
 

 

 

Left atrial reverse remodeling predicts long-term
survival after cardiac resynchronization therapy
Citation for published version (APA):

Bouwmeester, S., Mast, T. P., Keulards, D. C. J., de Lepper, A. G. W., Herold, I. H. F., Dekker, L. R.,
Prinzen, F. W., & Houthuizen, P. (2022). Left atrial reverse remodeling predicts long-term survival after
cardiac resynchronization therapy. Journal of Echocardiography, 20(2), 115-123.
https://doi.org/10.1007/s12574-021-00559-0

Document status and date:
Published: 01/06/2022

DOI:
10.1007/s12574-021-00559-0

Document Version:
Publisher's PDF, also known as Version of record

Document license:
Taverne

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can
be important differences between the submitted version and the official published version of record.
People interested in the research are advised to contact the author for the final version of the publication,
or visit the DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these
rights.

• Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
• You may not further distribute the material or use it for any profit-making activity or commercial gain
• You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above,
please follow below link for the End User Agreement:
www.umlib.nl/taverne-license

Take down policy
If you believe that this document breaches copyright please contact us at:

repository@maastrichtuniversity.nl

providing details and we will investigate your claim.

Download date: 22 May. 2023

https://doi.org/10.1007/s12574-021-00559-0
https://doi.org/10.1007/s12574-021-00559-0
https://cris.maastrichtuniversity.nl/en/publications/5eb8d5a7-96d3-4bf5-b50f-fe7510be5f74


Vol.:(0123456789)1 3

Journal of Echocardiography 
https://doi.org/10.1007/s12574-021-00559-0

ORIGINAL INVESTIGATION

Left atrial reverse remodeling predicts long‑term survival after cardiac 
resynchronization therapy

Sjoerd Bouwmeester1 · Thomas P. Mast1 · Daniëlle C. J. Keulards1 · Anouk G. W. de Lepper1 · Ingeborg H. F. Herold2 · 
Lukas R. Dekker1,3 · Frits W. Prinzen4 · Patrick Houthuizen1

Received: 9 September 2021 / Revised: 18 October 2021 / Accepted: 10 November 2021 
© Japanese Society of Echocardiography 2021

Abstract
Background Left ventricular (LV) reverse remodeling has been identified as a strong predictor of long-term survival in 
patients receiving CRT. Interestingly, CRT induces reverse remodeling in the left atrium (LA) as well. It is currently unknown 
to what extent LA reverse remodeling is correlated to long-term survival after CRT. This study aims to assess the long-term 
prognostic value of left atrium (LA) reverse remodeling in patients undergoing cardiac resynchronization therapy (CRT).
Methods Baseline and 3-months follow-up echocardiograms after CRT implantation were prospectively assessed to deter-
mine changes in left ventricular end-systolic volume (LVESV), left ventricular ejection fraction (LVEF), left atrial volume 
(LAV), and left atrial reservoir strain  (LASr). Multivariate Cox regression analysis was performed to identify predictors for 
long-term survival.
Results In our study population of 99 patients with a mean follow-up of 6.3 ± 2.1 years, 43 patients (43%) reached the end-
point of all-cause mortality. More extensive LA reverse remodeling, as measured by a relative increase in  LASr, was observed 
in survivors compared to non-survivors (43 [29–64] % vs. 8 [2–28] %, P < 0.001, respectively). After multivariate analysis, 
delta  LASr remained the only significant predictor of mortality [HR per 5%: 0.90 (0.86–0.95); AUC 0.78 (0.68–0.88)].
Conclusion An increase in  LASr is associated with favorable long-term outcome after CRT. The observed clinical importance 
of LA reverse remodeling after CRT asks for further validation in larger prospective cohorts.

Keywords Heart failure · Bundle branch block · Cardiac resynchronization therapy · Left atrial strain · Left atrial reverse 
remodeling · Left ventricular reverse remodeling

Introduction

Cardiac resynchronization therapy (CRT) is an established 
treatment for patients with heart failure (HF), impaired left 
ventricular (LV) function, and a wide QRS complex [1, 2]. 
The restoration of synchronous electrical activation reverses 
LV remodeling and improves systolic function [3]. This LV 
reverse remodeling is a strong and established predictor of 
long-term mortality and HF events [4, 5].

Reverse remodeling is not exclusively observed in the LV 
as previous studies have shown that CRT induces beneficial 
changes to left atrial (LA) volume and function as well [6, 
7]. Moreover, a previous sub-study of the MADIT-CRT trial 
showed that a decrease in LA volume after CRT was associ-
ated with favorable outcome in this population [6].

Recent developments in echocardiographic strain imag-
ing enables an even more comprehensive analysis of the 
LA. LA strain analysis is a robust and feasible technique 
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for quantifying LA function [8]. In particular, LA reservoir 
strain  (LASr), as an indicator of LA reservoir function, is 
a parameter of interest because it is influenced by multi-
ple factors such as systolic and diastolic LV performance, 
filling pressures, and intrinsic LA compliance. Therefore, 
the extent of changes in LA reservoir function after CRT 
could be an important clinical predictor. In contrast to LV 
reverse remodeling, it is currently unknown to what extent 
LA revere remodeling, measured by LA reservoir strain, is 
correlated to long-term survival in a CRT population.

The objective of the present study was to provide insight 
in: (1) the variance of change in  LASr induced by CRT, and 
(2) the predictive value of  LASr to long-term survival in 
CRT recipients.

Methods

Study design

The present study is a prospective, non-randomized, obser-
vational, single-center study. The local Institutional Review 
Board approved the study and all subjects gave written 
informed consent.

Population

The study population consisted of patients with systolic 
heart failure (HF) who received a cardiac resynchronization 
therapy (CRT) device in the Catharina Hospital (Eindhoven, 
the Netherlands) between January 2012 and December 2014. 
Patients with insufficient image quality and/or atrial fibril-
lation were excluded from the study. Demographic data, 
baseline comorbidities, echocardiographic parameters, and 
procedural data were prospectively collected in a dedicated 
database.

Implantation technique

Three transvenous pacing leads were inserted: one in right 
atrium, another in the right ventricular apex, and a coronary 
sinus lead was positioned on the LV free wall through a 
coronary sinus tributary veins. The pacing leads were con-
nected to a dual-chamber biventricular device with program-
mable interventricular delay. The device was programmed in 
DDD mode and the atrioventricular delay was adjusted dur-
ing simultaneous pacing. A nominal interventricular delay of 
40 ms LV pre-activation was used. Individually optimization 
of CRT was not performed before the 3-months follow-up 
echocardiogram was made.

Echocardiographic evaluation

Echocardiograms were obtained before and 3 months after 
CRT implantation and analyzed by two experienced readers. 
For the acquisition, an iE33 ultrasound scanner equipped 
with a S5-1 transducer (Philips Healthcare, Andover, MA, 
USA) was used. Standard 2D- and Doppler-echocardio-
graphic measurements were performed following ASE/
EACVI guidelines, including both LV end-systolic and 
end-diastolic volume (LVESV and LVEDV) [9]. LV ejec-
tion fraction (LVEF) was calculated by the modified biplane 
Simpson’s rule. Maximum LA volume (LAV) was calculated 
by the biplane method of disks at end-systole. Commercially 
available software (QLAB 13, Philips Healthcare, Eind-
hoven, the Netherlands) was used to measure  LASr on apical 
four- and two-chamber views of the LA with a stable ECG 
recording [8, 10]. The LA endocardial border was automati-
cally drawn followed by manual adjustment if required. Zero 
strain reference was set at end-diastole to determine  LASr 
[8]. In this study, we focused on the estimation of LASr, 
which corresponds to the LA filling which occurs during LV 
systole and has the largest body of evidence supporting its 
prognostic utility [8]. Reproducibility of  LASr was assessed 
by reanalyzing 50 random studies by another experienced 
observer (PH) blinded for the results of the primary observer 
(SB).

Parameters indicating reverse remodeling

LVESV and LVEF were used to evaluate the effect of CRT 
on LV volume and function [11, 12], and both relative as 
well as absolute changes were calculated. LAV and  LASr 
were used to evaluate the effect of CRT on LA volume and 
function.

Follow‑up

The primary outcome was all-cause mortality. Long-term 
survival data were obtained by record linkage to the Dutch 
Civil Registration System on January 2021.

Statistical analysis

Data for continuous variables are presented as mean ± stand-
ard deviation (SD) or as median with interquartile range 
[IQR] in case of skewed distribution. Categorical variables 
are presented as numbers (percentages). Mann–Whitney U 
test was used to compare medians between survivors and 
non-survivors. The paired t test or Wilcoxon signed-rank 
test was used to evaluate differences in continuous variables 
between baseline and 3-month follow-up. A two-sided P 
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value of less than 0.05 was considered to indicate statisti-
cal significance. The occurrence of mortality over time was 
described and visualized using the Kaplan–Meier method-
ology. The statistical significance of differences between 
groups was tested using log-rank test. The significance of 
predictors for the occurrence of mortality was evaluated 
using univariate and multivariate Cox proportional hazards 
model. Backward-stepwise selection based on the likelihood 
ratio was used in the multivariate analysis. Presence of mul-
ticollinearity was detected using variance inflation factors. 
The effect of predictors was described using hazard ratios 
(HRs) with 95% confidence intervals (95CI). Hazard ratios 
not including 1 were considered significant. Receiver-oper-
ating characteristic (ROC) curves were used to determine 
the optimal cut-off points for individual LV and LA reverse 
remodeling parameters using Youden index analysis. Inter-
observer variability was studied using Bland–Altman plots 
and intra-class correlation coefficients for  LASr. All analyses 
were performed using SPSS version 25 (IBM Corporation, 
Armonk, New York) and R version 4.0.4 (R Project, Vienna, 
Austria) with the ggplot2 3.3.3 package, ROCR 1.0.11 pack-
age, pROC 1.17.0.1 package, and Survival 3.2.7 package.

Results

Patient selection

The study population consisted of 121 consecutive patients. 
Nineteen patients were excluded because of atrial fibrillation 
(n = 15) or insufficient imaging quality (n = 4). Two patients 
died before CRT implantation and one patient died before 
3-months follow-up echocardiography. For the remaining 
99 patients paired LVESV, LVEF, LAV, and  LASr measure-
ments were available (Fig. 1).

Baseline characteristics

Table 1 shows the baseline characteristics of the total study 
population. Patients were predominantly male (n = 63, 64%) 
with a median age of 70 [65–75] years. Main comorbidi-
ties were hypertension (n = 32, 32%) and diabetes (n = 23, 
23%). HF was of ischemic origin in 51 (52%) patients. The 
intraventricular conduction delay was most commonly 
based on a left bundle branch block (n = 72, 73%) with a 
mean QRS duration of 166 ± 22 ms. More than half of the 
patients (63%) were reported as NYHA class III at baseline. 
At baseline, median LVESV was 171 [138–206] ml, LVEF 
28 [21–34] %, and LAVI 40 [31–52] ml/m2. In the cohort, 
LA dysfunction was present as evidenced by a median  LASr 
value of 16 [10–21] %. The majority of patients (n = 92, 
93%) received a CRT-D device, only 7 patients received 
CRT-P at their own request.

Effect of CRT on LV volume and function

CRT resulted in a significant reduction of LVESV and an 
increase in LVEF. LVESV decreased from 171 [138–206] 
ml to 123 [82–171] ml (Fig. 2, panel A) with a median 
relative decrease of 25 [9–39] % (P < 0.001) (Fig. 3, panel 
A). LVEF increased from 28 [21–34] % to 37 [28–46] % 
(Fig. 2, panel B) with a median relative increase of 31 
[15–58] % (P < 0.001) (Fig. 3, panel B).

Fig. 1  Flowchart of patient selection. Flow chart of patient selection 
process. TTE transthoracic echocardiogram, CRT-P biventricular 
pacemaker only, CRT-D biventricular pacemaker with defibrillator
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Effect of CRT on LA volume and function

CRT resulted in a modest but significant reduction of 
LA volume and a clear increase in  LASr. LA volume 
decreased from 78 [60–104] ml to 76 [53–96] ml (Fig. 2, 
panel C) with a median relative decrease of 6 [− 9; 19] 
% (P = 0.011) (Fig. 3, panel C).  LASr increased from 
16 [10–21] % to 22 [14–28] % (Fig. 2, panel D), with 
a median relative increase of 31 [7–49] % (P < 0.001) 
(Fig. 3, panel D).

Follow‑up

The primary endpoint of all-cause mortality was available 
for all 99 patients that completed echocardiographic follow-
up at 3 months after CRT implantation (Fig. 1). Forty-three 
patients (43%) reached the end-point of all-cause mortality 
after a mean follow-up of 6.3 ± 2.1 years (Fig. 4).

Prognostic value of LV and LA reverse remodeling

In survivors (n = 56), the relative decrease in LVESV (34 
[21–42] %) was significantly larger compared to non-survi-
vors (n = 43) (12 [-1; 26] %, P < 0.001) (Table 2). A relative 
increase in LVEF was more pronounced in survivors com-
pared to non-survivors (Δ LVEF: 36 [23–71] % vs. 20 [− 4; 
55] %, P = 0.003). Non-survivors showed a significantly 
lower relative increase of  LASr after CRT compared to sur-
vivors (Δ  LASr: 8 [2–28] % vs. 43 [29–64] %, P < 0.001).

Both relative change of LVESV and  LASr were signifi-
cant predictors of long-term survival in unadjusted analysis 
(Table 2). In multivariate analysis of all echocardiographic 
parameters,  LASr was the only variable to remain significant 
(HR per 5% relative increase: 0.90 (0.86–0.95). Results of 
receiver operating characteristic (ROC) analysis for LV and 
LA parameters are shown in Table 3 and Fig. 5. Change of 
LVESV and  LASr showed the highest area under the ROC 
curve (AUC) to predict the primary endpoint (0.75 and 0.78, 
respectively). Difference in AUC between LVESV and  LASr 
was not significant (P = 0.520). Figure 6 shows survival 
curves by Kaplan Meier analysis for patients stratified by 
change of  LASr. Subjects with a relative change of  LASr 
of ≥ 28% showed significantly better survival compared to 
subjects with a change of  LASr < 28%.

Reproducibility of measurement of LASr

We found excellent reproducibility of measurement of 
 LASr with intra-class correlation coefficient (ICC) of 0.92 
(0.86–0.95) In addition, the Bland–Altman analysis showed 
narrow limits of agreement for this parameter (Supplemen-
tary Table A and Supplementary Fig. A).

Discussion

This study examined left atrial reverse remodeling and its 
clinical consequences in heart failure patients who received 
CRT. The two key findings are 1) CRT improved LA res-
ervoir strain and 2) Relative change of LA reservoir strain 
is an independent predictor of long-term survival in CRT 
recipients. This study stretches the importance of LA reverse 
remodeling aside LV reverse remodeling as a predictor of 
long-term survival.

Table 1  Baseline characteristics

COPD chronic obstructive pulmonary diseases, LBBB left bundle 
branch block, MDRD modification of diet in renal disease, NT-pro 
BNP N-terminal brain natriuretic peptide, LVESV left ventricular end-
diastolic volume, LVESV left ventricular end-systolic volume, LVEF 
left ventricular ejection fraction, LAVI left atrial volume index, LASr 
left atrial reservoir strain, NYHA New York Heart Association, IQR 
indicates interquartile range

Total group (n = 99)

Demographics
 Age (years) 70 [65–75]
 Male 63 (64%)

Medical history
 Ischemic etiology heart failure 51 (52%)
 Hypertension 32 (32%)
 Diabetes Mellitus 23 (23%)
 Severe kidney disease 6 (6%)

ECG characteristics
 LBBB 72 (73%)
 QRSD (ms) 166 ± 22
 QRSD > 150 ms 78 (79%)

Laboratory parameters
 MDRD (ml/min/1.73  m2) 58 [45–61]
 NT-pro BNP (pg/ml) 1438 [626–2791]

Echocardiographic parameters
 LVEDV (ml) 237 [197–269]
 LVESV (ml) 171 [138–206]
 LVEF (%) 28 [21–34]
 LAVI (ml/m2) 40 [31–52]
  LASr (%) 16 [10–21]
 Mitral regurgitation ≥ moderate (n, %) 34 (34%)

NYHA functional class
 II/III/IV 35/62/2 (35%/63%/2%)

Heart failure medication
 Beta-blocker 85 (86%)
 Renin-angiotensin system antagonist 89 (90%)
 Mineralocorticoid antagonist 36 (36%)
 Lis diuretics 59 (60%)
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LA remodeling before CRT 

The LA is a dynamic and sensitive structure with patho-
physiological significance, as a consequence several path-
ways induce LA remodeling in patients with HF. First, the 
combination of dysfunctional relaxation and reduced com-
pliance of the diseased LV increases filling pressures and LA 
afterload [13]. Long-lasting elevated filling pressures lead to 
LA chamber dilatation and ultrastructural LA changes, such 
as atrial myocyte hypertrophy and interstitial fibrosis [13]. 
This process results in altered LA function. A second major 
determinant of LA function is LV systolic function. The LA 
is anchored to the pulmonary veins, so the major determi-
nant of LA expansion is the systolic contraction with down-
ward displacement of the LV base toward the apex. Any 
condition that influences LV myocardial systolic function is 
expected to influence LA function. Strain imaging enables 
additional analysis of LA function. In this study, we focused 
on the LA reservoir function as measured by  LASr which 

equals the amount of LA stretch during ventricular systole. 
This stretching is reduced due to both LA histopathological 
changes and reduced annular displacement in systolic LV 
dysfunction [13, 14]. In our study population, the median 
baseline  LASr was 16%, which is comparable with other 
advanced heart failure CRT cohorts [14]. Both LA volume 
[15, 16] and  LASr [14] are known to independently predict 
mortality among patients with systolic HF.

LA reverse remodeling after CRT 

The effect of CRT on LA reverse remodeling is probably to 
a great extent secondary to the effect of LV reverse remod-
eling. Beneficial change of LV geometry, mitral regurgi-
tation, LV-mass, diastolic function, and filling pressures 
after CRT, will induce LA reverse remodeling [17, 18]. An 
important determinant of LASr is the descent of the cardiac 
base during systole, which drives LA expansion and draws 
blood from the pulmonary veins in the LA. Improvement 

Fig. 2  Median LV and LA parameters at baseline and 3-months after 
CRT. A Median LV end-systolic volume (LVESV) decreased from 
171 [138–206] ml at baseline to 123 [82–171] ml at 3 months after 
CRT (P < 0.001). B Median left ventricular ejection fraction (LVEF) 
increased from 28 [21–34] % at baseline to 37 [28–46] % at follow-

up (P < 0.001). C Median left atrial volume (LAV) decreased from 78 
[60–104] ml at baseline to 76 [53–96] ml at follow-up (P = 0.011). D 
Median left atrial reservoir strain  (LASr) increased from 16 [10–21] 
% at baseline to 22 [14–28] % at follow-up (P < 0.001). IQR indicates 
interquartile range
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of systolic longitudinal function will therefore increase LA 
reservoir strain [14, 19].

In our study population, a pronounced improvement of 
LA function was observed given the increase in  LASr with 
a relative median increase of 31%. These findings are in 
line with a previous study of Valzania et al. [20] which also 
analyzed changes in LA size and function by using speckle-
tracking echocardiography 1 year after CRT implantation. 
At follow-up, there was a significant increase in  LASr along 
with a reduction in LA size. In contrast with previous stud-
ies, our study only showed only a modest reduction in LA 
volume probably due to the shorter follow-up interval of 
3 months. This is presumably caused by the fact that LA 
volumetric remodeling takes more time than improvement in 
LA function [21, 22]. One can speculate that  LASr, improve-
ment precedes the decrease in LA volume. However, no 
previous studies have investigated this hypothesis and will 
therefore be an interesting subject for future research.

It is established that a higher RA pacing burden is associ-
ated with a negative effect on LA reverse remodelling fol-
lowing CRT [23]. However, as far as we know, no previous 

research has investigated the effect of optimizing RV-LV 
delay and AV delay on LA reservoir function. This will also 
be an interesting question for future research.

LA reverse remodeling and prognosis

Few reports have previously investigated the prognostic 
value of change in LA volume after CRT. LA volume reduc-
tion was shown to independently predict survival and HF 
events in the MADIT-CRT population [24, 25]. Also, Kuper-
stein et al. [26] have shown that CRT-induced LA volumet-
ric response provide incremental prognostic information. 
Furthermore, Mathias et al. [6] revealed that a combined 
assessment of LV and LA reverse remodeling better predicts 
the long-term endpoint of HF and death after 5 year CRT. It 
is important to note that speckle tracking echocardiography 
was not used in these studies. A previous study performed 
by Valzania et al.[20] showed an association between LA 
strain and LV reverse remodelling, However, the novelty 
of our study is that we demonstrated a correlation between 
LA reverse remodeling and survival. Mortality rate was 4 

Fig. 3  Distribution of relative change for LV and LA param-
eters. Each bar represents individual relative change 3 months after 
CRT ranked in ascending order. Green bars above the zero line rep-
resent reverse remodeling and red bars below the zero line represent 
remodeling. A LV end-systolic volume (LVESV) decreased in 86 
of 99 patients (87%); the median fall in LVESV was 25% (dashed 

line). B Left ventricular ejection fraction (LVEF) increased in 84 of 
99 patients (85%); the median rise in LVEF was 31% (dashed line). 
C Left atrial volume (LAV) decreased 62 of 99 patients (63%); the 
median decrease in LAV was 6% (dashed line). D left atrial reservoir 
strain  (LASr) increased in 89 of 99 patients (90%); the median rise in 
 LASr was 31% (dashed line). IQR indicates interquartile range
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times lower in subjects who showed more than 28% relative 
increase of  LASr, compared to subject without signs of LA 
reverse remodeling.

Study limitations

First, this study covered relatively small number of 
patients in a single center. However, follow-up was excel-
lent with paired echocardiographic studies available in 99 
of 102 (97%) patients. We identified  LASr as an independ-
ent predictor. It would be more comprehensive if param-
eters other than LV and LA reverse remodeling were also 
taken into the analysis, such as a change in severity of 

mitral regurgitation, NYHA class, QRS-duration, and NT-
proBNP. Unfortunately, the events observed in this study 
were too small to perform this multivariate Cox regres-
sion analysis. Speckle tracking strain analysis of the LA 
can be technically challenging, because of the thin atrial 
wall, presence of the appendage/pulmonary veins and 
location in the far-field of the ultrasound probe. On the 
other hand, LA strain analysis tools have improved over 
time and strain measurements have been standardized in 
a consensus document [8]. Intervendor variability and the 
lack of normal values remain an issue. Finally, our study 
was not designed to shed light on the exact mechanism of 
LA reverse remodeling after CRT.

Fig. 4  Case example. Typical 
case example of LV and LA 
reverse remodeling 3 months 
after CRT-D. Baseline: NYHA 
III, LBBB 160 ms, LVEF 20%, 
LVESV 200 ml, LAVI 50 ml/
m2, and  LASr 16%. Follow-up: 
NYHA II, QRS 100 ms, LVEF 
40%, LVESV 160 ml, LAVI 
40 ml/m2, and  LASr 30%
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Conclusions

CRT induces LA reverse remodeling as measured by the 
change of LA reservoir strain. This study stretches the 
importance of this parameter as an independent predictor 
of long-term survival 3 months after CRT. The conven-
tional volumetric measurements showed no significant 
change after 3 months and had no prognostic value. The 
observed clinical importance of LA reverse remodeling 
measured by strain after CRT asks for further validation 
in larger prospective cohort.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s12574- 021- 00559-0.

Table 2  Changes in echocardiographic parameters after CRT in relation to survival

Δ delta, IQR interquartile range, 95 CI 95% confidence intervals, LVESV left ventricular end-systolic volume, LVEF left ventricular ejection 
fraction, LAV left atrial volume, LASr left atrial reservoir strain
a Hazard ratios (HR) are presented by 5% relative increase

Comparison of medians (IQR) Cox proportional hazard regression analysis

Univariate analysis Multivariate analysis

Survivors Non-survivors P value HR (95CI) P value HR (95CI) P value

Left ventricular parameters
 Δ LVESV (%) 34 [21–42] 12 [− 1; 26]  < 0.001 0.86 (0.80–0.93)a  < 0.001 –
 Δ LVEF (relative %) 36 [23–71] 20 [− 4; 55] 0.003 0.95 (0.91–0.99)a 0.019 –

Left atrial parameters
 Δ LAV (%) 5 [− 9; 21] 7 [− 7; 16] 0.944 1.00 (0.94–1.06)a 0.970 –
 Δ  LASr (relative %) 43 [29–64] 8 [2–28]  < 0.001 0.90 (0.86–0.95)a  < 0.001 0.90 (0.86–0.95)a  < 0.001

Table 3  Prognostic accuracy of changes in echocardiographic param-
eters after CRT to predict survival

Abbreviations references see Table 2

Cut-off AUC (95 CI) Sensi-
tivity 
(%)

Speci-
ficity 
(%)

Left ventricular parameters
 Δ LVESV (%)  ≥ 26 0.75 (0.64–0.85) 79 66
 Δ LVEF (relative %)  ≥ 22 0.67 (0.56–0.78) 56 79

Left atrial parameters
 Δ LAV (%)  ≥ 7 0.50 (0.39–0.62) 77 32
 Δ  LASr (relative %)  ≥ 28 0.78 (0.68–0.88) 77 77

Fig. 5  Receiver operating characteristic analysis. Receiver oper-
ating characteristic analysis for relative change of LV and LA echo-
cardiographic parameters after CRT against the primary endpoint of 
all-cause mortality. Optimal cut-off values with accompanying sensi-
tivity, specificity, positive and negative predictive values are provided 
in Table 3

Fig. 6  Kaplan–Meier survival curve. Kaplan–Meier survival curve 
according to relative change of  LASr with cut-off ≥ 28%. The primary 
outcome was all-cause mortality

https://doi.org/10.1007/s12574-021-00559-0
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