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Abstract
Background Left atrial (LA) reservoir strain provides prognostic information in patients with and without heart failure (HF), 
but might be altered by atrial fibrillation (AF). The aim of the current study was to investigate changes of LA deformation 
in patients undergoing cardioversion (CV) for first-time diagnosis of AF.
Methods and results We performed 3D-echocardiography and strain analysis before CV (Baseline), after 25 ± 10 days 
(FU-1) and after 190 ± 20 days (FU-2). LA volumes, reservoir, conduit and active function were measured. In total, 51 
patients were included of whom 35 were in SR at FU-1 (12 HF and preserved ejection fraction (HFpEF)), while 16 had 
ongoing recurrence of AF (9 HFpEF). LA maximum volume was unaffected by cardioversion (Baseline vs. FU-2: 41 ± 11 
vs 40 ± 10 ml/m2; p = 0.85). Restored SR led to a significant increase in LA reservoir strain (Baseline vs FU-1: 12.9 ± 6.8 vs 
24.6 ± 9.4, p < 0.0001), mediated by restored LA active strain (SR group Baseline vs. FU-1: 0 ± 0 vs. 12.3 ± 5.3%, p < 0.0001), 
while LA conduit strain remained unchanged (Baseline vs. FU-1: 12.9 ± 6.8 vs 13.1 ± 6.2, p = 0.78). Age-controlled LA 
active strain remained the only significant predictor of LA reservoir strain on multivariable analysis (β 1.2, CI 1.04–1.4, 
p < 0.0001). HFpEF patients exhibited a significant increase in LA active (8.2 ± 4.3 vs 12.2 ± 6.6%, p = 0.004) and reservoir 
strain (18.3 ± 5.7 vs. 22.8 ± 8.8, p = 0.04) between FU-1 and FU-2, associated with improved LV filling (r = 0.77, p = 0.005).
Conclusion Reestablished SR improves LA reservoir strain by restoring LA active strain. Despite prolonged atrial stunning 
following CV, preserved SR might be of hemodynamic and prognostic benefit in HFpEF.
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Abbreviations
3-DE  3-Dimensional echocardiography
AF  Atrial fibrillation
RAF  Recurrent atrial fibrillation
CV  Cardioversion
EDV  End-diastolic volume
EF  Ejection fraction
ESV  End-systolic volume
HF  Heart failure
HFpEF  Heart failure with preserved ejection fraction
HFrEF  Heart failure with reduced ejection fraction
IQR  Interquartile range
LA  Left atrial
LAVmax  Maximal left atrial volume

LAVmin  Minimal left atrial volume
LAVpac  Left atrial volume pre atrial contraction
LV  Left ventricular
SD  Standard deviation
STE  Speckle-tracking echocardiography
SR  Sinus rhythm
SV  Stroke volume

Introduction

Left atrial (LA) reservoir strain has emerged as an important 
marker for diagnosis and risk prediction in patients at risk of 
heart failure (HF) and in patients with established HF with 



1030 Clinical Research in Cardiology (2022) 111:1028–1039

1 3

preserved (HFpEF), mid-range or reduced ejection fraction 
(HFrEF) [1–5].

Atrial fibrillation (AF) is an important aggravator of mor-
bidity and mortality in HF [6]. Patients with AF on the other 
hand are at increased risk of developing HF [7]. Recently, 
large registry studies and meta-analyses evaluating normal 
values of LA reservoir, conduit and active function have 
been published [8, 9], but these excluded patients with AF 
or HF.

The influence of AF on the different aspects of LA func-
tion and the effect of altered LA deformation on left ventric-
ular (LV) function remains to be elucidated. Cardioversion 
(CV) can restore sinus rhythm (SR) in patients with AF, but 
frequently myocardial stunning is present in patients with 
longer lasting AF [10]. Previous studies derived LA function 
from Doppler-echocardiography, which is angle-dependent, 
and from 2-dimensional echocardiography, which hampers 
the assessment of the complex LA geometry. Three-dimen-
sional echocardiography (3-DE) allows for full volume cov-
erage of the LA and in conjunction with speckle-tracking 
echocardiography (STE) for a profound analysis of LA size 
and function [8]. The aims of the current study were, there-
fore, to analyze: (1) whether STE and 3-DE derived LA 
function in patients with a first diagnosis of AF undergoing 
cardioversion is changed by successfully restoring SR, (2) 
whether LA function in patients with HFpEF responds in the 
same way as in patients without HF, and (3) if LA function 
is associated with LV function and clinical status.

Methods

Study protocol

Consecutive patients with a first diagnosis of symptomatic 
AF presenting to the emergency department of the Heart 
Center Leipzig at University of Leipzig scheduled for elec-
trical CV on the same day were prospectively recruited. 
Exclusion criteria were as follows: age < 18 years, insuf-
ficient image quality on transthoracic echocardiography, 
previous episode of AF, hemodynamic instability, need for 
intensive care admission, ≥ moderate valvular regurgitation 
or stenosis, LVEF < 50% after CV/rate control, significant 
cardiomyopathy, myocardial infarction < 6 month ago, unsta-
ble angina pectoris.

Clinical examination, blood analysis (including NT-
proBNP) and echocardiography were performed prior to CV 
(Baseline), after 2–4 weeks (short-term follow-up, FU-1) 
and after 6 months (mid-term follow-up, FU-2).

During the FU-1 visit, while in SR or under effective rate 
control (target < 110 bpm), patients were stratified into suf-
fering from HFpEF (HFpEF cohort) or not (Non-HF cohort) 
according to the consensus paper of the ESC Heart Failure 

Association using the HFA-PEFF-score ranging from 0–6 
points [11]. The groups were defined as follows: HFpEF: 
(1) signs and/or symptoms of heart failure and (2) a value 
of ≥ 5 on the HFA-PEFF-score. Non-HF: not fulfilling the 
criteria mentioned above.

Patients were also classified according to their response 
to CV/AF status as restored sinus rhythm (SR) if they were 
in SR at the time of FU-1/FU-2 or if they had recurrent AF 
(RAF). RAF patients without achieving effective rate control 
were excluded from the analysis. RAF was defined as recur-
rence of AF on a 12-lead-ECG during FU-1 or FU-2.

The study was approved by the local ethics committee 
of the University of Leipzig and all patients gave written 
informed consent.

Echocardiography

Echocardiography was performed on a Vivid E9 (GE 
Healthcare, Chalfont St. Giles, Great Britain) by experi-
enced physicians and analyzed offline using commercially 
available software (Echopac PC 6.1.0, GE Healthcare). LV 
size and function were quantified according to current guide-
lines [12]. Diastolic properties were assessed by determining 
transmitral early (E-wave) and late (A-wave) flow velocities 
on pulsed-wave Doppler and by corresponding tissue Dop-
pler peak diastolic velocities of the septal and lateral mitral 
annulus (e′) [13]. All diastolic properties were measured 
during the FU-1-visit under controlled heart rate. The veloc-
ity–time-integral from pulsed-wave Doppler of the A-wave 
was measured in patients with SR.

Left atrial size and function

LA volumes were measured from a focused 3D dataset 
covering the whole LA with a rate > 30 volumes per sec-
ond. Tracking was carefully reviewed and in case of insuf-
ficient automated tracking, manual adjustments were made. 
Maximal and minimal LA volumes  (LAVmax,  LAVmin) were 
derived from the time volume curve and atrial volume pre 
atrial contraction  (LAVpac) was measured at the beginning 
of the P-wave in case of SR [8] and in case of AF  LAVpac 
equals  LAVmin. Corresponding EFs were calculated from 
these volumes by dividing stroke volume (SV) by volume 
before contraction × 100. Atrial strain curves were derived 
from 2D images of the apical two- and four-chamber-view 
and averaged values for LA reservoir strain, LA conduit 
strain and LA active strain were measured as previously 
described and the “zero point” was set at the QRS complex 
[14]. The accuracy of tracking was visually confirmed and 
the region of interest readjusted if necessary.

The following aspects of LA function were measured: LA 
reservoir function (LA total EF, LA reservoir strain), LA 
conduit function (LA conduit EF, LA conduit strain) and LA 
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active function (LA active EF, LA active strain). Examples 
of LA volume and strain curves are shown in Fig. 1.

Statistical analyses

Data for continuous variables are presented as mean ± stand-
ard deviation (SD), if normally distributed, or as median 
and interquartile range (IQR) if non-normally distributed. 
Distribution was tested using Shapiro–Wilk tests. Categori-
cal variables are presented as frequencies and percentages. 
Comparisons between groups were made using Fisher’s 
exact tests for categorical variables. Continuous variables 
were compared with unpaired t tests or non-parametric 
Mann–Whitney U tests where appropriate. Sequential meas-
urements were compared by repeated measures ANOVA. 
Atrial strain measurements are reported in absolute values 
even though LA conduit and active strain have negative 
values.

Pearson’s correlation (r), Spearman’s correlation (ρ) 
and linear regression were used to assess associations with 
LA reservoir strain. Stepwise forward multivariable linear 
regression analysis was performed to control for influencing 
factors of LA reservoir strain. Unstandardized beta coeffi-
cients (ß) and confidence intervals are reported for multivari-
able regression analysis. All data were analyzed using SPSS 
Version 25 (IBM, Armonk, NY, USA).

Results

Patient cohort

Overall, 75 patients were screened for the analysis and pro-
vided written informed consent. Of these, 24 patients were 
excluded between Baseline and FU-1-visit (25 ± 10 days 
after CV) and another 9 were excluded between FU-1 
and FU-2 (187 ± 11 days after CV) visit (Fig. 2), patient 
flow chart). CV was primarily successful in all patients, 
but during FU-1 only 35/51 (69%) patients were in SR, 
while 16/51 (31%) showed AF recurrence with adequate 
rate control (heart rate 86 ± 17/min). In 21 patients, the 
diagnosis HFpEF according to the consensus paper of the 
ESC Heart Failure Association was established, while 30 
patients were free of heart failure (Non-HF).

In total, 42 patients were available for FU-2 analysis, 
of whom 32 were in SR, 10 had AF and 17/42 (40%) suf-
fered from HFpEF. In the SR group, 5 patients were on 
antiarrhythmic medication during FU-2 (amiodarone in 
all cases, 1 patient since baseline, 4 patients since FU-1). 
Overall, 28 patients had stable SR during FU-1 and FU-2. 
At FU-2, 4 patients were in SR after initiation of amiodar-
one at FU-1 and 1 patient had recurrence of AF at FU-2 
having presented with SR at FU-1. During the time-course 

Fig. 1  Left atrial strain curves in SR (A) and AF (B), dashed curve represents the average strain, the scale was set automatically by the program 
and is lower in AF, missing atrial contraction in AF (C): 3-D LA volume tracing, Left atrial volume curves in SR (D) and AF (E)
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of the study, no patient underwent catheter ablation for 
atrial fibrillation.

Baseline characteristics

Median age of the whole cohort was 70 years (IQR 57–75) 
and 29% were female. HFpEF patients were older, more 
often female and had per definition a higher HFA-PEFF-
score. Cardiovascular risk factors were well balanced 
between HFpEF and Non-HF patients and between patients 
with SR and RAF. Patients with RAF had longer symptom 
duration before CV than patients with successful restoration 
of SR (21 vs. 7 days, p = 0.003). Baseline characteristics are 
presented in Table 1.

Restoration of SR led to a significant decrease in NT-
proBNP (Baseline vs. FU-1, 1204 (IQR 547–2278) vs. 
278 (IQR 80–565) ng/l, p < 0.0001), while no significant 
changes were observed in RAF (Baseline vs. FU-1, 1315 
(IQR 591–2303) vs. 1041 (IQR 780–1660) ng/l, p = 0.50). 

HFpEF patients had higher NT-proBNP levels at all time-
points (e.g. FU-1 768 (IQR 424–1563) vs. 242 (IQR 61–582) 
ng/l, p < 0.0001, FU-2 472 (IQR 348–1222) vs. 123 (IQR 
36–423) ng/l, p = 0.0003).

Left ventricular function

Table 2 gives a summary of LV systolic and diastolic func-
tion. Despite tachyarrhythmia, Baseline average LV ejection 
fraction was preserved and improved in the overall cohort 
after SR restoration or adequate rate control (52 ± 16% vs. 
60 ± 7%, p = 0.001). Restoration of SR led to a significant 
increase in LVEDV, LVEF and LVSV. In RAF, a small 
but significant increase in LVSV was observed. At FU-1, 
LVEDV, LVESV and LVSV were significantly higher in SR 
as compared to RAF. As a consequence of a higher heart 
rate (61 ± 8 vs. 86 ± 17/min, p = 0.0002), LV cardiac index 
did not differ between the SR and RAF group (2.3 ± 0.5 vs. 

Fig. 2  Study flow chart
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2.3 ± 0.4 l/min/m2). E/e’ was not different between restored 
SR and RAF.

Left atrial volume

LAVmax at Baseline did not differ between patients that were 
converted to SR or patients that remained in AF (40 ± 10 vs. 
42 ± 9 ml/m2, p = 0.63). At the FU-1-visit,  LAVmax did not 
change in any cohort, but  LAVmin decreased in patients con-
verted to SR (Baseline vs. FU-1: 28 ± 10 vs. 20 ± 10 ml/m2, 
p < 0.0001), while it remained unchanged in RAF patients 
and was significantly higher than in SR (SR vs. RAF: 20 ± 10 
vs. 31 ± 8 ml/m2, p = 0.0001). At FU-2 (187 ± 11 days), no 

change in  LAVmax was observed in any group and  LAVmin 
remained significantly lower in SR as compared to RAF 
(18 ± 9 vs. 31 ± 8, p = 0.0002). Figure 3, panels A + B depict 
the LA volume changes in SR and RAF.

Sinus rhythm and left atrial function

At Baseline, LA reservoir function was worse in the 
RAF group (LA reservoir strain 8.3 ± 3.9 vs. 12.9 ± 6.8%, 
p = 0.02). Restoration of SR led to a significant increase 
in LA reservoir function (LA reservoir strain Baseline vs. 
FU-1 12.9 ± 6.8 vs. 24.6 ± 9.4, p < 0.0001), while LA res-
ervoir function did not change in RAF despite a significant 

Table 1  Baseline characteristics

Values are presented as means ± standard deviation, medians + interquartile range (IQR) or frequencies (percentages)
BMI body mass index, NYHA New York Heart Association Class, NT-proBNP N-terminal pro-B-type natriuretic peptide, ACE angiotensin con-
verting enzyme, ARB Angiotensin receptor blocker, p values below the significance level of 0.05 are highlighted in bold

All
(n = 51)

HFpEF
(n = 21)

Non-HF
(n = 30)

SR
(n = 35)

RAF
(n = 16)

p
HFpEF vs Non-
HF

p
SR vs RAF

Age (years) 70 (IQR 57–75) 74 (IQR 71–78) 59 (IQR 51–70) 69 (IQR 54–76) 71 (IQR 63–73) < 0.0001 0.86
Female sex 15/51 (29%) 12/21 (57%) 3/30 (10%) 11/35 (31%) 4/16 (25%) < 0.0001 0.75
BMI (kg/m2) 28 ± 4 29 ± 4 27 ± 3 29 ± 3 27 ± 4 0.02 0.06
HFA-PEFF-score 5 (IQR 3–6) 6 (IQR 6–6) 4 (IQR 3–5) 4 (IQR 3–6) 5.5 (IQR 4.25–6) < 0.0001 0.22
CHADS2-VASc-

Score
2 (IQR 1–4) 3 (IQR 2–4) 1 (IQR 0–3) 2 (IQR 1–4) 2.5 (IQR 1–3) < 0.0001 0.78

Symptom dura-
tion (days)

10 (IQR 3–15) 10 (IQR 6–21) 6 (IQR 1–14) 7 (IQR 2–14) 21 (IQR 6–25) 0.06 0.003

Heart failure 21/51 (41%) 21/21 (100%) 0/30 (0%) 12/35 (34%) 9/16 (56%) n.a 0.14
Restored sinus 

rhythm at FU-1
35/51 (69%) 12/21 (57%) 23/30 (77%) 35/35 (100%) 0/16 (0%) 0.22 n.a

Heart rate (beats/
min)

113 ± 23 115 ± 21 112 ± 25 115 ± 21 110 ± 28 0.73 0.51

NYHA II 19/51 (37%) 19/21 (90%) 0/30 (0%) 11/35 (31%) 8/16 (50%) < 0.0001 0.33
NYHA III 2/51 (4%) 2/21 (10%) 0/30 (0%) 1/35 (3%) 1/16 (6%)
NT-proBNP 

(ng/l)
1204
(IQR 570–2278)

1787
(IQR 1080–

3181)

932
(IQR 356–1758)

1204
(IQR 547–2278)

1315
(IQR 591–2303)

0.004 0.96

Hypertension 41/51 (80%) 18/21 (86%) 23/30 (77%) 29/35 (83%) 12/16 (75%) 0.50 0.71
Diabetes mellitus 11/51 (22%) 5/21 (24%) 6/30 (20%) 8/35 (23%) 3/16 (19%) 0.75 1.0
Hypercholester-

olemia
11/51 (22%) 6/21 (29%) 5/30 (17%) 6/35 (17%) 5/16 (31%) 0.33 0.29

Coronary artery 
disease

3/51 (6%) 3/21 (14%) 0/30 (0%) 1/35 (3%) 2/16 (13%) 0.06 0.23

Smoking 11/51 (22%) 5/21 (24%) 6/30 (20%) 8/35 (23%) 3/16 (19%) 0.74 1.0
ß-blockers 32/51 (63%) 16/21 (77%) 16/30 (53%) 14/35 (40%) 5/16 (31%) 0.14 0.76
ACE-inhibitors/

ARB
28/51 (55%) 13/21 (62%) 15/30 (50%) 20/35 (57%) 8/16 (50%) 0.57 0.76

Other antihyper-
tensive drugs

22/51 (43%) 6/21 (29%) 16/30 (53%) 16/35 (46%) 6/16 (38%) 0.09 0.76

Aldosterone 
antagonists

2/51 (4%) 2/21 (10%) 0/30 (0%) 2/35 (6%) 0/16 (0%) 0.17 1.0

Diuretics 17/52 (33%) 9/21 (43%) 8/30 (27%) 13/35 (37%) 4/16 (25%) 0.25 0.53
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Table 2  Echo characteristics

Values are presented as means ± standard deviation or means + interquartile range
HFpEF Heart failure with preserved ejection fraction, Non-HF patients not suffering from heart failure, SR patients with restored sinus rhythm, 
RAF patients with recurrent atrial fibrillation, LV left ventricular, EDV end-diastolic volume, ESV end systolic volume, SV stroke volume, EF 
ejection fraction, LA left atrial, Vmax maximal volume, Vmin minimal volume
E’avg is calculated as (E’septal + E’lateral)/2, p values below the significance level of 0.05 are highlighted in bold

All
(n = 51)

HFpEF
(n = 21)

Non-HF
(n = 30)

SR
(n = 35)

RAF
(n = 16)

p
HFpEF vs Non-HF

p
SR vs RAF

Baseline
 LVEDV (ml/m2) 52 ± 16 48 ± 16 54 ± 16 55 ± 18 44 ± 10 0.21 0.03
 LVESV (ml/m2) 25 ± 16 23 ± 15 27 ± 18 28 ± 19 20 ± 8 0.41 0.13
 LVSV (ml/m2) 26 ± 8 25 ± 9 27 ± 7 27 ± 9 24 ± 5 0.37 0.12
 LVEF (%) 53 ± 14 54 ± 13 53 ± 15 52 ± 16 55 ± 11 0.77 0.48
  LAVmax (ml/m2) 41 ± 11 45 ± 10 38 ± 10 41 ± 11 42 ± 11 0.02 0.69
  LAVmin (ml/m2) 30 ± 11 34 ± 10 27 ± 11 28 ± 10 33 ± 11 0.02 0.14
 LA reservoir strain (%) 11.5 ± 6.4 8.9 ± 3.9 13.3 ± 7.2 12.9 ± 6.8 8.3 ± 3.9 0.02 0.02

FU-1
 Heart rate 1/min 69 ± 19 73 ± 21 67 ± 16 61 ± 8 86 ± 17 0.20 0.0002
 LVEDV (ml/m2) 59 ± 15 * 55 ± 17 * 62 ± 13 # 64 ± 15* 47 ± 9 0.15 < 0.0001
 LVESV (ml/m2) 24 ± 8 22 ± 10 25 ± 7 26 ± 8 19 ± 6 0.17 0.007
 LVSV (ml/m2) 35 ± 8* 33 ± 9* 36 ± 8* 38 ± 7* 28 ±  7# 0.21 < 0.0001
 LV cardiac index (l/min/m2) 2.3 ± 0.5 2.3 ± 0.5 2.3 ± 0.5 2.3 ± 0.5 2.3 ± 0.4 0.81 0.82
 LVEF (%) 60 ± 7* 61 ± 8* 60 ± 5 # 60 ± 5 59 ± 10 0.25 0.66
 Transmitral E max (m/s) 0.88 ± 0.18 0.91 ± 0.18 0.70 ± 0.19 0.74 ± 0.21 0.89 ± 0.17 0.0002 0.02
 e’ average (m/s) 0.08 ± 0.02 0.07 ± 0.02 0.09 ± 0.03 0.07 ± 0.02 0.09 ± 0.02 0.04 0.07
 E/e’ 10.4 ± 4.9 13.3 ± 4.2 8.7 ± 3.5 10.5 ± 4.4 11.0 ± 4.5 0.0001 0.73
 Systolic transtricuspid gradient (mmHg) 27.1 ± 7.0 32.4 ± 5.9 25.3 ± 4.8 28.3 ± 6.3 27.8 ± 6.4 < 0.0001 0.46
 LV mass index elevated (♀ > 95 g/m2, 
♂ > 115 g/m2; n, %)

9/51 (18%) 7/21 (33%) 2/30 (7%) 7/35 (20%) 2/16 (13%) 0.03 0.70

  LAVmax (ml/m2) 41 ± 11 46 ± 10 38 ± 9 41 ± 11 42 ± 9 0.005 0.71
  LAVmin (ml/m2) 23 ± 11* 30 ± 8 # 19 ± 10* 20 ± 10* 28 ± 10 0.0001 < 0.0001
 LA reservoir strain (%) 19.6 ± 11.0* 13.3 ± 7.0* 23.9 ± 11.3* 24.6 ± 9.4* 8.5 ± 3.7 0.0004 < 0.0001

BL vs PO *p < 0.01 #p < 0.05

Fig. 3  A LA volume change 
between Baseline and FU-1 
(n = 51). B LA volume change 
between Baseline and FU-2 
(n = 42). C Change in volumet-
ric LA function between Base-
line and FU-1 (25 ± 10 days 
after CV). D Change in 
strain-derived LA function 
between Baseline and FU-1 
(25 ± 10 days after CV)
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decrease in heart rate (LA reservoir strain Baseline vs. 
FU-1 8.3 ± 3.9 vs. 8.5 ± 3.7, p = 0.66, heart rate 110 ± 28 vs. 
86 ± 17, p < 0.0001). LA conduit function did not change 
at FU-1 or FU-2 in any group. Figure 3, panels C + D show 
the acute changes in LA function in SR and RAF. No sig-
nificant correlation between heart rate and LA reservoir 
strain (r = 0.023, p = 0.90) or LA conduit strain (r = − 0.18, 
p = 0.31) in sinus rhythm could be found.

Importance of LA active function for LA reservoir 
function

LA reservoir strain correlated with LA active (r = 0.89, 
p < 0.0001) and conduit strain (r = 0.84, r < 0.0001). NT-
proBNP (ρ = − 0.79, p < 0.0001) showed a negative cor-
relation with LA reservoir strain. Correlations of relevant 
cofactors are listed in Table 3. There was no significant 
correlation of systolic (r = − 0.05, p = 0.71) or diastolic 
(r = 0.02, p = 0.88) blood pressure with LA reservoir strain. 
Controlling for age, LA active strain remained the only inde-
pendent predictor of LA reservoir strain (β 1.2, CI 1.04–1.4, 
p < 0.0001). Considering clinical parameters only (heart rate, 
age, sex, HFpEF status, NT-proBNP and ongoing atrial 
fibrillation), a good predictive model (r = 0.84, p < 0.0001) 

resulted with ongoing atrial fibrillation as strongest predic-
tor in that model (β-15, CI – 19 to − 11, p < 0.0001) and 
age as the only significant cofactor (β − 0.43, CI − 0.57 to 
− 0.29, p < 0.0001) while all other factors were excluded, 
highlighting the importance of SR restoration for improved 
LA reservoir strain.

Influence of restored sinus rhythm on LA function 
in HFpEF and Non‑HF

All aspects of LA function were lower in HFpEF as com-
pared to Non-HF (n = 51, FU-1: reservoir strain 18.3 ± 5.7 
vs 29.8 ± 9.7%, p = 0.001, conduit strain 10.2 ± 3.8 
vs 15.9 ± 6.9%, p = 0.02 and active strain 8.2 ± 4.3 vs 
15.4 ± 4.6, p = 0.0003). No change in any aspect of LA 
function was observed in Non-HF patients between FU-1 
and FU-2 (n = 17, reservoir strain 29.8 ± 9.7 vs 30.0 ± 8.1, 
p = 0.89, LA active strain 15.4 ± 4.6 vs 15.5 ± 4.4, 
p = 0.87). However, in HFpEF patients, there was a sig-
nificant increase in LA active strain between FU-1 and 
FU-2 (n = 11, 8.2 ± 4.3 vs 12.2 ± 6.6%, p = 0.004), which 
was associated with a change in LA total strain (r = 0.96, 
p < 0.0001 in HFpEF) and, correspondingly, LA reser-
voir strain increased significantly in HFpEF patients from 

Table 3  Uni- and multivariable predictors of LA reservoir strain

Uni- and multivariable correlation and regression with LA reservoir strain at FU-1, n = 51, Abbreviations see Table 1 + 2, Multivariable forward 
regression analysis included LA active strain, ongoing atrial fibrillation, NT-proBNP, age and heart rate, HFpEF status and symptom duration 
before cardioversion

Univariable Multivariable

Correlation 
coefficient

Regression 
coefficient

Confidence interval p Regression coefficient Confidence interval p

LA active strain (%) 0.89 1.4 1.2 to 1.6 < 0.0001 1.22 1.04 to 1.40 < 0.0001
LA conduit strain (%) 0.84 1.6 1.3 to 1.9 < 0.0001 Not included
Ongoing atrial fibrillation − 0.68 − 16 − 21 to − 11 < 0.0001 –
NT-proBNP (pg/ml) − 0.65 − 0.01 − 0.1 to − 0.1 < 0.0001 –
Age years − 0.55 − 0.48 − 0.69 to − 0.27 < 0.0001 − 0.23 − 0.33 to − 0.12 0.0001
Heart rate/min − 0.5 − 0.3 − 0.4 to 0.1 0.0002 -
HFpEF − 0.49 − 10.7 − 16.2 to − 5.2 0.0003 –
Symptom duration before 

cardioversion days
− 0.46 − 0.6 − 0.9 to − 0.3 0.001 –

E/e` − 0.40 − 1.0 − 1.7 to − 0.3 0.004 –
BMI kg/m2 − 0.34 − 0.97 − 1.8 to − 0.2 0.02 –
LA Volume max (ml/m2) − 0.29 − 0.3 − 0.6 to 0 0.04 –
Female sex 0.22 – – 0.13 –
Baseline NT-proBNP (pg/

ml)
− 0.17 – – 0.17 –

LV mass index elevated 
(♀ > 95 g/m2, ♂ > 115 g/
m2)

− 0.10 0.50

LVEF (%) − 0.06 – – 0.69 –
ß-blocker therapy − 0.06 – – 0.11 –
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FU-1 to FU-2 (18.3 ± 5.7 vs. 22.8 ± 8.8, p = 0.04) (Fig. 4). 
Contribution of LA active strain to LA reservoir strain 
remained unchanged in Non-HF (FU-1 vs FU-2: 53 ± 11 
vs. 53 ± 11%, p = 0.81), but increased significantly in 
HFpEF (FU-1 vs FU-2: 44 ± 14 vs. 49 ± 15%, p = 0.01).

Hemodynamic and clinical consequences 
of improved LA function in HFpEF

The increased contribution of LA active strain to LA reser-
voir strain in HFpEF patients was associated with improved 
LVSV (r = 0.77, p = 0.005) and increased transmitral veloc-
ity–time-integral during A-wave increased (5.9 ± 4.7 vs. 
7.3 ± 5.5 cm, p = 0.04), suggesting improved LV filling. Fig-
ure 5 shows the correlation between LA and LV function. 
NT-proBNP decreased significantly in HFpEF patients with 
stable SR between FU-1 and FU-2 (581 (IQR 423–768) vs. 
393 (IQR 325–701) ng/l, p = 0.01).

Discussion

The current study addressed the influence of AF and SR res-
toration on LA function in patients with a first episode of AF 
and the functional implications of improved LA mechanics 
in HFpEF and Non-HF patients using dedicated echocar-
diographic methods including 3-DE and STE derived strain 
analysis. The main findings can be summarized as follows: 
(1) Restoration of SR leads to a significant increase in LA 
reservoir function. (2) Improvement in LA reservoir func-
tion is mediated by restoration of LA active function with no 
change in LA conduit function. (3) HFpEF patients exhibit 
prolonged myocardial stunning with recuperation of LA 
active function beyond 25 ± 10 days after CV. (4) Improved 
LA function in HFpEF is associated with improved LV fill-
ing and a decrease in NT-proBNP.

Fig. 4  LA function in patients with stable SR throughout the course 
of the study (n = 28). Panel A Change in volumetric LA function, 
Panel B Change in strain-derived LA function

Fig. 5  Patients with stable SR 
throughout the course of the 
study: correlation between the 
change in LA active strain and 
LA reservoir strain in Non-HF 
(A) and HFpEF (B) patients. 
Correlation between the change 
in LA active strain and LV 
stroke volume in Non-HF (C) 
and HFpEF (D) patients
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Effect of sinus rhythm restoration on left atrial 
function

Recently, the different aspects of atrial function were 
investigated in a large European survey and an interna-
tional meta-analysis. The median LA reservoir strain was 
39.4–42.5%, the median LA conduit strain 23.0–25.7% and 
the median LA active strain 16.3–17.4 [8, 9]. Correspond-
ingly, LA active contribution to LA reservoir strain would 
be ~ 38–44%.

In our patients with sinus rhythm we found lower val-
ues of LA reservoir strain (24.6 ± 9.4%), conduit strain 
(13.2 ± 6.1%) and a higher contribution of LA active strain 
(12.3 ± 5.3%, contribution ~ 50%). The increase of LA reser-
voir function promoted by LA active function in SR seems 
intuitive. Interestingly, we did not find a change in LA con-
duit function over the study course of 6 months, neither in 
patients with SR nor RAF. Therefore, impaired LA conduit 
function in patients with a first-time diagnosis of AF might 
be reflecting a general underlying LA dysfunction. How-
ever, increased LA active function still allows for compensa-
tion in this early stage. Similar patterns have recently been 
demonstrated in patients with hypertrophic cardiomyopathy 
with impaired LA conduit function early in the course and 
impaired LA active function at more progressed states of 
the disease [15]. In addition, in patients with HFpEF with-
out previous HF hospitalization increased right atrial active 
contraction has been shown to compensate for impaired right 
atrial conduit function [16]. Importantly, in patients with 
acute decompensated HF, LA reservoir and active strain are 
reduced and improve with decongestion while LA conduit 
strain remained unchanged—an observation again support-
ing the idea that LA conduit function is a preserved marker 
reflecting more chronic changes of LA function [17].

Relevance of LA function for cardiac performance

During LA reservoir phase, the LA accommodates returning 
blood from the pulmonary circulation. During conduit and 
active pump phase the LA empties, providing filling for the 
LV. Impaired LA reservoir function limits the amount of 
accommodated blood at a given pressure, resulting in lower 
preload provided to the LV [18, 19]. Alternatively, LA pres-
sure will rise and transduce pressure backwards to the pul-
monary vasculature resulting in pulmonary congestion and/
or pulmonary hypertension [20]. Both mechanisms can be 
detected in patients with and without HF: higher LA strain 
during exercise has been associated with higher SV index 
and cardiac output [21]. In an invasive study using exercise 
right-heart catheterization, impaired LA reservoir strain was 
associated with increased pulmonary capillary wedge and 
mean pulmonary artery pressure suggesting backward failure 
to be associated with LA dysfunction [22]. In a prior study, 

impaired LA function at rest in HFpEF patients was associ-
ated with reduced exercise capacity, independent of LV stiff-
ness derived from invasively measured pressure–volume-
loop analysis, [14] suggesting an independent contribution 
of LA dysfunction to exercise intolerance. In the current 
study, patients with restored SR and increased LA reser-
voir function had a higher LVSV, while E/e’ a surrogate for 
LA pressure was not different. Hence, additional LA active 
contraction improved LV filling at comparable levels of left 
ventricular end-diastolic pressure.

Overlap of left atrial function, atrial fibrillation 
and heart failure

LA function, especially LA reservoir strain is able to pre-
dict the onset of HF [3, 23] and is associated with impaired 
outcome in patients with HFpEF [1, 4] or HFrEF [4, 24]. 
AF is both a predictor for the development of HFpEF and a 
risk factor of adverse outcome among patients with HFpEF 
or HFrEF [6, 7, 25]. Especially in HFpEF patients, LA car-
diomyopathy with or without AF might play an independent 
pathophysiologic role leading to elevated LA pressure that 
exceeds LV end-diastolic pressure [26]. Progressive atrial 
fibrillation is associated with increased LA cardiomyopathy 
and scarring which might be reflected by impaired LA con-
duit function in our cohort of patients with ongoing atrial 
fibrillation [27]. Usually, the occurrence of risk factors 
(e.g. inflammation, obesity, ageing, arterial hypertension 
or diabetes mellitus) and consecutive LA cardiomyopathy 
precedes the occurrence of AF or HFpEF. Various degrees 
and phenotypes of LA cardiomyopathy might be present in 
our cohort, but baseline characteristics did not reveal differ-
ences between patients with successful restoration of SR and 
patients with RAF [28]. LA conduit function on the other 
hand was lower in HFpEF patients and in patients with ongo-
ing AF and might prove helpful identifying patients with 
more severe forms of LA cardiomyopathy in lager cohorts.

Whether LA reservoir strain is an independent predic-
tor of impaired outcome besides the detrimental effect of 
atrial fibrillation is difficult to assess. We found a strong 
influence of LA active contraction on LA reservoir strain 
in patients with a first-time diagnosis of atrial fibrillation 
and restored sinus rhythm. AF by itself is associated with 
higher pulmonary capillary wedge pressure [29, 30] and LA 
function is even more disturbed in patients with progres-
sive AF, [31] which again translates into more elevated LA 
and pulmonary pressures [26, 32]. Interestingly, in a recent 
analysis of a large cohort of 4312 patients with acute HF, LA 
reservoir strain emerged as a good predictor of outcomes and 
outperformed traditional risk markers. However, in patients 
suffering from AF LA reservoir strain loses its predictive 
power [4]. Given the favorable hemodynamic effects of SR 
restoration on LA function and LV filling, a more aggressive 
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therapy strategy regarding SR maintenance might be benefi-
cial for patients with HFpEF.

Limitations

The exploratory nature of the study resulted in a limited 
number of patients and should be regarded as hypothesis-
generating. The follow-up period was 6 months only in a 
limited number of patients. A longer follow-up might have 
revealed changes in maximum LA volume and/or LA con-
duit function in patients with successfully restored SR. 
Clinical outcome assessment regarding HF was not system-
atically performed and might have given additional insights.

Conclusion

LA reservoir strain is significantly enhanced by SR restora-
tion in patients with a first-time diagnosis of atrial fibrilla-
tion, mediated by restoration of LA active function. Restored 
LA active function translates into improved LV filling in 
HFpEF patients, implying a potential hemodynamic benefit 
of a rhythm control strategy in the treatment of AF in these 
patients. Whether this translates into favorable clinical out-
comes needs to be investigated in a clinical trial.

Acknowledgements The authors thank Martin Petzold for his support 
in study organization.

Funding Open Access funding enabled and organized by Projekt 
DEAL. Heart Center Leipzig at University of Leipzig.

Availability of data and material Upon reasonable request.

Code availability Not applicable.

Declarations 

Conflict of interest None.

Ethical approval This study was performed in line with the principles 
of the Declaration of Helsinki. Approval was granted by the Ethics 
Committee of the University of Leipzig.

Consent to participate Written informed consent was obtained from 
all patients.

Consent for publication Not applicable.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 

permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Freed BH, Daruwalla V, Cheng JY et al (2016) Prognostic utility 
and clinical significance of cardiac mechanics in heart failure with 
preserved ejection fraction: importance of left atrial strain. Circ 
Cardiovasc Imaging 1:1. https:// doi. org/ 10. 1161/ CIRCI MAGING. 
115. 003754

 2. Reddy YNV, Obokata M, Egbe A et al (2019) Left atrial strain and 
compliance in the diagnostic evaluation of heart failure with pre-
served ejection fraction. Eur J Heart Fail 21(7):891–900. https:// 
doi. org/ 10. 1002/ ejhf. 1464

 3. Morris DA, Belyavskiy E, Aravind-Kumar R et al (2018) Potential 
usefulness and clinical relevance of adding left atrial strain to 
left atrial volume index in the detection of left ventricular dias-
tolic dysfunction. JACC Cardiovasc Imaging 11(10):1405–1415. 
https:// doi. org/ 10. 1016/j. jcmg. 2017. 07. 029

 4. Park J-H, Hwang I-C, Park JJ, Park J-B, Cho G-Y (2021) Prognos-
tic power of left atrial strain in patients with acute heart failure. 
Eur Heart J Cardiovasc Imaging. https:// doi. org/ 10. 1093/ ehjci/ 
jeaa0 13

 5. Lundberg A, Johnson J, Hage C et al (2019) Left atrial strain 
improves estimation of filling pressures in heart failure: a simul-
taneous echocardiographic and invasive haemodynamic study. 
Clin Res Cardiol 108(6):703–715. https:// doi. org/ 10. 1007/ 
s00392- 018- 1399-8

 6. Rosita Z, Chamberlain AM, Roger VL, Redfield Margaret M 
(2013) Temporal relationship and prognostic significance of 
atrial fibrillation in heart failure patients with preserved ejection 
fraction. Circulation 128(10):1085–1093. https:// doi. org/ 10. 1161/ 
CIRCU LATIO NAHA. 113. 001475

 7. Santhanakrishnan R, Wang N, Larson MG et al (2016) Atrial 
fibrillation begets heart failure and vice versa temporal associa-
tions and differences in preserved versus reduced ejection frac-
tion. Circulation 133(5):484–492. https:// doi. org/ 10. 1161/ CIRCU 
LATIO NAHA. 115. 018614

 8. Sugimoto T, Robinet S, Dulgheru R et al (2018) Echocardio-
graphic reference ranges for normal left atrial function param-
eters: results from the EACVI NORRE study. Eur Heart J Cardio-
vasc Imaging 19(6):630–638. https:// doi. org/ 10. 1093/ ehjci/ jey018

 9. Pathan F, D’Elia N, Nolan MT, Marwick TH, Negishi K (2017) 
Normal ranges of left atrial strain by speckle-tracking echocar-
diography: a systematic review and meta-analysis. J Am Soc 
Echocardiogr 30(1):59-70.e8. https:// doi. org/ 10. 1016/j. echo. 2016. 
09. 007

 10. Manning WJ, Silverman DI, Katz SE et al (1994) Impaired left 
atrial mechanical function after cardioversion: relation to the dura-
tion of atrial fibrillation. J Am Coll Cardiol 23(7):1535–1540. 
https:// doi. org/ 10. 1016/ 0735- 1097(94) 90652-1

 11. Pieske B, Tschöpe C, de Boer RA et al (2019) How to diagnose 
heart failure with preserved ejection fraction: the HFA–PEFF 
diagnostic algorithm: a consensus recommendation from the 
Heart Failure Association (HFA) of the European Society of Car-
diology (ESC). Eur Heart J 40(40):3297–3317. https:// doi. org/ 10. 
1093/ eurhe artj/ ehz641

 12. Lang RM, Badano LP, Mor-Avi V et al (2015) Recommendations 
for cardiac chamber quantification by echocardiography in adults: 
an update from the American Society of Echocardiography and 
the European Association of Cardiovascular Imaging. J Am Soc 
Echocardiogr Off Publ Am Soc Echocardiogr 28(1):1-39.e14. 
https:// doi. org/ 10. 1016/j. echo. 2014. 10. 003

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1161/CIRCIMAGING.115.003754
https://doi.org/10.1161/CIRCIMAGING.115.003754
https://doi.org/10.1002/ejhf.1464
https://doi.org/10.1002/ejhf.1464
https://doi.org/10.1016/j.jcmg.2017.07.029
https://doi.org/10.1093/ehjci/jeaa013
https://doi.org/10.1093/ehjci/jeaa013
https://doi.org/10.1007/s00392-018-1399-8
https://doi.org/10.1007/s00392-018-1399-8
https://doi.org/10.1161/CIRCULATIONAHA.113.001475
https://doi.org/10.1161/CIRCULATIONAHA.113.001475
https://doi.org/10.1161/CIRCULATIONAHA.115.018614
https://doi.org/10.1161/CIRCULATIONAHA.115.018614
https://doi.org/10.1093/ehjci/jey018
https://doi.org/10.1016/j.echo.2016.09.007
https://doi.org/10.1016/j.echo.2016.09.007
https://doi.org/10.1016/0735-1097(94)90652-1
https://doi.org/10.1093/eurheartj/ehz641
https://doi.org/10.1093/eurheartj/ehz641
https://doi.org/10.1016/j.echo.2014.10.003


1039Clinical Research in Cardiology (2022) 111:1028–1039 

1 3

 13. Nagueh SF, Smiseth OA, Appleton CP et al (2016) Recommen-
dations for the evaluation of left ventricular diastolic function 
by echocardiography: an update from the American Society of 
Echocardiography and the European Association of Cardiovas-
cular Imaging. J Am Soc Echocardiogr 29(4):277–314. https:// 
doi. org/ 10. 1016/j. echo. 2016. 01. 011

 14. von Roeder M, Rommel K-P, Kowallick JT et al (2017) Influence 
of left atrial function on exercise capacity and left ventricular 
function in patients with heart failure and preserved ejection frac-
tion. Circ Cardiovasc Imaging 10(4):e005467. https:// doi. org/ 10. 
1161/ CIRCI MAGING. 116. 005467

 15. Kowallick JT, Silva VM, Kutty S et al (2017) Left atrial perfor-
mance in the course of hypertrophic cardiomyopathy: relation to 
left ventricular hypertrophy and fibrosis. Invest Radiol 52(3):177–
185. https:// doi. org/ 10. 1097/ RLI. 00000 00000 000326

 16. von Roeder M, Kowallick JT, Rommel K-P et al (2019) Right 
atrial-right ventricular coupling in heart failure with preserved 
ejection fraction. Clin Res Cardiol Off J Ger Card Soc. https:// 
doi. org/ 10. 1007/ s00392- 019- 01484-0

 17. Deferm S, Martens P, Verbrugge FH et al (2020) LA mechanics 
in decompensated heart failure: insights from strain echocardiog-
raphy with invasive hemodynamics. JACC Cardiovasc Imaging 
13(5):1107–1115. https:// doi. org/ 10. 1016/j. jcmg. 2019. 12. 008

 18. Zakeri R, Moulay G, Chai Q et al (2016) Left atrial remodeling 
and atrioventricular coupling in a canine model of early heart 
failure with preserved ejection fraction clinical perspective. Circ 
Heart Fail 9(10):e003238. https:// doi. org/ 10. 1161/ CIRCH EARTF 
AILURE. 115. 003238

 19. von Roeder M, Rommel K-P, Kowallick JT et al (2017) Response 
by von roeder et al to letter regarding article, “Influence of left 
atrial function on exercise capacity and left ventricular function 
in patients with heart failure and preserved ejection fraction.” 
Circ Cardiovasc Imaging 10(8):e006785. https:// doi. org/ 10. 1161/ 
CIRCI MAGING. 117. 006785

 20. Melenovsky V, Hwang S-J, Redfield MM, Zakeri R, Lin G, Bor-
laug BA (2015) Left atrial remodeling and function in advanced 
heart failure with preserved or reduced ejection fraction. Circ 
Heart Fail 8(2):295–303. https:// doi. org/ 10. 1161/ CIRCH EARTF 
AILURE. 114. 001667

 21. Sugimoto T, Barletta M, Bandera F et al (2020) Central role of 
left atrial dynamics in limiting exercise cardiac output increase 
and oxygen uptake in heart failure: insights by cardiopulmonary 
imaging. Eur J Heart Fail 1:1. https:// doi. org/ 10. 1002/ ejhf. 1829

 22. Telles F, Nanayakkara S, Evans S et al (2019) Impaired left atrial 
strain predicts abnormal exercise haemodynamics in heart failure 

with preserved ejection fraction. Eur J Heart Fail 21(4):495–505. 
https:// doi. org/ 10. 1002/ ejhf. 1399

 23. Potter EL, Ramkumar S, Kawakami H et al (2020) Association of 
asymptomatic diastolic dysfunction assessed by left atrial strain 
with incident heart failure. JACC Cardiovasc Imaging. https:// doi. 
org/ 10. 1016/j. jcmg. 2020. 04. 028

 24. Erberto C, Paolo B, Anna M et al (2018) Left atrial reservoir func-
tion and outcome in heart failure with reduced ejection fraction. 
Circ Cardiovasc Imaging 11(11):e007696. https:// doi. org/ 10. 1161/ 
CIRCI MAGING. 118. 007696

 25. Reddy YNV, Obokata M, Verbrugge FH, Lin G, Borlaug BA 
(2020) Atrial dysfunction in patients with heart failure with pre-
served ejection fraction and atrial fibrillation. J Am Coll Cardiol 
76(9):1051–1064. https:// doi. org/ 10. 1016/j. jacc. 2020. 07. 009

 26. Welch TD, Coylewright M, Powell BD et al (2013) Symptomatic 
pulmonary hypertension with giant left atrial v waves after surgi-
cal maze procedures: evaluation by comprehensive hemodynamic 
catheterization. Heart Rhythm 10(12):1839–1842. https:// doi. org/ 
10. 1016/j. hrthm. 2013. 09. 010

 27. Seewöster T, Spampinato RA, Sommer P et al (2019) Left atrial 
size and total atrial emptying fraction in atrial fibrillation progres-
sion. Heart Rhythm 16(11):1605–1610. https:// doi. org/ 10. 1016/j. 
hrthm. 2019. 06. 014

 28. Goette A, Kalman JM, Aguinaga L et al (2016) EHRA/HRS/
APHRS/SOLAECE expert consensus on atrial cardiomyopa-
thies: definition, characterization, and clinical implication. EP 
Eur 18(10):1455–1490. https:// doi. org/ 10. 1093/ europ ace/ euw161

 29. Kaye DM, Silvestry FE, Gustafsson F et al (2017) Impact of atrial 
fibrillation on rest and exercise haemodynamics in heart failure 
with mid-range and preserved ejection fraction. Eur J Heart Fail 
19(12):1690–1697. https:// doi. org/ 10. 1002/ ejhf. 930

 30. Lam CSP, Rienstra M, Tay WT et al (2017) Atrial fibrillation in 
heart failure with preserved ejection fraction: association with 
exercise capacity, left ventricular filling pressures, natriuretic pep-
tides, and left atrial volume. JACC Heart Fail 5(2):92–98. https:// 
doi. org/ 10. 1016/j. jchf. 2016. 10. 005

 31. Santos ABS, Kraigher-Krainer E, Gupta DK et al (2014) Impaired 
left atrial function in heart failure with preserved ejection fraction. 
Eur J Heart Fail 16(10):1096–1103. https:// doi. org/ 10. 1002/ ejhf. 
147

 32. Sramko M, Wichterle D, Melenovsky V et al (2017) Resting and 
exercise-induced left atrial hypertension in patients with atrial 
fibrillation: the causes and implications for catheter ablation. 
JACC Clin Electrophysiol 3(5):461–469. https:// doi. org/ 10. 1016/j. 
jacep. 2016. 12. 010

https://doi.org/10.1016/j.echo.2016.01.011
https://doi.org/10.1016/j.echo.2016.01.011
https://doi.org/10.1161/CIRCIMAGING.116.005467
https://doi.org/10.1161/CIRCIMAGING.116.005467
https://doi.org/10.1097/RLI.0000000000000326
https://doi.org/10.1007/s00392-019-01484-0
https://doi.org/10.1007/s00392-019-01484-0
https://doi.org/10.1016/j.jcmg.2019.12.008
https://doi.org/10.1161/CIRCHEARTFAILURE.115.003238
https://doi.org/10.1161/CIRCHEARTFAILURE.115.003238
https://doi.org/10.1161/CIRCIMAGING.117.006785
https://doi.org/10.1161/CIRCIMAGING.117.006785
https://doi.org/10.1161/CIRCHEARTFAILURE.114.001667
https://doi.org/10.1161/CIRCHEARTFAILURE.114.001667
https://doi.org/10.1002/ejhf.1829
https://doi.org/10.1002/ejhf.1399
https://doi.org/10.1016/j.jcmg.2020.04.028
https://doi.org/10.1016/j.jcmg.2020.04.028
https://doi.org/10.1161/CIRCIMAGING.118.007696
https://doi.org/10.1161/CIRCIMAGING.118.007696
https://doi.org/10.1016/j.jacc.2020.07.009
https://doi.org/10.1016/j.hrthm.2013.09.010
https://doi.org/10.1016/j.hrthm.2013.09.010
https://doi.org/10.1016/j.hrthm.2019.06.014
https://doi.org/10.1016/j.hrthm.2019.06.014
https://doi.org/10.1093/europace/euw161
https://doi.org/10.1002/ejhf.930
https://doi.org/10.1016/j.jchf.2016.10.005
https://doi.org/10.1016/j.jchf.2016.10.005
https://doi.org/10.1002/ejhf.147
https://doi.org/10.1002/ejhf.147
https://doi.org/10.1016/j.jacep.2016.12.010
https://doi.org/10.1016/j.jacep.2016.12.010

	Changes in left atrial function in patients undergoing cardioversion for atrial fibrillation: relevance of left atrial strain in heart failure
	Abstract
	Background 
	Methods and results 
	Conclusion 
	Graphical abstract

	Introduction
	Methods
	Study protocol
	Echocardiography
	Left atrial size and function
	Statistical analyses

	Results
	Patient cohort
	Baseline characteristics
	Left ventricular function
	Left atrial volume
	Sinus rhythm and left atrial function
	Importance of LA active function for LA reservoir function
	Influence of restored sinus rhythm on LA function in HFpEF and Non-HF
	Hemodynamic and clinical consequences of improved LA function in HFpEF

	Discussion
	Effect of sinus rhythm restoration on left atrial function
	Relevance of LA function for cardiac performance
	Overlap of left atrial function, atrial fibrillation and heart failure
	Limitations
	Conclusion

	Acknowledgements 
	References




