1 ± 1.6 13.6 ± 1.6 0.05 0.003
Creatinine, mg/dL 1.1 ± 0.4 1.2 ± 0.4 1.1 ± 0.3 0.01 <0.0001
NT-proBNP, pg/mL 1473 ± 1962 1900 ± 2355 1055 ± 1382 0.03 0.002
Loop diuretics, n (%) 134 (78) 70 (91) 64 (68) <0.0001 <0.0001
Beta-blockers, n (%) 145 (85) 69 (90) 76 (81) 0.2 0.1
ACE inhibitors, n (%) 121 (71) 45 (58) 76 (81) 0.005 0.02
Mineralocorticoid
receptor antagonists, n (%)

41 (24) 16 (21) 25 (26) 0.5 0.6

SBP, mmHg 120 ± 22 117 ± 22 124 ± 23 0.05 0.003
HR at rest, b.p.m. 68 ± 11 67 ± 9 69 ± 11 0.3 0.6
Peak VO2, mL/kg/min 16 ± 11 11.4 ± 1.8 18.5 ± 3.6 <0.0001 —

% predicted peak VO2 66 ± 21 55 ± 18 76 ± 20 <0.0001 <0.0001
Peak RER 1.09 ± 0.08 1.08 ± 0.08 1.09 ± 0.08 0.2 0.9
VE/VCO2 slope 37 ± 8 40.5 ± 9.4 33.6 ± 6.0 <0.0001 <0.0001
LV EDVi, mL/m2 85 ± 36 88 ± 35 83 ± 36 0.4 0.01
LVMi, g/m2 120 ± 31 122 ± 29 119 ± 32 0.5 0.08
LVEF, % 42 ± 16 38 ± 17 44 ± 18 0.01 <0.0001
LVGLS, % �11.6 ± 6.1 �9.8 ± 6.2 �12.9 ± 5.9 0.001 <0.0001
SV-LVOT-i, mL/m2 29 ± 7 27 ± 6 32 ± 7 0.008 0.1
Diastolic dysfunction 156 (91%) 72 (94%) 84 (89%) 0.1 0.07

I degree 39 (23%) 16 (21%) 23 (24%)
II degree 36 (21%) 22 (29%) 14 (15%)
III degree 23 (13%) 11 (14%) 12 (13%)
Indeterminate 58 (34%) 23 (30%) 35 (37%)

LAVi, mL/m2 48 ± 21 53 ± 24 44 ± 18 0.005 0.002
LA reservoir
strain, %

16 ± 9 12 ± 5 20 ± 10 <0.0001 <0.0001

LA conduit strain, % 9 ± 5 7 ± 3 11 ± 5 <0.0001 <0.0001
LA contractile strain, % 9 ± 5 6 ± 3 10 ± 5 <0.0001 <0.0001
E, cm/s 77 ± 25 83 ± 28 74 ± 23 0.05 0.1
A, cm/s 66 ± 24 66 ± 26 66 ± 22 0.9 0.9
E/A 1.4 ± 0.9 1.5 ± 1.1 1.3 ± 0.9 0.2 0.1
E/e0 12.4 ± 5.1 12.8 ± 4.6 12.1 ± 5.6 0.5 0.08
MR, n (%) 136 (80) 62 (81) 74 (79) 0.6 0.6
TR, n (%) 120 (70) 61 (79) 59 (63) 0.01 0.01
SPAP, mmHg 35 ± 12 38 ± 13 32 ± 9 0.01 0.001
TAPSE, mm 20 ± 5 18 ± 5 21 ± 4 <0.0001 <0.0001
TAPSE/SPAP, mm/mmHg 0.60 ± 0.24 0.51 ± 0.22 0.68 ± 0.23 <0.0001 <0.0001

EDVi, end-diastolic volume indexed to body surface area; HR, heart rate; LAVi, left atrial volume indexed to body surface area; LV, left ven-
tricular; LVEF, left ventricular ejection fraction (biplane); LVGLS, left ventricular global longitudinal strain (biplane); LVMi, left ventricular
mass indexed to body surface area; MR, mitral regurgitation; NT-proBNP, N-terminal pro-brain natriuretic peptide; NYHA, New York Heart
Association; RER, respiratory exchange ratio; SBP, systolic blood pressure; SPAP, systolic pulmonary artery pressure; SV-LVOT-i, stroke vol-
ume measured at left ventricular outflow tract indexed to body surface area; TAPSE, tricuspid annular plane systolic excursion; TR, tricus-
pid regurgitation; VE/VCO2, minute ventilation/carbon dioxide production ratio; VO2, oxygen consumption.
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sex, cardiovascular comorbidities, resting heart rate, and
beta-blockers intake.

Systolic function according to LVEF and LVGLS but not LV
dimensions, LV mass, and diastolic dysfunction degree was
significantly different between the two groups. Moreover, pa-
tients with reduced exercise capacity showed lower right
ventricular function (TAPSE), higher systolic pulmonary artery
pressure (SPAP), and lower TAPSE/SPAP (Table 1).

Left atrial function and exercise capacity

In the overall population, 130 patients (76%) showed a di-
lated LAVi, and 131 (77%) a reduced LA function according
to LA reservoir strain. In patients with pVO2 < 14 mL/kg/
min, LAVi and all LA strain parameters were different and
worse in comparison with patients with pVO2 ≥ 14 mL/kg/
min (reservoir strain 11 ± 5% vs. 20 ± 10%, conduit strain
7 ± 3% vs. 11 ± 5%, contractile strain 6 ± 3% vs. 10 ± 5%;
P < 0.0001 for all). In continuous regression analysis, LA vol-
ume and all strain parameters were associated with pVO2

(Table 2, Figure 1) and, similarly, with % predicted pVO2

(LAVi, P = 0.006; reservoir strain, P < 0.0001; contractile
strain, P = 0.01; conduit strain, P < 0.0001). Also, for VE/
VCO2 (LAVi, P = 0.02; reservoir strain, P < 0.0001; contractile
strain, P = 0.006; conduit strain, P = 0.01), a significant asso-
ciation was found.

At ROC analysis of LA reservoir strain (0.73), LA contractile
strain (0.72), TAPSE (0.68), and LVGLS (0.67) (Figure 2)
showed the highest AUC (P-value for comparison with AUC
for LA reservoir strain > 0.05) for pVO2 < 14 mL/kg/min
among other echocardiographic variables tested (AUC for
LVEF 0.62, LAVi 0.63, SPAP 0.62); in particular, an impaired
LA reservoir strain (<23%) had a low specificity (37%) but a
very high sensitivity (96%) in identifying a severely reduced
pVO2. In fact, in patients with pVO2 > 14 mL/kg/min, LA pa-
rameters showed a wide range of values, whereas when
pVO2 is <14 mL/kg/min, LAVi varies from normal to severely
increased but LA strain is almost invariably reduced
(Figure 3).

Then, we tested the independent role of LA strain through
two multivariate analysis models. In the clinical model, LA
reservoir, contractile, and conduit strain were all associated

Table 2 Linear regression analysis for association between LA parameters, clinical or other echocardiographic variables, and peak VO2
(mL/kg/min): P-value, b coefficient (95% confidence interval)

LA reservoir strain, % LA contractile strain, % LA conduit strain, % LA volume index, mL/m2

Univariate <0.0001; 0.21 (0.14–0.28) <0.0001; 0.29 (0.16–0.44) <0.0001; 0.32 (0.18–0.46) 0.002; �0.05 (�0.08 to �0.02)
Model 1 <0.0001; 0.22 (0.12–0.31) 0.001; 0.33 (0.15–0.52) <0.0001; 0.35 (0.17–0.53) 0.1; �0.03 (�0.09 to 0.01)
Model 2 <0.0001; 0.16 (0.08–0.24) 0.003; 0.23 (0.08–0.37) 0.007; 0.20 (0.06–0.35) 0.06; �0.03 (�0.06 to 0.001)

LA, left atrial; VO2, oxygen consumption.
Model 1: adjusted for age, body mass index, New York Heart Association class, atrial fibrillation/sinus rhythm, haemoglobin, and creati-
nine. Model 2: adjusted for left ventricular ejection fraction and tricuspid annular plane systolic excursion.

Figure 1 Linear correlations between left atrial strain and peak VO2

values in the overall study population.
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with pVO2 after adjustment for age, BMI, AFib, creatinine,
haemoglobin, and NYHA class (Table 2). Among other covari-
ates, also BMI (in the model with LA reservoir strain,
P < 0.0001, B �0.32 [�0.49 to �0.15]; in the model with
LA contractile strain, P = 0.001, B �0.36 [�0.58 to �0.15];
in the model with LA conduit strain, P < 0.0001, B �0.38
[�0.57 to �0.19]) and NYHA class (P = 0.002, B �3 [�4.8
to �1.1]; P = 0.001, B �3.9 [�6.1 to �1.6]; P = 0.005; B �3
[�5.1 to �0.9], respectively) were independently associated
with pVO2. Moreover, in the 93 patients for which
NT-proBNP was measured, LA reservoir and conduit strain
were independently associated with pVO2 after adjustment
for age, BMI, AFib, creatinine, haemoglobin, and LogNT-
proBNP (P = 0.02 and P = 0.03, respectively; P = 0.08 for LA
contractile strain). In the echocardiographic model, LA strain
was associated with pVO2 after adjustment for LVEF and
TAPSE (Table 2). Also, LVEF was independently associated
with pVO2 in the model with LA reservoir, contractile, and
conduit strain (P = 0.02, B 0.05 [0.008–0.09]; P = 0.02, B
0.06 [0.009–0.10]; P = 0.01; B 0.06 [0.01–0.10], respectively),
whereas TAPSE was associated with pVO2 only in the model
adjusted for LA conduit strain (P = 0.02, B 0.17 [0.02–0.32]).
We obtained the same results when LVGLS was considered

instead of LVEF (for LA reservoir, contractile, and conduit
strain, P < 0.0001, P = 0.003, and P = 0.01, respectively) or
TAPSE/SPAP as measure of right ventricular-arterial coupling
instead of TAPSE (P < 0.0001, P = 0.002, and P = 0.002, re-
spectively). Another analysis considering as covariates LA res-
ervoir strain, LVEF, TAPSE, and SPAP separately showed the
same results (P < 0.0001 for LA reservoir strain, P > 0.1 for
LVEF and TAPSE, P = 0.01 for SPAP). Similarly, LA strain was
associated with % predicted pVO2 in the clinical multivariate
model (for LA reservoir and conduit strain, P < 0.0001; for
LA contractile strain, P = 0.004). On the contrary, LA reservoir
strain was independently associated with VE/VCO2 in the
echocardiographic model but not in the clinical model
(P = 0.004).

Left atrial reservoir strain in patients with normal
and increased left atrial volume

In the overall population, LA volume and reservoir strain
were both normal in 20 patients (12%); 20 (12%) had dilated
LAVi but normal reservoir strain; 20 (12%) had normal LAVi
but reduced reservoir strain; 110 (64%) had dilated LAVi

Figure 2 Receiver-operating characteristic curves analysis of the parameters with the greatest value of area under the curve (AUC). LA, left atrial;
LVGLS, left ventricular global longitudinal strain; TAPSE, tricuspid annular plane systolic excursion.
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and reduced reservoir strain (Figure 4). In the ROC analysis,
the highest AUC was obtained when LA reservoir strain and
LAVi were considered together, but it was not significantly
different from the AUC for LA reservoir strain alone (0.75

vs. 0.73 and 0.63 for LA strain and LAVi alone, P = 0.6 and
P = 0.04, respectively).

The logistic regression analysis showed that a dilated LA
(>34 mL/mq) was associated with a two-fold risk of
pVO2 < 14 mL/kg/min (P = 0.02, odds ratio, OR, 2.4
[1.1–5.1]) whereas a reduced LA reservoir strain (<23%)
was associated with a 16-fold risk of pVO2 < 14 mL/kg/min
(P < 0.0001, OR 16.0 [4.7–54.6]). Moreover, a reduced LA
reservoir strain was associated with a highly increased risk
of pVO2 < 14 mL/kg/min in patients with both a normal LAVi
(P = 0.01, OR 8.2 [1.5–44]) and a dilated LAVi (P = 0.002, OR
26.4 [3.4–204]). In patients with normal LAVi, a value of LA
reservoir strain< 23% was the only parameter independently
associated with pVO2 < 14 mL/kg/min after adjustment for
LVEF and TAPSE (P = 0.02, OR 7.4 [1.3–42]) at multivariate
analysis, whereas in patients with a dilated LAVi, LA reservoir
strain < 23% (P = 0.006, OR 18.5 [2.3–148]) and also TAPSE
(P = 0.01, OR 0.9 [0.81–0.97]) were independently associated
with pVO2 < 14 mL/kg/min after the same adjustment.

Among patients with dilated LA, most patients with mod-
erately or severely enlarged LA (21/25, 84%, and 71/74 pa-
tients, 96%, respectively) had LA reservoir strain < 23%,
whereas in the 31 patients with mild LA enlargement, LA res-
ervoir strain showed high predictive value for reduced exer-
cise capacity (AUC 0.85 [0.71–0.99]). In this subgroup, also
regression analysis showed the independent association of
LA reservoir strain with pVO2 at univariate analysis and after
adjustment for LVEF and TAPSE (P = 0.01 and P = 0.02,
respectively).

Value of left atrial function in patients with heart
failure with reduced ejection fraction, mid-range
ejection fraction, and preserved ejection fraction

We focused on key indexes of ventricular systolic function
and LA remodelling, and interestingly, we found that LA reser-
voir strain, LAVi, LVEF, LVGLS, and TAPSE were all significantly
related to each other in the overall population (P < 0.05),
with the strongest correlations between LVEF and LVGLS (r
�0.91, P < 0.0001), LA reservoir strain and LAVi (r �0.50,
P < 0.0001), and LVGLS and LA reservoir strain (r �0.39,
P < 00001). Patients with HFrEF, HFmrEF, and HFpEF were
then analysed separately. Mean pVO2 was 14 ± 4, 16 ± 4,
and 17 ± 5 mL/kg/min, respectively (P for trend 0.002, with
a significant difference between mean pVO2 value between
HFrEF and HFpEF). When the three groups were analysed
separately, the association between LA strain and LVGLS
persisted only for patients with HFrEF (P < 0.0001). More-
over, the association between pVO2 and key echocardio-
graphic variables has been tested. Neither LV mass index
(LVMi) nor E/e0, diastolic dysfunction degree, and SPAP were
linearly associated with pVO2 (P for correlation > 0.05); the
association was statistically significant for LVEF only in HFrEF

Figure 3 Distribution of left atrial volume index and left atrial reservoir
function values in patients with peak VO2 < 14 (red dots) or ≥14 mL/
kg/min (blue dots).

Figure 4 Prevalence of patients with normal/dilated left atrial volume
(LAVi) and normal/reduced left atrial reservoir strain in patients with
peak VO2 < 14 or ≥14 mL/kg/min.
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patients, for LVGLS in HFrEF and HFmrEF, and for TAPSE in
HFrEF and HFpEF (P < 0.05). Interestingly, among all the var-
iables described, LA strain was the only parameter associated
with pVO2 at linear regression analysis in all the subgroups,
both at univariate analysis and after adjustment for age and
BMI (Table 3, Figure 5). Finally, when the association between
LA reservoir strain and LVGLS and pVO2 was studied at linear
regression analysis, LA strain but not LVGLS was indepen-
dently associated (P = 0.02 in HFrEF and HFmrEF, P = 0.01
in HFpEF).

Discussion

The main results of the present study are the following: (i) LA
function was reduced in HF patients across the whole spec-
trum of LVEF; (ii) LA reservoir strain has a powerful and inde-
pendent ability, among the echocardiographic parameters, in
identifying HF patients with severely reduced exercise capac-
ity; and (iii) LA reservoir strain but not left or right ventricular
systolic function was associated with exercise capacity in all
the subgroups of patients with HFrEF, HFmrEF, and HFpEF.

Although EF reduction is the main functional feature of
HFrEF and HFmrEF patients, previous studies questioned
the correlation between LV systolic function and exercise ca-
pacity, rather highlighting the role of diastolic function
impairment.13,14 HFrEF and HFpEF are characterized by differ-
ent degrees of systolic and diastolic dysfunction, but the con-
tribution of their respective impairment is not completely
understood, especially in relation to exercise intolerance. In
the present cohort, a strong association was found between
pVO2 and LV systolic function, especially in HFrEF, but neither
E/e0 nor the diastolic dysfunction grading could predict a re-
duced pVO2. Interestingly, neither rest E/e0 nor peak exercise
E/e0 was significantly associated with exercise capacity in a
previous CPET study.15

LAVi, as a marker of global LV systolic and diastolic dys-
function with important prognostic power,16 has been shown
to correlate frequently17 but not invariably7,18 with exercise
tolerance in HF patients. However, it is unlikely that the in-
creased LA volume might completely reflect the complex
phenomenon of LA remodelling and, recently, functional LA
parameters were introduced to better extrapolate the LA
contribution to the severity of the disease. Actually, in our
study, LA reservoir function and exercise capacity were
closely and independently associated, both in the global HF
population and in all EF subgroups. In particular, the value
added by LA reservoir strain is highly relevant in patients with
normal LAVi and with mildly dilated LA. In fact, when LA is
moderately to severely dilated, also LA strain is usually re-
duced, supporting the notion that LA dysfunction in more
sensitive and discriminative than structural parameters.19

The association between LA function and exercise capacity
has already been documented in previous studies of both
HFrEF4,6 and HFpEF populations.20,21 In these studies, the au-
thors explained this association as a consequence of the role
of LA in contributing to adequate LV filling and in mitigating
increased filling pressure.22 To our knowledge, this is the first
study that considered the whole HF population across LVEF
borders.

In accordance with previous findings,23 we found a strong
direct association between LA and LV systolic function in the
overall population and in the subgroup with HFrEF, but not
in the HFmrEF and HFpEF patients. Consistently, mean LA
reservoir strain values are even lower in HFrEF. However,
other two major elements are involved in reducing LA
function in HF. First, the LA is characterized by myocyte ap-
optosis, fibroblast proliferation, and fibrosis,24 that is tissue
alterations that affect directly the LA independently of the
degree of LV dysfunction, also referred as intrinsic atrial
myopathy. Second, LA reservoir function is highly affected
by the global haemodynamic overload. Indeed, in a cohort
of HFrEF patients, LA reservoir function was found to be
strongly impaired in decompensated HF but significantly

Table 3 Association between exercise capacity (pVO2, mL/kg/min) and key echocardiographic parameters in patients with HFrEF, HFmrEF,
and HFpEF

HFrEF (n = 86) HFmrEF (n = 27) HFpEF (n = 58)

Mean ± SD

P-value for association
with pVO2 at linear
regression analysisa Mean ± SD

P-value for association
with pVO2 at linear
regression analysisa Mean ± SD

P-value for association
with pVO2 at linear
regression analysisa

LA reservoir strain, % 14 ± 9 0.003 19 ± 8 0.04 18 ± 9 0.01
LAVi, mL/m2 54 ± 22 0.1 41 ± 16 0.04 44 ± 20 0.8
LVEF, % 28 ± 7 0.002 45 ± 3 0.1 62 ± 6 0.08
LVGLS, % �7 ± 2 0.002 �13 ± 3 0.06 �19 ± 3 0.1
TAPSE, mm 19 ± 5 0.002 19 ± 4 0.6 20 ± 4 0.01

HFmrEF, heart failure with mid-range ejection fraction; HFpEF, heart failure with preserved ejection fraction; HFrEF, heart failure with re-
duced ejection fraction; LA, left atrial; LAVi, left atrial volume indexed to body surface area; LVEF, left ventricular ejection fraction; LVGLS,
left ventricular global longitudinal strain; pVO2, maximal oxygen consumption; SD, standard deviation; TAPSE, tricuspid annular plane sys-
tolic excursion.
aAdjusted for age and body mass index.
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recovered in a subset of patients in the weeks after decon-
gestive therapy.25

The LA function conveys the complex interplay between LV
systolic function, filling pressure, and pathological processes
typical of HF that causes the atrial myopathy and in its turn
is a key element for right ventricular-pulmonary circulation
coupling.26 Therefore, the strong association found between
LA function and exercise intolerance suggests LA reservoir
strain as marker with prognostic value into the whole spec-
trum of HF and consequently it might be considered as po-
tential therapeutic target. In fact, LA functional assessment
provides information on the effectiveness of HF therapies in
mitigating symptoms through the LA unloading and the ben-
eficial effect on the LA dysfunction progression.27 LA volume
value as a therapeutic target has been questioned, because
LA dilatation could persist despite improvement in LV filling
pressure.28 Instead, LA function is severely impaired during
decompensation and improves after decongestive therapy.
Such LA functional improvement has been associated with
outcome in an HFrEF cohort.25

Limitations

The major limitation of the present study is the use of two
different echocardiographic vendors and relative software
for strain analysis. However, inter-vendor differences in LA
strain measurements may be of relatively little importance
according to previous analyses.29,30 Moreover, we used a
value > 23% to define normal LA reservoir function, as sug-
gested in a large multicentre study,8 but a definite cut-off of
normality has still not been identified and we did not have
a control group. However, we used the LA reservoir strain
mainly as a continuous variable to overcome this limitation.

Although recommendations suggest the biplane Simpson’s
method to assess LA volume, it has been measured only in
apical four-chamber view.

Another limitation is the small size of the HFmrEF sub-
group, which is underrepresented in the present study.
Moreover, we did not analyse separately patients with AFib
due to the small sample size. However, we performed ROC
analyses and multivariate regression analyses after the ex-
clusion of patients with AFib, and the study results were
confirmed.

Finally, a limitation of the study is the lack of prognostic
data. Exercise capacity is a well-recognized prognostic marker
in chronic HF. However, prognosis assessment would have
strengthened the study results.

Conclusions

In a cohort of stable HFrEF, HFmrEF, and HFpEF patients, LA
function assessed through LA reservoir strain is compromised
and associated with exercise intolerance independently from
known determinants of exercise capacity. Therefore, LA func-
tion assessed in addition to clinical and echocardiographic pa-
rameters could represent a marker of disease severity and
portend clinical utility in the prognostic evaluation and ther-
apy of HF patients across the full spectrum of LVEF.
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