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Is mechanical dyssynchrony a therapeutic target

in heart failure with preserved ejection fraction?
AymericMenet,MD, a LorraineGreffe,MD, a Pierre-Vladimir Ennezat,MD, PhD,b FrançoisDelelis,MD, a YvesGuyomar,MD, a

Anne Laure Castel, MD, a Aurélie Guiot, MD, a Pierre Graux, MD, a Christophe Tribouilloy, MD, PhD, c,d and

Sylvestre Marechaux, MD, PhD a,d
Lille, Grenoble, and Amiens, France

Background Previous studies have found a high frequency of mechanical dyssynchrony in patients with heart failure

(HF) with preserved ejection fraction (HFpEF), hence suggesting that cardiac resynchronization therapy (CRT) may be

considered in HFpEF. The present study was designed to compare the amount of mechanical dyssynchrony between HFpEF

patients and (1) HF with reduced EF (HFrEF) patients with an indication for CRT (HFrEF-CRT(+)) group, (2) HFrEF patients with

QRS duration b120 ms (HFrEF-QRS b120 ms) group, and (3) hypertensive controls (HTN).

Methods Electrical (ECG) and mechanical dyssynchrony (atrio-ventricular dyssynchrony, interventricular dyssynchrony,

intraventricular dyssynchrony) were assessed using conventional, tissue Doppler, and Speckle Tracking strain echocardiography in

40 HFpEF patients, 40 age- and sex-matched HTN controls, 40 HFrEF-QRS b120 ms patients, and 40 HFrEF-CRT(+) patients.

Results The frequency of left bundle branch block was low in HFpEF patients (5%) and similar to HTN controls (5%, P = 0.85).

Indices of dyssynchrony were similar between HFpEF andHTNpatients or HFrEF-QRS b120ms patients. In contrast, most indices of

dyssynchrony differed between HFpEF and HFrEF-CRT(+) patients. The principal components analysis on the entire cohort of 160

patients yielded 2 homogeneous groups of patients in terms of dyssynchrony, the first comprising HFrEF-CRT(+) patients and the

second comprising HTN, HFrEF-QRS b120 ms and HFpEF patients.

Conclusions Mechanical dyssynchrony in HFpEF does not differ from that of patients with HTN or patients with HFrEF

and a narrow QRS. This data raises concerns regarding the role of dyssynchrony in the pathophysiology of HFpEF and thereby

the potential usage of CRT in HFpEF. (Am Heart J 2014;168:909-916.e1.)

Chronic heart failure (CHF) affects about 2% of the

western population, increasing sharply from 1% in those

aged 50 years to a 10% prevalence in those aged 75 years

and older.1,2 CHF is the most common cause of hospital-

ization in patients aged over 65 years.1,2 As many as 50% of

patients with CHF have a preserved ejection fraction

(HFpEF). Epidemiological surveys show that the prognosis

of patients with HFpEF is nearly as poor as thosewith heart

failure and with a reduced ejection fraction (HFrEF).3

Despite use of similar drugs, outcomes of recent heart

failure (HF) trials were consistently neutral in HFpEF in

contrast to HFrEF.4 The multifaceted pathophysiology of

HFpEF remains debatable. The role of combined ventric-

ular and arterial stiffening, subtle longitudinal and torsional

LV systolic dysfunction,5 chronotropic incompetence,6

and renal impairment7 have been previously highlighted in

HFpEF pathogenesis. Preliminary landmark studies have

also reported a high frequency of mechanical dyssyn-

chrony in patients with HFpEF, hence suggesting that

myocardial dyssynchrony may contribute to the patho-

physiology of HFpEF. Thus, the present studywas designed

to compare the amount of mechanical dyssynchrony

between HFpEF patients and (1) HFrEF patients with

an indication for CRT according to current guidelines and

(2) HFrEF patients with a narrow QRS (QRS b120 ms) and

(3) hypertensive controls (HTN). We hypothesized that

HFpEF patients resemble to HTN and HFrEF patients with a

narrow QRS in terms of dyssynchrony but not to HFrEF

patients with a CRT indication.

Methods
Study population
HFpEF patients. The first cohort included patients

whowere hospitalized for heart failure and were found to
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have a LV ejection fraction ≥0.50. Patients with

HFpEF were studied as outpatients 2 months after the

index hospitalization. Data was collected at the time of the

outpatient examination. Every patientmet the Framingham

HF criteria and had physical and radiographic evidence of

pulmonary congestion. Exclusion criteria are detailed in

the appendix. Forty patients were included in this study.

Hypertensive control patients. Hypertensivepatients

(HTN) were randomly recruited among patients with

hypertension who were followed in the outpatient

department of our institution over a time period similar to

the recruitment of HFpEF patients. Hypertension patients

were age- and sex- matched to HFpEF patients.

HFrEF patients with QRS b120 ms (HFrEF-QRS

b120 ms). HFrEF patients were randomly recruited among

patients who, were hospitalized for heart failure at our

institution and found to have a LVejection fractionb0.50 and

a narrowQRS on ECG (b120ms). None of these patients had

an indication for CRT according to current guidelines.

HFrEF patients with indication for CRT (HFrEF–CRT

(+)). This cohort was retrospectively built by random

sampling of HFrEF patients referred to our institution for

CRT, according to the European Society of Cardiology

guidelines; these patients were enrolled in a prospective

study evaluating CRT response.8,9 CRT had been consid-

ered for patients with a left ventricular ejection fraction

(LVEF) ≤35% who remained in New York Heart Associa-

tion class II, III, and ambulatory IV, despite optimal medical

treatment and QRS duration ≥120 ms with a left bundle-

branch block (LBBB) morphology or with QRS duration

≥150mswith a non LBBBmorphology. A part of the results

regarding this group of patients has been previously

reported.8

Exclusion criteriawere identical forHFpEF patients, HTN

patients, HFrEF-QRS b120 ms and HFrEF–CRT(+) patients.

Clinical and ECG data obtained in the present study is

detailed in the appendix.

Echocardiography
Every examination was performed on a GE Vivid E9

ultrasound system with a M5S probe (GE Healthcare,

Velizy, France) and stored on a PACS. All measurements were

off-line performed on a dedicated EchoPAC workstation

equipped with the BT12 version (GE Medical Systems).

Standard echocardiographic measurements, speckle tracking

and tissue Doppler methods are detailed in the appendix.

Dyssynchronymeasurements. As shown in Figure 1,

indices of ventricular dyssynchrony were measured as follows:

1. Atrio-ventricular dyssynchrony (ratio of the LV filling

time [mitral Doppler inflow] and RR interval [LVFT/RR]

less than 0.40).

2. Inter-ventricular dyssynchrony:

a. Left ventricular pre-ejection interval (LPEI), as the

time interval between QRS onset and onset of aortic

ejection (predefined cut-off value N140 ms).10

b. Inter-ventricular mechanical delay (IVMD), defined

as the difference between left and right ventricular

pre-ejection delays (predefined cut-off value N40ms).

3. Intraventricular dyssynchrony

a. LV dyssynchrony by tissue Doppler imaging (TDI)

was defined as the maximum delay between peak

systolic velocities of the septal and the lateral walls

(Ts lateral-septal). Ts-SD (the standard deviation of

time to peak systolic velocity of 12 segments of the

left ventricular wall at the basal and medial levels)

was also calculated.11,12

b. The difference between time to peak-systolic

longitudinal strain by speckle tracking of the basal-

septal and basal-lateral LV segment (BS-BL delay)

and the standard deviation of time to peak-systolic

longitudinal strain by speckle tracking for the 12

basal and medial segments (SDt12S) were accord-

ingly calculated.8

c. The septal flash was defined as an early septal

thickening/thinning within the isovolumic contrac-

tion period as detected both visually from the gray-

scale SAX and 4CH views and from the PSLAX, SAX,

and 4CH views obtained by M-mode (Figure 1).13

d. Aclassical LBBBpatternof contractionwas searchedusing

longitudinal strain waveforms (Figure 1) and was defined

as an early contraction of the septal or anteroseptal

wall and early stretching in the opposing wall.14

e. Septal deformation patterns were systematically

investigated. Three septal deformation patterns

have been described in patients with a LBBB. Pattern

1 was considered if there was a double peak systolic

shortening, pattern 2 was defined early pre-ejection

shortening peak followed by prominent systolic

stretch and pattern 3 was defined as a normalized

pattern with a late systolic peak.8,15

Statistical analysis
Quantitative data is presented as mean ± SD or median

[25-75th]. Qualitative data is presented as absolute

numbers and percentages. Comparison of the means

was carried out using a paired two-sided Student t test or

Mann–Whitney U test as appropriate. Comparison of

categorical variables was carried out using a χ2 test or a

Fisher exact test, as appropriate.

To identify the association between electrical dyssynchrony

(QRS duration) and each continuous variable of mechanical

dyssynchrony, multiple linear regression analysis with adjust-

ment on the group of patients were performed.

Principal components analysis (PCA) is amultidimensional

exploratory method and allows to comprehensively link the

network of relationships that exist among many variables,

which was the case in this analysis of dyssynchrony. From a

geometrical point of view, variables in a correlation matrix

correspond to points in a high-dimensional space. PCA

enables theprojectionof thesepoints on aplanwithminimal

910 Menet et al
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distortion: 2 principal components which adequately

explain the variance of all dyssynchrony variables, are used

to build the axes of the plan.

Thus, dyssynchrony variables and groups of patients are

presented inasubjectplandeterminedbythe2maincomponents

which are orthogonal within one plan and draw a circle.

The closer the point is to the circle, the better the quality

of the representation. Two close points are positively

correlated. When two points are close to the circle and

orthogonal to the origin (O), these two underlying

variables are uncorrelated. When two points are diametri-

cally opposed and close to the circle, these two underlying

variables are negatively correlated. No conclusion can be

drawn if a point is close to the origin O. We can thus find

groups of variables having the same meaning and link

groups with variables.

For all tests, a 2-tailed P ≤ .05 or less was considered

statistically significant. Statistical analysis was performed

with R 3.0.3 (Youngstown, OH).

No extramural funding was used to support this work.

The authors are solely responsible for the design and

conduct of this study, all study analyses, the drafting and

editing of the paper and its final contents.

Results
Clinical characteristics, ECG and biological data
Clinical characteristics, ECG and biological data are

detailed in Table I. HFrEF-QRS b120 ms and HFrEF-CRT(+)

patientsweremore frequentlymale, had a lower bodymass

index and were less frequently hypertensive compared

with HFpEF patients. The frequency of enlarged QRS (QRS

≥120 ms) was similar in HFpEF patients and HTN controls

(15% vs 10%, P = .85 respectively).

Echocardiographic data

Echocardiographic data of the 4 groups of patients

is shown in Table II. LVEF and Global Longitudinal Strain

were lower in HFpEF compared with HTN patients.

As expected, left atrial volume index and E/e′ ratio were

higher in the three groups of HF patients compared with

HTN controls.

Figure 1

Doppler, M-mode, and speckle tracking indices of dyssynchrony. Abbreviations of indices of dyssynchrony are detailed within the text in the
methods section. MVC/O: mitral valve closure/opening. AVC/O: aortic valve closure/opening.

Menet et al 911
American Heart Journal

Volume 168, Number 6



Dyssynchrony
Dyssynchrony variables of the 4 groups of patients are

shown in Table III. A significant heterogeneity was found

between the four groups of patients. Indices of dyssyn-

chrony were similar in HFNEF and HTN patients. Similar

findings were found for the comparison of dyssynchrony

indices between HFpEF and HFrEF QRS b 120 ms patients.

In contrast,most indices of dyssynchrony differed between

HFpEF and HFrEF-CRT (+) patients. In the 2 patients with

HFpEF and a LBBB, a septal flash was found in 1 patient and

a longitudinal LBBB classical pattern was found in both

patients. In contrast, no patientwithHFpEFwithout a LBBB

had a septal flash (0%) and only 1 had a longitudinal LBBB

classical pattern (2%).

In the whole cohort of patients and after adjustment of

groups, QRS duration did correlate with LPEI (P = .0001),

IVMD (P = .008) and Sdt12d (P = .02) whilst Ts lateral

septum (P = .09), Ts-SD (P = .71), BS-BL (P = .06) and

LVFT/RR (P = .52) did not. In contrast, the proportion of

patients with a septal flash, a LBBB longitudinal classical

pattern and a septal pattern 1 or 2 was significantly higher

in patients with QRS duration ≥120 ms compared with

those with a QRS duration b120 ms (Figure 2).

Principal components analysis
A graphical representation of the correlations between

dyssynchrony variables and correlation between groups

of patients and variables based on a principal component

analysis is shown in Figure 3 and summarizes the

information contained in Table III. This figure illustrates

dyssynchrony variables (dyssynchrony variables plan) and

the groups of patients (groups of patients plan) that

resembleone another. TheHFpEF group is very close to the

HTN group and to HFrEF-QRS b120 ms group. In contrast,

the three other groups largely differ from HFrEF-CRT (+)

patients in terms of dyssynchrony. Thus, the PCA yielded 2

homogeneous groups of patients in terms of dyssynchrony,

the first comprising HFrEF-CRT(+) group and the second

comprising HTN, HFrEF-QRS b 120ms andHFpEF patients.

The HFrEF-CRT(+) group strongly correlates with most

echocardiographic indices of dyssynchrony (Figure 3).

Discussion
The present data confirm that mechanical dyssyn-

chrony is a key feature in patients with HFrEF and a

wide QRS who are therefore candidates for CRT, whilst

providing evidence that mechanical dyssynchrony in

HFpEF does not significantly differ from that of patients

with HTN or patients with HFrEF and a narrow QRS.

Recently, landmark studies have reported mechanical

dyssynchrony in patients with HFpEF,16-18 hence suggest-

ing a pathophysiological role of dyssynchrony and thereby

room for CRT in HFpEF. At first glance the present findings

differ from previous reports on mechanical dyssynchrony

Table I. Demographic and clinical data of the study population

HFpEF HTN
HFrEF-QRS
b 120 ms

HFrEF
CRT(+) P

HFpEF
vs HTN

HFpEF vs
HFrEF-QRS b 120 ms

HFpEF vs
HFrEF-CRT(+)

Clinical
data

No. of patients 40 40 40 40
Age (year) 70 ± 13 68 ± 11 62 ± 12 70 ± 12 .005 0.432 0.002 0.94
Male (n, %) 9 (23) 9 (23) 32 (80) 28 (70) b.001 1 b0.001 b0.001
Body mass index (kg/m2) 31 ± 6 29 ± 6 27 ± 5 27 ± 5 .007 0.274 0.004 0.004
Hypertension (n, %) 37 (93) 40

(100)
21 (54) 13 (33) b.001 0.651 b0.001 b0.001

Diabetes (n, %) 24 (60) 15 (38) 14 (36) 11 (28) .022 0.073 0.043 0.006
Dyslipidemia (n, %) 28 (70) 19 (48) 18 (46) 13 (33) .009 0.069 0.041 0.002
COPD (n, %) 7 (18) 1 (3) 5 (13) 5 (13) .142 0.057 0.756 0.755
Coronary artery disease
(n, %)

9 (23) 2 (5) 20 (50) 13 (33) b.001 0.025 0.0184 0.453

Systolic blood pressure
(mmHg)

142 ± 23 138±18 126 ± 21 124 ± 19 b.001 0.317 b0.001 b0.001

Diastolic blood pressure
(mmHg)

77 ± 10 79 ± 11 72 ± 14 71 ± 12 .005 0.291 0.093 0.028

Heart rate (beat/min) 72 ± 15 72 ± 11 72 ± 13 73 ± 13 .998 0.903 0.964 0.943
ECG QRS width (ms) 92 ± 23 91 ± 18 97 ± 10 157 ± 25 b.001 0.696 0.297 b0.001

QRS Morphology (n, %) b.001 0.845 0.026 b0.001
LBBB 2 (5) 2 (5) 0 (0) 38 (95)
Right bundle-branch block 4 (10) 2 (5) 0 (0) 0 (0)
Intraventricular conduction
delay

0 (0) 0 (0) 0 (0) 2 (5)

Biological
data

Creatinine (mg/L) 16 ± 12 9 ± 2 12 ± 4 14 ± 9 b.001 b0.001 0.038 0.362
Brain natriuretic peptide
(pg/mL)

471 ±
679

54 ± 52 722 ± 900 959 ±
1066

b.001 0.024 0.213 0.009

Abbreviation: COPD, Chronic obstructive pulmonary disease.
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inHFpEF.16,19-22Yuet al, measured time standard deviation

of tissue Doppler peak myocardial systolic velocity (Ts-SD)

to assess systolic asynchrony in 92 HFpEF patients, 281

HFrEF patients and 100 healthy volunteers.20 The Ts-SD

was significantly prolonged in both the HFrEF and HFpEF

groups when compared with the healthy volunteers but

was more severely prolonged in HFrEF than in HFpEF.

Using 2D speckle tracking as standard deviation of time to

peak longitudinal systolic strain in 12 ventricular segments,

Santos and coworkers found greater systolic dyssynchrony

in 130 HFpEF patients compared to 40 healthy controls.18

In contrast and similar to our findings, Lee and coworkers

using TDI did not find any difference in systolic dyssyn-

chrony between patients with HFpEF and hypertensive

patients with LV hypertrophy.21

In the design of this study, attention was sought to

study ambulatory stable patients with a definite diagnosis

of HFpEF. Global longitudinal strain, left atrial volume

index, and E/e′ ratios were greater in our HFpEF patients

than in our hypertensive patients who served as relevant

controls. In contrast to the present study, controls

were age matched to normotensive healthy subjects in

Yu’s and Santos’s study.18,20 Lee et al compared HFpEF

patients with both HTN patients and normal controls.21

CRT is currently recommended in New York Heart

Association II-IV patients with HFrEF and prolonged QRS

duration. The presence of a LBBB is a strong predictor of

outcome in most reports including the long-term follow-

up of the MADIT-CRT.23,24 Conversely a recent report has

demonstrated the detrimental effect of CRT in patients

with HFrEF and narrow QRS.25 We reported that besides

a septal flash from M-mode and 2D strain derived LBBB

pattern, a LV septal deformation pattern 1 or 2 has a high

positive predictive value for predicting reverse remodel-

ing and outcome in patients with wide QRS receiving

CRT.8,15 These indices of dyssynchrony (septal flash,

classical LBB pattern, septal pattern 1 or 2) amenable to

CRT were consistently found in patients with increased

QRS duration and very rare in patients with HFrEF and

QRS b120 ms. Hence, these indices of dyssynchrony are

Table II. Echocardiographic data of the study population

HFpEF HTN
HFrEF-QRS
b120 ms HFrEF-CRT(+) P

HFpEF
vs

HTN

HFpEF vs
HFREF-QRS
b120 ms

HFpEF vs
HFrEF-CRT(+)

LV ejection fraction (%) 63 ± 9 69 ± 9 30 ± 7 25 ± 4 b.001 b0.001 b0.001 b0.001
Global longitudinal strain (%) −17 ± 3 −19 ± 3 −9 ± 4 −7 ± 3 b.001 b0.001 b0.001 b0.001
LV end-diastolic diameter (mm) 47 ± 7 47 ± 6 64 ± 8 69 ± 8 b.001 0.64 b0.001 b0.001
LV end-systolic diameter (mm) 33 ± 8 33 ± 8 54 ± 9 59 ± 9 b.001 0.846 b0.001 b0.001
LV mass index (g/m2) 92 ± 33 83 ± 19 143 ± 37 172 ± 49 b.001 0.273 b0.001 b0.001
LV end-diastolic volume index (mL/m2) 43 ± 13 39 ± 9 121 ± 31 143 ± 33 b.001 0.466 b0.001 b0.001
LV end-systolic volume index (mL/m2) 16 ± 7 12 ± 5 86 ± 27 108 ± 28 b.001 0.372 b0.001 b0.001
Cardiac output index (L/m2) 3.2 ± 0.9 3.2 ± 0.8 2.3 ± 0.9 2.4 ± 0.7 b.001 0.961 b0.001 b0.001
Left atrial volume index (mL/m2) 33 ± 10 23 ± 7 33 ± 12 41 ± 14 b.001 b0.001 0.83 0.002
E-wave deceleration time (ms) 218 ± 67 245 ± 85 171 ± 65 181 ± 81 b.001 0.102 0.006 0.031
E/A 1.1 ± 0.7 0.8 ± 0.3 1.6 ± 1.1 1.3 ± 0.9 .010 0.136 0.009 0.318
E/E′ 16 ± 6 7 ± 3 13 ± 6 15 ± 7 b.001 b0.001 0.026 0.297
RV S-wave (cm) 12 ± 3 13 ± 3 10 ± 4 10 ± 4 b.001 0.105 0.061 0.003

Abbreviations: LV, left ventricle. RV, right ventricle.

Table III. Mechanical dyssynchrony data of the study population

HFpEF HTN
HFrEF-QRS
b 120 ms HFrEF-CRT(+) P

HFpEF
vs

HTN

HFpEF vs
HFrEF-QRS
b 120 ms

HFpEF vs
HFrEF-CRT(+)

Atrio-ventricular
dyssynchrony

LVFT/RR b40% (n, %) 6 (15) 4 (10) 8 (20) 22 (57.5) b.001 0.737 0.77 b0.001
LPEI (ms) 89 ± 19 83 ± 21 125 ± 28 169 ± 31 b.001 0.319 b0.001 b0.001

Inter-ventricular
dyssynchrony

LPEI N140 ms (n, %) 0 (0) 2 (5) 10 (25) 32 (82) b.001 0.494 0.001 b0.001
IVMD (ms) -9 ± 21 1 ± 21 11 ± 22 46 ± 28 b.001 0.080 b0.001 b0.001
IVMD N40 ms (n, %) 0 (0) 2 (5) 4 (10) 24 (60) b.001 0.494 0.116 b0.001

Intra-ventricular
dyssynchrony

Ts lateral-septal (ms) 69 ± 53 48 ± 44 65 ± 36 66 ± 40 .235 0.033 0.623 0.718
Ts-SD (ms) 55 ± 24 47 ± 21 51 ± 27 54 ± 22 .434 0.108 0.485 0.742
BSBL (ms) 18 ± 110 -2 ± 98 21 ± 88 116 ± 186 .025 0.491 0.92 0.00078
Sdt12d (ms) 62 ± 21 54 ± 15 72 ± 34 115 ± 51 b.001 0.231 0.219 b0.001

Septal flash (n, %) 1 (3) 2 (5) 3 (8) 31 (80) b.001 1 0.358 b0.001
Longitudinal LBBB classical pattern (n, %) 3 (8) 2 (5) 9 (23) 32 (82) b.001 1 0.066 b0.001
Septal deformation pattern 1 or 2 (n, %) 0 (0) 0 (0) 4 (10) 26 (65) b.001 NA 0.116 b0.001

Abbreviations of indices of dyssynchrony are detailed within the text in the methods section.
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harbingers of electrical dyssynchrony and significantly

differed between patients with HFrEF and wide QRS from

HFrEF patients with narrow QRS but also from patients

with HFpEF.

Park et al demonstrated that ventricular loading

conditions altered LV dyssynchrony in patients with non

ischemic cardiomyopathy.26 Therefore one expects to find

an amount of increased dyssynchrony in HFpEF patients

compared to hypertensive patients without heart failure.

Despite having higher pre- and after-load conditions only

the Ts lateral-septal was found greater in patients with

HFpEF than in hypertensive patients. Importantly the

echocardiographic indices of dyssynchrony amenable to

CRT were rare and similar between HFpEF and HTN

patients, indicating their close relationship with electrical

dyssynchrony but not with loading conditions.

The principal component analysis allows finding

clusters in a set of data from multiple groups. It is worthy

to note that this analysis does not depend on any variable

outcome but relies on the dependence of variables in

the dataset. Indices of dyssynchrony amenable to CRT

were strongly correlated and represented within the

same component, indicating that they convey the same

information. Hence, this component allowed for iden-

tifying 2 groups of patients other than the 4 initial

groups, HFrEF-CRT (+) patients and others (HFpEF,

HFrEF-QRS b120 ms and HTN patients), hence demon-

strating that HFpEF patients are similar in terms of

dyssynchrony to HTN and HFrEF-QRS b120 ms patients

and are very different from HFrEF-CRT (+) patients.

Clinical implications
The amount of mechanical dyssynchrony in patients

with HFpEF does not significantly differ from hyperten-

sive patients without signs or symptoms of heart failure

and from patients with HFrEF and narrow QRS. Our

results do not support the use of CRT in HFpEF patients;

this has to be tested in future randomized trials. The small

subset of patients with HFpEF and LBBB should be

specifically evaluated in prospective multicenter studies.

Study limitations
The study population was small in size. Of note in spite of

the small size of our HFpEF group the proportion of patients

with wide QRS (15%) was similar to that of Yu’s (11%),16

Santos’s (13%)18 or Lee's (15%)21 studies. In addition,

HFpEF patients were prospectively included and well

characterized to avoid the enrollment of patients with

specific causes of HF other than HFpEF. Clinical and

echocardiographic outcome after CRT cannot be evaluated

in patients with HFNEF, HTN or HFrEF-QRS b120 ms from

the present study. As CRT is aimed at specifically correcting

systolic dyssynchrony diastolic dyssynchrony was not

evaluated. The small subset of HFpEF patients with LBBB

is likely to show increased mechanical dyssynchrony.

Dyssynchrony was found dynamic during exercise or

dobutamine challenge in HFpEF as well as in HFrEF.21

Only resting dyssynchrony was assessed in our series. The

subset of patients with QRS width ≥120 ms and without

CRT indication (LVEF between 0.35 and 0.50) was not

studied as the group of patients with HFrEF and enlarged

QRS was retrospectively built with patients receiving CRT

according to current guidelines (LVEF ≤0.35).9

Conclusion
This study is the first to evaluate mechanical dyssyn-

chrony amenable to CRT in patients with HFpEF. Patients

Figure 2

Proportion of patients with a septal flash, a longitudinal LBBB classical pattern and a septal deformation pattern 1 or 2 according to QRS duration
b120 or ≥120 ms.
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with HFpEF are similar to HTN or HFrEF-QRS b 120 ms

patients in terms ofmechanical dyssynchrony andwidely differ

from HFrEF-CRT(+) patients. This data may raise concerns

about the potential usefulness of CRT in HFpEF patients.
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Appendix
Exclusion criteria
Exclusion criteria were history of myocardial infarction,

atrio-ventricular or sino-atrial conduction defects, atrial fibrilla-

tion or flutter, cardiac pacemaker, primary valvular disease,

prosthetic heart valves, restrictive or hypertrophic cardio-

myopathy, constrictive pericarditis, end-stage kidney disease,

nephrotic syndrome, cor pulmonale or other causes of

isolated right ventricular failure, liver cirrhosis, congenital

heart diseases, high-output heart failure and patients with

poor echocardiographic windows.

Clinical data
Significant coronary artery disease was defined as the

presence of a luminal narrowing greater than 50% on coronary

angiography. LBBBwasdefined asQRSdurationgreater thanor

equal to 120ms, broad notched/slurred R inDI, aVL, V6; absent

q inDI, V5, V6; R-peak timeN60ms inV6 andb60ms inV1-V3.
27

Rightbundlebranchblock (RBBB)wasdefinedasQRSduration

greater than or equal to 120ms, rsr′, rsR′, or rSR′ in leads V1 or

V2, S wave of greater duration than R wave or greater than 40

ms in leads I and V6 and normal R peak time in leads V5 and V6
but N50 ms in lead V1.

27 Intraventricular conduction delay

(IVCD) was defined by a QRS duration ≥120 ms with no

criteria for RBBB or LBBB.27

Echocardiographic methods
Three cardiac cycles were stored for each measurement

and for subsequentoff line analysis byone investigatorblinded

for the clinical status of the patient. The LV ejection fraction

wasmeasuredusing the Simpsonbiplanemethod. Septalwall,

posterior wall thickness, and LV minor axis dimensions at

end-diastolic and end-systolic, were obtained with the use

ofM-mode recordings obtained at a sweep speed of 100mm/s.

The LVmass was accordingly calculated using the American

Society of Echocardiography corrected formula and indexed

for body surface area.28 Cardiac outputwas calculated as the

product of the forward stroke volume (time-velocity integral

* π * D2/4, D being the diameter of the LV outflow tract) and

heart rate. Pulsed-waveDopplerwas performed in the apical

4-chamber view at end-expiration with a 3-mm sample

volume to obtain mitral inflow velocities (E and A waves).

Pulse-wave tissueDoppler imagingwas sequentially performed

to acquire lateral and septalmitral annular velocities (e′waves),

and both velocitieswere averaged to calculate the E/e′ ratio

(whichcorrelates reasonablywellwithLVend-diastolicpressure)

as previously described. Left atrial diameter (LAD1) was

measuredat ventricular end-systole in theparasternal long-axis

view usingM-mode. Left atrial volumewas calculated using

the ellipse formula:π/6 (LAD1 × LAD2 × LAD3), where LAD2

and LAD3 aremeasurements of the short axis and long axis,

respectively, in the apical 4-chamber view, andwas indexed

to body surface area.
Apical chamber views were recorded at a frame rate

between 55 and 90 frame per second (65±10 fps) and

were used for strain analysis. Longitudinal strain values

were computed after determining aortic valve opening

and closure onset using Doppler recordings. Automatic

tracking of the endocardial contour on an end-systolic frame

was carefully verified and the regionof interestwasmanually

corrected to ensure optimal tracking and to cover the entire

thickness of the LV myocardium. Color-coded TDI was also

performed. For TDI data acquisition, color Doppler frame rates

were minimally set at 150 fps; pulse repetition frequency

was 1 KHz, resulting in aliasing velocities at 16 cm/s.
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Background: The present study was designed to evaluate the respective value of left ventricular (LV) reverse re-

modeling (changes in LV end-systolic volume relative to baseline (ΔLVESV)) or LV performance improvement

(ΔLV ejection fraction (ΔLVEF) or ΔGlobal longitudinal strain (GLS)) to predict long-term outcome in a prospec-

tive cohort of consecutive patients receiving routine cardiac resynchronization therapy (CRT).

Methods: One hundred and seventy heart failure patients (NYHA classes II–IV, LVEF ≤ 35%, QRS width ≥ 120 ms)

underwent echocardiography before and 9 months after CRT. The relationships between ΔLVESV, ΔLVEF, ΔGLS

and outcome (all-cause mortality and/or CHF hospitalization, overall mortality, cardiovascular mortality, CHF

hospitalization) were investigated.

Results: During a median follow-up of 32 months, 20 patients died and 27 were hospitalized for heart failure.

ΔLVESV, ΔLVEF or ΔGLS were significantly associated with all-cause mortality or CHF hospitalization (adjusted

hazard's ratio (HR) per standard deviation 0.58 (0.43–0.77), 0.39 (0.27–0.57) or 0.55 (0.37–0.83) respectively,

all p b 0.01) and all other endpoints (all p b 0.01). Patients with ΔLVESV ≥ 15%, ΔLVEF ≥ 10% and ΔGLS ≥ 1%

had a reduced risk of mortality or CHF hospitalization (adjusted HR = 0.25 (0.12–0.51), p b 0.001, adjusted

HR=0.26 (0.13–0.54), p b 0.001 and adjustedHR0.38 (0.19–0.75), p=0.006 respectively). Overall performance

of multivariate models was better using ΔLVESV or ΔLVEF compared with ΔGLS. Interobserver agreement was

excellent for ΔLVESV (Intraclass correlation coefficient — ICC-0.91) and ΔGLS (ICC 0.90) but modest for ΔLVEF

(ICC 0.76) in a sample of 20 patients from the study population.

Conclusions: LV reverse remodeling assessed by ΔLVESV is a strong and reproducible predictor of outcome

following CRT. Compared with ΔLVESV, ΔLVEF and ΔGLS have important shortcomings: poorer reproducibility

or lower predictive value.

© 2015 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Cardiac resynchronization therapy (CRT) is currently recommended
to improve symptoms, and prognosis in patients with moderate-to-
severe heart failure, left ventricle (LV) systolic dysfunction and
prolonged QRS duration [1]. Identification of ‘responders’ and ‘non-

responders’ to CRT has attracted considerable attention as 20 to 40% of
patients fail to respond to CRT [2]. The CRT response can be measured
in terms of clinical outcome or alternatively, in terms of LV response.
Numerous studies have shown a significant reduction in left ventricle
end-systolic volume (LVESV) after CRT [3–5] which translated consis-
tently into a more favorable outcome [3,6]. Although mechanically at-
tractive, the relationship between LV performance improvement
assessed by changes in LV ejection fraction (LVEF) and outcome in
heart failure remains a matter of debate [7], with studies reporting con-
flicting results in patients receiving CRT [8–10]. Lastly, one report from a
post hoc analysis of the randomized control MADIT-CRT trial suggested
that LV performance improvement as assessed by changes in speckle
tracking-derived global longitudinal strain (GLS) may be powerfully
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linked to an improved outcome on top of changes in LVESV and LVEF
[11]. Accordingly, the present study was designed to evaluate the re-
spective prognostic value of each of these parameters (changes (Δ) in
LVESV, LVEF and GLS) in a prospective cohort of patients receiving
CRT according to current guidelines in the context of routine clinical
practice.

2. Methods

2.1. Study population

The cohort included ambulatory patients with stable heart failure with indication for

CRT according to the European Society of Cardiology guidelines consecutively referred to

the Saint Philibert Catholic University Hospital for CRT implantation. Briefly, CRT was con-

sidered for patients whose LVEF was ≤35% who remained in New York Heart Association

(NYHA) classes II, III and ambulatory IV despite optimal medical treatment and QRS dura-

tion ≥120ms in case of left bundle branch block (LBBB)morphology orwith QRS duration

≥150 ms in case of a non-LBBB morphology, as recommended by current guidelines [1].

Exclusion criteria were (1) myocardial infarction, acute coronary syndrome, or coro-

nary revascularization during the previous 3months; (2) primarymitral or aortic valvular

disease; (3) uncontrolled rapid atrialfibrillation; and (4) poor echocardiographicwindow.

The study was approved by the Lille Catholic University ethics committee for non-

interventional research. Informed consent was obtained for all patients.

2.2. Echocardiography

Echocardiographywas performed theday before CRT implantation and atnine-month

follow-up. All exams were performed on a GE Vivid E9 ultrasound system with a M5S

probe (GE Healthcare, Velizy, France) by experienced echocardiographers. All echocardio-

graphic data were stored on a PACS. All measurements were off-line performed on a

dedicated EchoPAC workstation equipped with the BT12 version (GE Medical Systems).

Three cardiac cycles were stored for each measurement for subsequent off-line analysis

by one investigator blinded for the clinical status of the patient. LVEF was obtained by

Simpson biplan method. LVESV was obtained by contouring LV end systolic volume in

two orthogonal plans. All standard echocardiographic data were obtained according to

current ASE/EACVI recommendations for performance of echocardiography [12].

Apical chamber views recorded at a frame rate between 55 and 90 frames per second

(65 ± 10 fps) were used for strain analysis. Longitudinal strain values were computed

after determining aortic valve opening and closure onset using Doppler recordings. Auto-

matic tracking of the endocardial contour on an end-systolic frame was carefully verified

and the region of interest wasmanually corrected to ensure optimal tracking and to cover

the entire thickness of the LVmyocardium.GLSwas the average of segmental peak systolic

longitudinal strains from the three apical views.

ΔLVEF and ΔGLS were defined as the differences between baseline and nine-month

follow-up values. ΔLVESV was defined as the extent of reduction in LVESV between base-

line and nine-month follow-up relative to baseline LVESV.

Interobserver variability of ΔLVESV, ΔLVEF and ΔGLS was tested in a randomly

selected set of 20 patients from the study population.

2.3. Clinical data

Clinical data included age, sex, documented history of hypertension, hypercholester-

olemia (patients on cholesterol-lowering medication or with a low-density lipoprotein

cholesterol concentration greater than 160 mg/dL in the absence of treatment), diabetes

mellitus (fasting blood glucose greater than 126 mg/dL on two occasions or patients

currently receiving an oral hypoglycemic medication or insulin). Body mass index was

calculated as weight in kilogram divided by height in meter square. Significant coronary

artery disease was defined as the presence of a luminal narrowing greater than 50% on

coronary angiography.

Patients received maximum tolerated doses of beta-blockers, angiotensin-converting

enzyme inhibitors or angiotensin receptor blockers, and spironolactone, as recommended

by current guidelines. Blood was sampled in the supine position for serum creatinine on

the day before CRT device implantation.

2.4. CRT device implantation

Boston Scientific (Natick, MA), Medtronic (Minneapolis, MN), St. Jude (St Paul, MN),

Sorin (Milan, Italy), and Biotronik (Berlin, Germany) CRT devices were implanted by elec-

trophysiologists targeting a basal lateral, antero-lateral or postero-lateral coronary sinus

vein for LV leadpositioning. To promote biventricular pacing, CRT deviceswere commonly

programmed with short atrioventricular delays. Interventricular timing was set to zero.

Other parameters were set to nominal values or at the clinician's discretion. Using pulsed

Doppler mitral inflow, the atrioventricular delay was selected before hospital discharge to

allow adequate E-wave and A-wave separation and termination of the A-wave before

mitral valve closure.

2.5. Outcomes

During follow-up, patients were monitored by their personal physicians. Events

were ascertained by clinical interviews and/or by phone calls to physicians, patients,

and (if necessary) next of kin. The endpoint of the study was all-cause mortality and/

or congestive heart failure (CHF) hospitalization. Follow-up was complete in 100% of

cases.

2.6. Statistical analysis

Quantitative data are presented as mean ± standard deviation or median [25–75th].

Qualitative data are presented as absolute numbers and percentages. Student paired t-

test was performed for paired continuous variables.

For the sake of clarity, ΔGLS has been converted in absolute value in all presented

analyses [13]. As a consequence, ΔGLS (“improvement in GLS”) positively correlates

with improvement in LV systolic function in the present report.

The mean duration of follow-up was computed using the reverse Kaplan–Meier

method. Univariate Cox regression survival analysis was used to identify the relation-

ship between ΔLVESV, ΔLVEF and ΔGLS and occurrence of events during follow-up.

We used a time-to-first-event approach for composite criteria. Cox regression multi-

variable survival analysis was thus performed; we did not use model building tech-

niques, and entered covariates that were considered of potential prognostic impact

on an epidemiological basis in the models. These covariates were: QRS width, NYHA

III or IV, age, coronary artery disease, creatinine serum levels and baseline LVEF (%).

The proportional hazards assumption was confirmed using statistics and graphs on

the basis of Schoenfeld residuals. Cut-off values for ΔLVESV and ΔLVEF were based

on cut-offs from previous published reports [14,15]. In the absence of previously pub-

lished cut-offs for ΔGLS, the cut-off value was chosen as the value minimizing the

Bayesian Information Criteria (BIC) in Cox regression analysis. Univariate survival

curves using these categorical values were obtained using the Kaplan–Meier method.

To allow comparison of ΔLVESV, ΔLVEF and ΔGLS used as continuous variables, all

hazard ratios (HRs) of all Cox models were rescaled by the within-study standard de-

viation to represent a standardized change in the value of each parameter (either

ΔLVESV, ΔLVEF and ΔGLS). Each model discrimination was assessed using Harrell's

C statistics. Goodness of fit of Cox multivariate models was assessed by using the

R2. Intraclass correlation coefficient (ICC) was obtained to assess interobserver agree-

ment of ΔLVESV, ΔLVEF and ΔGLS. For all tests, a 2-tailed p-value of 0.05 or less was

considered statistically significant. Statistical analysis was performed with R 3.0.3

(Youngstown, Ohio, USA).

3. Results

3.1. Clinical characteristics, EKG, biological and echocardiographic data

One hundred and eighty two patients were initially enrolled in
the present study. However, 12 patients died before the nine-
month echocardiography examination. The final study population
consisted in 170 patients (mean age 70 ± 11 years, 71% male) with
heart failure due to LV systolic dysfunction (mean LVEF 26 ± 5%,
mean GLS −8.0 ± 2.8%) who received CRT (CRT-P 13%, CRT-D
87%). Clinical characteristics, ECG, biological and echocardiographic
data are summarized in Table 1. Fifty percent of the patients were
in NYHA functional class III or IV. Mean QRS width was 162 ±
26 ms, 74% of patients had QRS width of ≥150 ms and 81% had a
LBBB. Mean values of LVESV, LVEF and GLS at baseline and 9 months
of follow-up are detailed in Table 2. Among the 3060myocardial seg-
ments studied at baseline, longitudinal strain analysis was feasible in
3001 (98%). Similarly, among the 3060 myocardial segments studied
at nine-month follow-up, longitudinal strain analysis was feasible in
3002 (98%). ΔGLS poorly correlated with ΔLVEF (r = 0.45, p b 0.001)
and ΔLV ESV (r = 0.48, p b 0.001). In contrast ΔLVEF strongly corre-
lated with ΔLVESV (r = 0.80, p b 0.001). Mean NYHA functional class
decreased from baseline to 9-month follow-up from 2.5 ± 0.6 to
1.9 ± 0.7 (p b 0.0001) in the overall study population. Among pa-
tients in NYHA functional classes III–IV at baseline, 78% experienced
an improvement in one or more NYHA functional class at 9-month
follow up. Among patients in NYHA functional class II, 35% experi-
enced an improvement in NYHA functional class at 9-month fol-
low-up. At 9 month follow-up, median [25–75th] biventricular
pacing rate was 99 [98;100] %. Seventy nine percent of the study pa-
tients achieved biventricular pacing of N97%.
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3.2. Outcome

During a median follow-up of 32months, 20 patients died (13with-
out preceding heart failure) and 27 patients were hospitalized for heart
failure. At one, two and three years, survival free from death and/or CHF
hospitalization was 91± 4%, 83 ± 6% and 69± 9% respectively. Eleven
patients died from cardiovascular causes.

3.3. Prognostic value of ΔLVESV

LVESV decreased in average from 186 ± 58 to 127 ± 69 mL,
p b 0.001 (Table 2). Mean ΔLVESV were lower in patients who experi-
enced all-cause mortality or CHF hospitalization than in those who did
not (Table 3). As shown in Table 4, by Cox univariate analysis, ΔLVESV
was associated with reduced all-cause mortality or CHF hospitalization
(HR=0.57 (0.45–0.72), p b 0.001). After adjustment,ΔLVESV remained
significantly associated with all-cause mortality or CHF hospitalization
(adjusted HR = 0.58 (0.43–0.77), p b 0.001). Kaplan–Meier event free
survival according to a relative reduction of LVESV at ≥15% vs b15% is
represented in Fig. 1. Patients with a relative reduction of LVESV at
≥15% had a better outcome than those with a relative reduction of
LVESV at b15% (HR = 0.20 (0.10–0.37), p b 0.001, adjusted HR= 0.25
(0.12–0.51), p b 0.001).

As shown in Supplementary Tables 1, 2 and 3,ΔLVESVwas also asso-
ciated with reduced all-cause mortality (HR = 0.58(0.40–0.84), p =
0.004), cardiovascular death (HR = 0.44 (0.28–0.68), p b 0.001) and

CHF hospitalization (HR = 0.52 (0.40–0.68), p b 0.001). After adjust-
ment, ΔLVESV remained significantly associated with reduced all-
cause mortality (adjusted HR = 0.59 (0.37–0.92), p = 0.022), cardio-
vascular death (adjusted HR = 0.42 (0.23–0.75), p = 0.003) and CHF
hospitalization (adjusted HR = 0.54 (0.39–0.77), p b 0.001). A relative
reduction of LVESV at ≥15% was accordingly associated with reduced
all-cause mortality (adjusted HR = 0.31 (0.12–0.83), p = 0.019), car-
diovascular death (adjusted HR = 0.14 (0.03–0.61), p = 0.008) and
CHF hospitalization (adjusted HR = 0.18 (0.07–0.45), p b 0.001).

3.4. Prognostic value of ΔLVEF

LVEF increased in average from 26 ± 5% to 39 ± 12%, p b 0.001
(Table 2). Mean ΔLVEF was lower in patients who experienced all-
cause mortality or CHF hospitalization than in those who did not
(Table 3). As shown in Table 4, by Cox univariate analysis,ΔLVEFwas as-
sociated with reduced all-cause mortality or CHF hospitalization (HR=
0.42 (0.30–0.60), p b 0.001). After adjustment, ΔLVEF remained signifi-
cantly associated with all-cause mortality or CHF hospitalization
(adjusted HR = 0.39 (0.27–0.57), p b 0.001). Kaplan–Meier event
free survival according to an increase in LVEF at ≥10% vs b10% is repre-
sented in Fig. 2. Patients with an increase in LVEF at ≥10% had a better
outcome than those with an increase in LVEF at b10% (HR = 0.35
(0.18–0.66), p b 0.001, adjusted HR = 0.26 (0.13–0.54), p b 0.001).

As shown in Supplementary Tables 1, 2 and 3, by Cox univariate
analysis, ΔLVEF was also associated with reduced all-cause mortality
(HR= 0.40 (0.24–0.65), p b 0.001), cardiovascular death (HR= 0.19
(0.09–0.43), p b 0.001) and CHF hospitalization (HR = 0.38 (0.25–
0.58), p b 0.001). After adjustment, ΔLVEF remained significantly as-
sociated with reduced all-cause mortality (adjusted HR = 0.33
(0.19–0.60), p b 0.001), cardiovascular mortality (adjusted HR =
0.13 (0.04–0.39), p b 0.001) and CHF hospitalization (adjusted
HR = 0.38 (0.25–0.58), p b 0.001). An increase in LVEF at ≥10% was
not associated with reduced all-cause mortality (adjusted HR =
0.42 (0.15–1.16), p = 0.095), but was associated with reduced car-
diovascular death (adjusted HR = 0.05 (0.01–0.48), p = 0.009)
and with reduced CHF hospitalization (adjusted HR = 0.14 (0.05–
0.39), p b 0.001).

3.5. Prognostic value of ΔGLS

As shown in Table 2, GLS improved in average from baseline to 9
months of follow-up from −8.0 ± 2.8% to −9.9 ± 4.0%, p b 0.001.
Mean ΔGLS was lower in patients who experienced all-cause mortality
or CHF hospitalization than in those who did not (Table 3). As shown in
Table 4, by Cox univariate analysis, ΔGLSwas positively associated with
reduced all-cause mortality or CHF hospitalization (HR = 0.62 (0.43–
0.88), p=0.007). After adjustment,ΔGLS remained significantly associ-
ated with all-cause mortality or CHF hospitalization (adjusted HR =
0.55 (0.37–0.83), p = 0.004). Kaplan–Meier event free survival accord-
ing to an improvement in GLS at ≥1% vs b1% is represented in Fig. 3. Pa-
tients with an improvement in GLS at ≥1% had a better outcome than
those with an improvement in GLS at b1% (HR = 0.43 (0.23–0.82),
p = 0.011, adjusted HR 0.38 (0.19–0.75), p = 0.006).

As shown in Supplementary Tables 1, 2 and 3, by Cox univariate
analysis, ΔGLS was also associated with reduced all-cause mortality
(HR = 0.51 (0.30–0.87), p = 0.013), cardiovascular death (HR = 0.37
(0.18–0.77), p = 0.008) and CHF hospitalization (HR = 0.58 (0.39–
0.89), p = 0.011). After adjustment on QRS width, NYHA functional
class III or IV, age, coronary artery disease, creatinine serum level and
LVEF, ΔGLS remained significantly associated with reduced all-cause
mortality (adjusted HR = 0.48 (0.25–0.91), p = 0.025), cardiovascular
mortality (adjusted HR = 0.34 (0.14–0.81), p = 0.015) and CHF
hospitalization (adjusted HR = 0.53 (0.33–0.83), p = 0.006). An
improvement in GLS at ≥1% was not associated with reduced all-cause
mortality (adjusted HR = 0.42 (0.16–1.12), p = 0.081), but was

Table 1

Demographic, clinical, laboratory and echocardiography data of the study population.

NYHA = New York Heart Association; LV = left ventricular; sPAP = systolic pulmonary

artery pressure.

Demographic and

clinical data

n = 170

Age (years) 70 ± 11

Male (n, %) 121 (71%)

Body mass index (kg/m2) 28 ± 5.4

Diabetes mellitus (n, %) 50 (29%)

Hypertension (n, %) 71 (42%)

Hypercholesterolemia (n, %) 68 (40%)

Coronary artery disease (n, %) 66 (39%)

Atrial fibrillation (n, %) 32 (19%)

NYHA III or IV (n, %) 85 (50%)

Heart rate (b.p.m.) 72 ± 13

Systolic blood pressure (mm Hg) 124 ± 21

Diastolic blood pressure (mm Hg) 70 ± 12

QRS width (ms) 162 ± 26

Left bundle branch block (n, %) 138 (81%)

Laboratory data

Serum creatinine (mg/dL) 13 ± 6

Echocardiography data

LV ejection fraction (%) 26 ± 5

Global longitudinal strain (%) −8.0 ± 2.8

LV end-diastolic diameter (mm) 67 ± 8

LV end-diastolic volume (mL) 250 ± 68

Indexed cardiac output (L/min/m2) 2.4 ± 0.8

E/Ea 13 ± 5.5

Indexed left atrial volume (mL/m2) 40 ± 13

Tricuspid annular plane systolic

excursion (TAPSE) (mm)

20 ± 5

sPAP (mm Hg) 37 ± 14

Table 2

Left ventricular (LV) reverse remodeling and functional indices at baseline, follow-up and

their absolute changes (mean ± standard deviation).

Baseline Follow-up Changes (Δ) p-Value

Global longitudinal strain (%) −8.0 ± 2.8 −9.9 ± 4.0 1.9 ± 3.5 b0.001

LV end-systolic volume (mL) 186 ± 58 127 ± 69 59 ± 53 b0.001

LV ejection fraction (%) 26 ± 5 39 ± 12 13 ± 11 b0.001
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associated with reduced cardiovascular death (adjusted HR = 0.16
(0.03–0.83), p=0.029) andwith reduced CHFhospitalization (adjusted
HR= 0.32 (0.14–0.75), p = 0.009).

3.6. Comparison of the predictive value of ΔGLS, ΔLVESV and ΔLVEF

As shown in Table 4, theHarrel C statisticswas lower in both univar-
iate and Coxmultivariatemodels (mortality and/or CHF hospitalization)
including ΔGLS in the models as compared with ΔLVESV and ΔLVEF,
hence indicating a poorer discrimination using ΔGLS as compared
with ΔLVESV or ΔLVEF. Similar findings were obtained for all-cause
mortality, cardiovascular mortality and CHF hospitalization (Supple-
mentary Tables 1, 2 and 3). In addition, goodness of fit of the Coxmulti-
variate models assessed by the R2was better in themultivariatemodels
including ΔLVESV or ΔLVEF than in those including ΔGLS (Table 4 and
Supplementary Tables 1, 2 and 3).

3.7. Reproducibility

Interobserver agreement was excellent for ΔGLS and ΔLVESV (ICC
0.90 and 0.91 respectively) but was modest for ΔLVEF (ICC 0.76).

4. Discussion

The present study is thefirst to the best of our knowledge to evaluate
the respective prognostic value of ΔLVESV, ΔLVEF and ΔGLS in patients
with heart failure and LV systolic dysfunction receiving CRT in the con-
text of routine clinical practice. The present study reinforces the major
importance of ΔLVESV as a strong and reproducible surrogate marker
of outcome in CHF patients receiving CRT. ΔLVEF or ΔGLS emerged
also as powerful predictors of outcome following CRT. However, the
predictive value of ΔGLS was lower than that of ΔLVESV or ΔLVEF. In
addition, the poor reproducibility of ΔLVEF is likely to be an issue.

Cardiac remodeling is the final common pathway of chamber dilata-
tion and failure that occurs after myocardial infarction, pressure over-
load, inflammatory muscle disease, idiopathic dilated cardiomyopathy
or volume overload [16]. Maladaptive remodeling, identified by a pro-
gressive increase in LV end-diastolic and end-systolic volume results
in poor outcome in CHF patients [17]. Prevention and reversal of remod-
eling is an established therapeutic target in CHF patients. Besides
angiotensin-converting enzyme inhibition and beta-adrenergic block-
ade [18,19], CRT is strongly indicated in patientswith a reduced ejection
fraction of ≤35%, and wide QRS complex to induce reverse remodeling
and thereby improve outcome [20–22]. Nevertheless, 30 to 40% of pa-
tients fail to respond after CRT [3,6,23,24]. Yu and coworkers found
lower long-term mortality and heart failure events in CRT patients
with a reduction in LVESV of 9.5% or more [3]. The REVERSE study
found a 68% long-term mortality reduction in the 183 patients with
≥15% LVESV decrease at six-month follow-up [6]. Conversely the
mortality was more than 4-fold higher in the 25% of the REVERSE
patient cohort with further LV dilation despite CRT. Similarly in our
cohort a LVESV reduction of ≥15% translated into a better outcome.

The relationship between improvement in LV function and outcome
in heart failure remains amatter of debate. In theMOCHA trial, carvedil-
ol produced dose-related improvements in LV function and dose-
related reductions in mortality and hospitalization rate [25]. In the
randomized controlled CARE-HF trial, CRT mediated improvement in
LVEF at 3 months was not associated with improved outcome in multi-
variate analysis [26]. In a recent report from the TRUST CRT trial
comparing predictors of outcome in CRT, changes in LVEF were not
significantly different between patientswhoexperiencedmajor adverse
cardiac events during follow-up and those who did not [10]. In our
study, CRT improved LVEF beyond beta-adrenergic blockade. Similar
to the findings of the REVERSE study, a strong associationwas found be-
tween the magnitude of change in LVEF and long-term outcome with
CRT in the present report. In Yu et al.'s report, survivors had a mean

Table 3

Left ventricular (LV) reverse remodeling and functional indices according to the occurrence of clinical endpoints (mean± standard deviation). ΔLVESV= relative changes in left ventric-

ular end-systolic volume; ΔLVEF = changes in left ventricular ejection fraction; ΔGLS = changes in global longitudinal strain; CHF = congestive heart failure.

Endpoints ΔGLS p-Value ΔLVEF p-Value ΔLVESV p-value

All-cause mortality and/or CHF hospitalization

Event (n = 39) 0.6 ± 2.6 6 ± 10 16 ± 23

No event 2.3 ± 3.6 0.002 15 ± 10 b0.001 37 ± 26 b0.001

All-cause mortality

Event (n = 20) 0.2 ± 2.5 5 ± 11 17 ± 26

No event 2.2 ± 3.5 0.003 14 ± 10 0.004 34 ± 27 0.012

Cardiovascular mortality

Event (n = 11) −0.6 ± 2.5 −0.4 ± 8 5 ± 19

No event 2.1 ± 3.5 0.005 14 ± 10 b0.001 34 ± 26 b0.001

CHF hospitalization

Event (n = 27) 0.4 ± 2.9 5 ± 10 11 ± 20

No event 2.2 ± 3.5 0.006 14 ± 10 b0.001 36 ± 26 b0.001

Table 4

Cox regression univariate andmultivariate analyses for the relationship between relative changes left ventricular end-systolic volume (ΔLVESV), changes in left ventricular ejection frac-

tion (ΔLVEF), improvement in global longitudinal strain (ΔGLS) and all-cause mortality or congestive heart failure hospitalization. LV= left ventricle; HR= hazard ratio; SD= standard

deviation; CI = confidence interval; NYHA = New York Heart Association.

Analysis Increment ΔLVESV ΔLVEF ΔGLS

HR (95% CI) p HR (95% CI) p HR (95% CI) p

Univariate ΔGLS/ΔLVEF/ΔLVESV respectively SD 0.57 (0.45–0.72) b0.001 0.42 (0.30–0.60) b0.001 0.62 (0.43–0.88) 0.007

Discrimination (C stat de Harrell) 0.748 0.726 0.748

Multivariate ΔGLS/ΔLVEF/ΔLVESV respectively SD 0.58 (0.43–0.77) b0.001 0.39 (0.27–0.57) b0.001 0.55 (0.37–0.83) 0.004

QRS width SD 0.98 (0.70–1.36) 0.897 0.91 (0.64–1.30) 0.610 0.80 (0.59–1.10) 0.178

NYHA III or IV Yes/No 1.67 (0.79–3.54) 0.181 1.83 (0.86–3.89) 0.115 1.93 (0.93–4.04) 0.079

Age SD 0.89 (0.60–1.31) 0.549 0.97 (0.66–1.43) 0.870 0.92 (0.63–1.35) 0.667

Coronary artery disease Yes/No 0.76 (0.36–1.62) 0.477 0.85 (0.41–1.76) 0.667 0.92 (0.44–1.93) 0.825

Creatinine serum SD 1.62 (1.29–2.03) b0.001 1.61 (1.25–2.07) b0.001 1.60 (1.28–2.00) b0.001

LV ejection fraction (%) SD 0.57 (0.38–0.87) 0.009 0.48 (0.32–0.72) b0.001 0.48 (0.32–0.73) b0.001

Discrimination (C stat de Harrell) 0.790 0.815 0.729

Goodness of fit (R2) 0.205 0.262 0.196
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increase in LVEF of 7% whereas non-survivors had only 2.8%. However
the reproducibility of LVEF has been repeatedly questioned [27]. Consis-
tently, the reproducibility of ΔLVEF was modest in the present report
and was lower than the reproducibility of ΔLVESV. The recently devel-
oped 2-dimensional strain based on speckle tracking is an innovative
method for assessing LV systolic function based on the assessment of
GLS. GLS can be reliably obtained in 90 to 95% of cases [28]. The repro-
ducibility of GLS has been shown to be excellent in most reports, with
coefficients of variation of about 7% [29]. Importantly, similar to our
findings the reproducibility of GLS has been shown to be higher than
the reproducibility of LVEF [28]. In a recent report, interobserver vari-
ability of LVEF was greater than GLS (coefficients of variations (CV) at
9.1% versus 4.1%) [28]. In one report from a post hoc analysis of the ran-
domized control MADIT-CRT trial, LV functional improvement as
assessed by ΔGLS was powerfully linked to an improved outcome on
top of ΔLVEF or CRT response assessed by ΔLVESV [11]. Despite the
strong prognostic value of ΔGLS in the present report, the predictive
value of ΔGLS was lower than ΔLVESV. Apart from differences in study
population (100% of patients were in NYHA I–II functional class in
Pouleur's report versus 50% in our study) and design (randomized
versus consecutive patients) there are no obvious explanations for the
divergent findings.

4.1. Limitations

Limitations of this study are inherent to observational studies. This
prospective single-center study included a relatively small number of
patients. However, clinical and echocardiographic data were prospec-
tively collected with off-line analysis and the follow-up of patients
was prospectively planned. Changes in plasma B type natriuretic levels
might also have refined the prognostic assessment of these patients
[30], but were not fully available. We acknowledge that multiple intri-
cate factors influence changes in LVESV after a therapeutic intervention
including changes in LV preload, afterload and contractility. Hence,
changes in LVESV do not purely correlate with LV reverse remodeling.
However, reductions in LVESV appear to be the most useful measure
of reverse remodeling in clinical studies [3,31]. Although postimplanta-
tion optimization of atrial and ventricular stimulation by altering
atrioventricular and interventricular pacing intervals is theoretically
an advantageous process, CRT pacing settings were commonly not
changed or adjusted during the time period of the study. Actually,
three large multicenter trials (a frequent optimization study using
the QuickOpt method [32]; SmartDelay determined AV optimiza-
tion: a comparison to other AV delay methods used in cardiac
resynchronization therapy [33]; and adaptive CRT [34]) failed to
show superiority of intracardiac electrographic optimization over
nominal settings. Consistently, a recent meta-analysis of 12 trials
comparing atrioventricular and/or interventricular delay optimiza-
tion and conventional CRT device programming found that atrioven-
tricular and/or interventricular delay optimization had a neutral
effect on clinical and echocardiographic outcomes [35].

5. Conclusion

LV reverse remodeling assessed byΔLVESV is a strong and reproduc-
ible predictor of outcome following CRT. Compared with ΔLVESV,
ΔLVEF and ΔGLS have important shortcomings: poorer reproducibility
or lower predictive value.
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Fig. 1. Kaplan–Meier event — free survival (mortality or CHF hospitalization) according
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Fig. 2. Kaplan–Meier event — free survival (mortality or CHF hospitalization) according
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Fig. 3. Kaplan–Meier event — free survival (mortality or CHF hospitalization) according

ΔGLS ≥1 and b1%.
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BACKGROUND Landmark reports have suggested that patients

with QRS widening immediately after cardiac resynchronization

therapy (CRT) experienced less frequently reverse left ventricular

remodeling during follow-up.

OBJECTIVE We sought to investigate the relationship between

postoperative QRS widening relative to baseline and mortality in a

prospective cohort of heart failure patients receiving CRT.

METHODS A 12-lead electrocardiogram was recorded for 237 heart

failure patients (New York Heart Association class II to IV, left

ventricular ejection fraction ≤35%, and QRS width ≥120 ms) before

and immediately after CRT device implantation. The relationships

between QRS widening, all-cause and cardiovascular mortality, and

echocardiographic response to CRT were studied.

RESULTS During a median follow-up of 24 months, 39 patients

died. Fifty patients (21%) experienced QRS widening after CRT [QRS

(þ) group]. During follow-up, all-cause mortality was higher in QRS

(þ) patients than in QRS(−) patients (36-month survival free from

death 81% ± 7% vs 64% ± 16%; log rank, P ¼ .029). After

adjustment for important prognostic confounders, QRS(þ) patients

remained associated with an excess overall mortality (adjusted

hazard ratio [HR] 2.67; 95% confidence interval 1.07–6.65; P ¼

.035) and cardiovascular mortality (adjusted hazard ratio 3.63; 95%

confidence interval 1.13–11.65; P ¼ .03). QRS(þ) patients were

less frequent responders to CRT than were QRS(−) patients (20

[47%] vs 136 [83%]; P o .0001).

CONCLUSION Postoperative QRS widening relative to baseline

after CRT is associated with a considerable increased mortality risk

during follow-up. Whether QRS narrowing should be achieved to

optimize CRT placement, and thereby increase the rate of CRT

responders and improve outcome, deserves further research.

KEYWORDS Cardiac resynchronization therapy; Heart failure;

Outcome; QRS duration; Electrocardiogram

(Heart Rhythm 2016;13:1636–1643) I 2016 Heart Rhythm Society.

All rights reserved.

Introduction
Cardiac resynchronization therapy (CRT) is currently

recommended to improve symptoms, left ventricular

(LV) function, and prognosis in patients with moderate

to severe heart failure, LV systolic dysfunction, and

prolonged QRS duration.1 Prolonged QRS duration has

been associated with LV mechanical dyssynchrony

resulting in diminished LV systolic performance. CRT

frequently induces QRS narrowing, with subsequent

improvement in cardiac function and heart failure symp-

toms. However, a number of patients have a postoperative

paced QRS duration that is longer than the preoperative

duration.2–4 This observation may in part explain why

20%–40% of patients fail to improve after CRT despite

prolonged QRS duration at baseline.5 Consistently, pre-

vious reports have suggested that patients with QRS

widening immediately after CRT experience less fre-

quently an improvement in functional status and LV

reverse remodeling during follow-up.2,3,4,6,7

However, beyond long-term LV reverse remodeling and

symptomatic improvement, the impact of QRS widening

immediately after CRT device implantation on mortality

has not been studied. Hence, we sought to investigate the
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relationship between postoperative QRS widening relative to

baseline and mortality in a prospective cohort of patients

with heart failure receiving CRT.

Methods
Study population
The present cohort consisted of ambulatory patients with

heart failure referred to Hôpital Saint Philibert, Lomme,

France, for CRT device implantation between 2011 and

2014. CRT was indicated for patients with LV ejection

fraction (LVEF) ≤35% who remained in New York Heart

Association (NYHA) class II, III, and ambulatory IV despite

optimal medical treatment and QRS duration ≥ 120 ms in the

case of left bundle branch block (LBBB) morphology or with

QRS duration ≥150 ms in the case of non-LBBB morphol-

ogy.1 Exclusion criteria were as follows: (1) myocardial

infarction, acute coronary syndrome, or coronary revascula-

rization during the previous 3 months; (2) primary mitral or

aortic valve disease; and (3) uncontrolled rapid atrial

fibrillation. Patients received maximally tolerated doses of

β-blockers, angiotensin-converting enzyme inhibitors or

angiotensin receptor blockers, and spironolactone, as rec-

ommended by current guidelines. Blood was sampled in the

supine position for serum creatinine the day before CRT

device implantation. B-type natriuretic peptide levels were

obtained in a subset of the study population (Triage assay,

Beckman, Villepinte, France). The study was approved by

the Lille Catholic University ethics committee for non-

interventional research. Informed consent was obtained at

the time of enrollment from all patients.

CRT device implantation
Boston Scientific (Natick, MA), Medtronic (Minneapolis,

MN), St. Jude Medical (St Paul, MN), Sorin (Milan, Italy),

and Biotronik (Berlin, Germany) CRT devices were

implanted by electrophysiologists targeting a basal lateral,

anterolateral, or posterolateral coronary sinus vein for LV

lead positioning. Interventricular timing was set at zero. A

short-sensed atrioventricular (AV) delay (between 80 and

100 ms) and a paced delay (130 ms) were programmed to

promote biventricular pacing. Attention was paid before

hospital discharge to verify the absence of fusion or

pseudofusion beats on the electrocardiogram (ECG) and

continuous monitoring. In patients in ongoing atrial fibrilla-

tion, radiofrequency ablation of the AV node was performed

if sufficient bradycardia was not obtained despite optimal

medical treatment in order to obtain a high percentage of

biventricular pacing. In the case of AV node ablation,

devices were subsequently programmed in a VVIR mode

with a paced heart rate of 70 beats/min.

ECG
Twelve-lead electrocardiography was performed the day

before and the day after CRT device implantation. All

measurements were performed off-line using millimeter

paper by a single investigator (H.B.-B.) blinded to clinical

and outcome data. QRS duration before and after CRT

device implantation was measured in the ECG derivation

showing the wider QRS. Paced QRS duration was measured

from the stimulation spike to the end of the QRS complex.

Relative QRS widening (ΔQRS%) was the subtraction of the

postoperative QRS duration and the preoperative QRS

duration related to the preoperative QRS duration. Patients

were classified into 2 groups: QRS(þ) comprising those with

ΔQRS%4 0 and QRS(−) comprising those withΔQRS% ≤

0. The interobserver variability of the preoperative and the

postoperative QRS duration was tested in a randomly

selected set of 40 patients from the study population.

Biventricular paced QRS morphology was defined as pos-

itive when there was a prominent R wave in lead V1 (R/S

ratio ≥ 1 in lead V1) and/or a prominent S wave in lead I (R/S

ratio ≤ 1 in lead I) on the postprocedural ECG.8

Postoperative Chest Radiography
Location of the LV lead was determined using postoperative

anteroposterior and lateral chest radiography. The position of

the LV lead tip was classified as posterior, lateral, antero-

lateral, or anterior along the longitudinal axis.9 Similarly, the

position of the LV lead was categorized as apical and

nonapical.9

Echocardiography
Echocardiography was performed the day before CRT

device implantation and at 9-month follow-up by investi-

gators blinded for the clinical status of the patient using the

Vivid E9 ultrasound system (GE Healthcare, Velizy,

France). Segments that displayed akinesis or dyskinesis in

combination with a disproportionate local wall thinning and

hyperreflectivity in comparison with adjacent contractile

segments were scored as “scarred.” Global longitudinal

strain (GLS) was obtained from the 3 apical views10 change

in LV end-systolic volume (ΔLVESV) was defined as the

extent of reduction in LVESV between baseline and 9-month

follow-up relative to baseline LVESV. Response to CRT was

defined as ΔLVESV ≥ 15%.11–14 ΔLVEF and ΔGLS

were defined as the differences between baseline and 9-month

follow-up values. The interobserver reproducibilities of

ΔLVESV, ΔLVEF, and ΔGLS after CRT in our echocardio-

graphy laboratory have been previously reported.14

Outcomes
During follow-up, patients were monitored by their personal

physicians. Events were ascertained by clinical interviews

and/or by phone calls to physicians, patients, and (if

necessary) next of kin. The end point of the study was

overall mortality. Cardiovascular mortality was considered if

death was related to heart failure, myocardial infarction,

arrhythmia, stroke, or sudden death.

Statistical analysis
Quantitative data are presented as mean ± SD or median

(interquartile range) and were compared using a 2-sided
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Student t test or Mann-Whitney U test, as appropriate.

Qualitative data are presented as absolute numbers and

percentages and were compared using the χ2 test or Fisher

exact test, as appropriate. Correlations between continuous

variables were assessed using Pearson correlation coeffi-

cients. The median duration of follow-up was computed

using the reverse Kaplan-Meier method. Univariate analysis

followed by multivariate Cox regression survival analysis

was used to identify the relationship between QRS widen-

ing and occurrence of events during follow-up. The

proportional hazards assumption was confirmed using

statistics and graphs on the basis of Schoenfeld residuals.

Penalized smoothing splines were used to illustrate

the association of ΔQRS% as a continuous variable and

the risk of death. Survival curves were obtained using the

Kaplan-Meier method. For both multivariate Cox and

linear regression analyses, model building techniques were

not used and covariates entered in the model were

considered of potential prognostic impact on an epidemio-

logical basis. These covariates were preoperative QRS

duration, NYHA functional class III or IV, age, coronary

artery disease, serum creatinine serum levels, LV end-

diastolic volume (LVEDV), and LVEF. Hazard ratios

(HRs) for continuous variables in Cox models were

rescaled by the within-study SD. Intraclass correlation

coefficient (ICC) and Bland-Altman plots were obtained to

assess the interobserver agreement of the preoperative

and the postoperative QRS duration. For all tests, a

2-tailed P value of ≤.05 was considered statistically

significant. Statistical analysis was performed with R

3.0.3 (R Core Team, R Foundation for Statistical Comput-

ing, Vienna, Austria).

Results
Baseline characteristics
Two hundred thirty-seven patients with heart failure due to

LV systolic dysfunction (mean LVEF 26% ± 5%) were

enrolled and received CRT with pacemaker (20%) or CRT

with defibrillator (80%). Clinical, ECG, biological, and

echocardiographic data are detailed in Table 1. Half of the

patients were in NYHA functional class III or IV. Sixty-nine

percent of patients had QRS width ≥ 150 ms. Thirty-one

patients (13%) had permanent RV pacing at baseline and

were subsequently upgraded. Nineteen patients (8%) had a

nonspecific intraventricular conduction delay, and 3 patients

(0.1%) had right bundle branch block. Overall, 203 patients

(86% of the study population) had biventricular paced QRS

morphology on the postoperative ECG. One hundred and

fourteen LV leads (48%) had a lateral position, 111 (47%) a

posterior, 2 (1%) an anterior, and 10 (4%) an anterolateral

position. Hence, 225 (95%) had a lateral position. In

addition, 199 (84%) had a nonapical position. QRS width

decreased from 164 ± 26 to 141 ± 19 ms in the overall study

population (median value of ΔQRS% −20% [interquartile

range −40% to −10%]). ΔQRS% as a continuous variable

did correlate with baseline GLS but not with baseline LVEF,

LVESV, and LVEDV (Table 2). Fifty patients (21%)

experienced QRS widening after CRT [QRS(þ) group]. As

compared with QRS(−) patients, QRS(þ) patients were

older, more frequently of male sex, and had narrower

baseline QRS (Table 1) and had greater LV dilatation and

more scarred LV segments (Table 3). Of the 50 patients in

the QRS(þ) group, only 3 (6%) had no biventricular paced

morphology on the postoperative ECG. Of the 187 patients

in the QRS(–) group, 31 (17%) had no biventricular paced

Table 1 Demographic, clinical, and laboratory data in patients with and without QRS widening [QRS(þ) and QRS(−)].

Parameter Overall (n ¼ 237) QRS(þ) (n ¼ 50) QRS(−) (n ¼ 187) P

Demographic and clinical data
Age (y) 71 ± 11 71 ± 11 68 ± 12 .038
Sex: male 158 (66) 40 (80) 118 (63) .037
Body mass index (kg/m2) 28 ± 14 27 ± 4 28 ± 15 .856
Diabetes mellitus 67 (28) 13 (26) 53 (28) .880
Hyperlipidemia 95 (40) 15 (31) 80 (43) .167
Coronary artery disease 88 (37) 21 (42) 67 (36) .524
β-Blockers 210 (89) 46 (92) 164 (88) .600
ACE inhibitors/ARB 205 (88) 43 (88) 162 (88) 1.000
Atrial fibrillation 58 (25) 16 (32) 42 (23) .243
NYHA class III or IV 121 (51) 23 (46) 98 (52) .518
Heart rate (beats/min) 73 ± 14 72 ± 15 72 ± 14 .784
Systolic blood pressure (mm Hg) 122 ± 20 119 ± 22 123 ± 20 .090
Diastolic blood pressure (mm Hg) 69 ± 12 67 ± 11 70 ± 12 .270
QRS width (ms) 164 ± 26 142 ± 19 170 ± 25 o.001
Left bundle branch block 184 (77) 42 (84) 142 (76) .306
ΔQRS% −12 ± 15 13 ± 15 −32 ± 19 o.001

Laboratory data
Creatinine serum level (mg/dL) 13 ± 6 14 ± 6 13 ± 6 .630
Plasma B-type natriuretic peptide level (pg/mL)* 791 ± 1020 950 ± 1240 751 ± 953 .172

Values are presented as mean ± SD or as n (%).

ACE ¼ angiotensin-converting-enzyme; ARB ¼ angiotensin receptor blocker; NYHA ¼ New York Heart Association; ΔQRS% ¼ changes in QRS duration

relative to baseline.
⁎Available in 207 patients.
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morphology (P ¼ .095). Of the 50 patients in the QRS(þ)

group, 44 (89%) had a lateral position of the LV lead, while

180 patients (96%) from the QRS(−) group had a lateral

position of the LV lead (P ¼ .135). In addition, in QRS(þ)

patients, 40 patients (79%) had a nonapical position of the

LV lead, while 157 QRS(-) patients (84%) had a nonapical

position of the LV lead (P ¼ .504). Interobserver agreement

for QRS duration was good (ICC of 0.94 for preoperative

QRS duration and ICC of 0.86 for postoperative QRS

duration). Bland-Altman plots showing interobserver agree-

ment for QRS duration are shown in Figure 1.

Relationship between QRS widening and outcome

after CRT
Death status was available in 100% of cases. During a

median follow-up of 24 months, 39 patients died. Of the 25

patients who died of cardiovascular causes, 19 died of heart

failure (76%), 5 died of sudden cardiac death (21%), and 1

died of stroke. The cause of death remains unknown in 1

patient. At 1 year, 2 years, and 3 years, survival free from

death was 91% ± 4%, 85% ± 5%, and 76% ±7%,

respectively.

By Cox univariate analysis, ΔQRS% was associated with

increased overall mortality (HR 1.37; 95% confidence

interval [CI] 1.01–1.85; P ¼ .044) The character of the

relationship between ΔQRS% as a continuous variable and

the risk of overall mortality during follow-up was estimated

using spline functions for ΔQRS% (Figure 2). There was no

increase in overall mortality risk with ΔQRS% in the QRS

(−) group (HR 0.82; 95% CI 0.56–1.2 perΔQRS% decrease;

P ¼ .303). In contrast, there was a sharp increase in overall

mortality risk with increasing ΔQRS% in the QRS(þ) group

(HR 1.64; 95% CI 1.01–2.68 per ΔQRS% increase; P ¼

.047). As represented in Figure 3A, survival free from overall

mortality was significantly lower in QRS(þ) patients com-

pared with QRS(−) patients (log rank, P ¼ .029). QRS(þ)

patients experienced a 2.07-fold increased risk of mortality

as compared with QRS(−) patients (Table 4). After adjust-

ment (Table 4), QRS(þ) patients displayed an independent

increased risk of overall mortality (adjusted HR 2.67; 95%

CI 1.07–6.65; P ¼ .035). As depicted in Figure 3B, survival

free from cardiovascular mortality was lower in QRS(þ)

patients than in QRS(−) patients (P ¼ .002). In multivariate

analysis, QRS widening remained associated with cardio-

vascular mortality (adjusted HR 3.63; 95% CI 1.13–11.65;

P ¼ .03) (Table 4). After further adjustment for LBBB and

sex, QRS widening remained significantly associated with

all-cause mortality and cardiovascular mortality (adjusted

HR 2.61; 95% CI 1.05–6.50; P ¼ .04 and adjusted HR 3.68;

95% CI 1.14–11.93; P¼ .03, respectively). In addition, QRS

widening remained independently associated with both

Table 2 Relationship between ΔQRS% and baseline echocardiographic parameters and their changes between baseline and follow-up

Parameter ΔQRS%: r (95% CI) P

LV ejection fraction 0.05 (−0.08 to 0.17) .471
Change in LV ejection fraction 0.28 (0.15 to 0.40) o.001
Global longitudinal strain −0.13 (−0.0006 to −0.26) .049
Change in LV global longitudinal strain 0.15 (0.01 to 0.29) .036
LV end-diastolic volume −0.11 (−0.24 to 0.01) .076
Change in LV end-diastolic volume 0.15 (0.01 to 0.28) .033
LV end-systolic volume −0.12 (−0.24 to 0.007) .065
Change in LV end-systolic volume—absolute 0.19 (0.05 to 0.32) .007
Change in LV end-systolic volume—relative 0.27 (0.14 to 0.39) o.0001

CI ¼ confidence interval; LV ¼ left ventricular; ΔQRS% ¼ changes in QRS duration relative to baseline.

Table 3 Echocardiographic data at baseline, 9-mo follow-up, and their changes in patients with and without QRS widening

[QRS(þ) and QRS(−)]

Parameter Overall (n ¼ 237) QRS(þ) (n ¼ 50) QRS(−) (n ¼ 187) P

Baseline LV ejection fraction (%) 26 ± 5 26 ± 5 26 ± 5 .423
9-mo LV ejection fraction (%) 40 ± 12 33 ± 12 41 ± 11 o.001
Change in LV ejection fraction (%) 13 ± 11 7 ± 11 15 ± 10 o.001
Baseline LV end-diastolic volume (mL) 245 ± 70 271 ± 75 238 ± 68 .005
9-mo LV end-diastolic volume (mL) 192 ± 70 234 ± 70 181 ± 66 o.001
Change in LV end-diastolic volume (mL) 55 ± 56 41 ± 70 59 ± 52 .110
Baseline LV end-systolic volume (mL) 183 ± 60 203 ± 68 177 ± 57 .017
9-mo LV end-systolic volume (mL) 122 ± 67 163 ± 69 111 ± 62 o.001
Change in LV end-systolic volume—absolute (mL) 62 ± 53 43 ± 63 67 ± 49 .026
Change in LV end-systolic volume—relative (%) 34 ± 27 17 ± 31 38 ± 24 o.001
Basal global longitudinal strain (%) −7.8 ± 2.6 −7.2 ± 2.2 −7.9 ± 2.7 .187
9-mo global longitudinal strain (%) −10.1 ± 4.1 −8.6 ± 4.3 −10.6 ± 3.9 .010
Change in global longitudinal strain (%) 2.1 ± 3.5 1.6 ± 3.6 2.2 ± 3.5 .295
No. of LV scarred segments 0.9 ± 2.4 1.4 ± 2.4 0.8 ± 2.4 .018

Values are presented as mean ± SD.

LV ¼ left ventricular.
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mortality and cardiovascular mortality in the subgroup of

patients with LBBB (adjusted HR 3.91; 95% CI 1.27–12.05;

P ¼ .018 and adjusted HR 5.43; 95% CI 1.21–24.30; P ¼

.027, respectively). In the subset of 207 patients with

available plasma B-type natriuretic peptide levels, QRS

widening remained associated with mortality (P ¼ .05) and

cardiovascular mortality (P ¼ .026) after adjustment for

baseline plasma B-type natriuretic peptide levels. Figure 4

shows QRS duration and the final LV lead position assessed

by radiography of 2 patients from the study population, the

first (panel A) with QRS widening after CRT and the second

(panel B) without QRS widening after CRT.

Relationship between QRS widening and

echocardiographic response to CRT
Echocardiographic data at 9-month follow-up were obtained

in 207 patients. As shown in Table 2, ΔQRS% did correlate

with ΔLVESV and ΔLVEDV, ΔLVEF, and ΔGLS. The

extent of LVESV relative reduction was significantly greater

in QRS(−) patients than in QRS(þ) patients (Table 3).

Similarly, the improvement in LVEF and GLS was greater in

QRS(−) patients than in QRS(þ) patients (Table 3). After

adjustment, QRS widening remained significantly associated

with ΔLVESV, ΔLVEF, and ΔGLS (P o .001 for all). Of

note, QRS(þ) patients were less frequent responders to

CRT than were QRS(−) patients (20 [47%] vs 136 [83%];

P o .0001).

Discussion
The present study is the first to demonstrate that QRS

widening after CRT is associated with a nearly 3-fold

increase in mortality during follow-up. The relationship

between postimplantation QRS widening after CRT and

mortality remained significant even after adjustment for

important prognostic confounders. Hence, QRS widening

after CRT identifies a high-risk group of heart failure

patients.

CRT is firmly indicated in patients with reduced LVEF ≤

35% and wide QRS complex to produce reverse LV

remodeling and thereby improve outcome.15–18 QRS dura-

tion reflects the necessary time for the entire myocardial

depolarization and is thus probably the best measurement to

assess myocardial dyssynchrony, as baseline QRS duration

is the only criterion that has been consistently found to

predict CRT response in terms of clinical outcome.15 In

addition, CRT corrects myocardial dyssynchrony by reduc-

ing QRS duration. Nevertheless, 30%–40% of patients with

enlarged baseline QRS fail to improve after CRT.5 Interest-

ingly, some patients may experience a postoperative paced

QRS duration after CRT that is more prolonged than the

preoperative QRS duration. Molohek et al3 reported in a

cohort of 61 patients with severe heart failure receiving CRT

that 36% of patients had an increased QRS duration or

decreased QRS duration ofo10 ms. A similar proportion of

postoperative QRS widening was observed in recent CRT

studies.6,7Accordingly, we found in the present report a 21%

proportion of QRS widening relative to baseline after CRT.

Figure 1 Bland-Altman plots of the differences between 2 observers for

preoperative (A) and postoperative (B) QRS duration. CRT ¼ cardiac

resynchronization therapy.
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Previous reports have consistently demonstrated a rela-

tionship between reduction in QRS duration after CRT and

echocardiographic response to CRT. Compared with non-

responders, responders to CRT have greater QRS narrowing

as measured by ΔQRS%.6,7,19 In addition, in an ECG

substudy of the PROSPECT study4 the difference between

postimplantation and preimplantation QRS width predicted

quality-of-life improvement. Consistently, a strong relation-

ship was observed in the present report between reduction in

QRS duration and LV reverse remodeling.

It has been suggested that a narrower LV paced QRS

duration would imply electrically viable tissue and a wider

LV paced QRS duration would imply proximity to a region

of scar where electric signals conduct slowly and resynch-

ronization is less likely to occur.4 In the present report, QRS

(þ) patients had more LV scarred segments than did QRS(−)

patients. Whether extensive fibrosis is more frequent in QRS

(þ) patients cannot, however, be precisely ascertained from

the present data, as cardiovascular magnetic resonance

imaging was not systematically performed in the present

report.

In a subanalysis of the CARE-HF trial,20 QRS duration at

3 months was associated in univariate analysis with favor-

able outcome after CRT. The present study builds on

previous reports by showing that patients with immediate

QRS widening after CRT had a considerable increased risk

of both all-cause and cardiovascular mortality during follow-

up. Hence, these data suggest that the measurement of LV

paced QRS duration immediately after CRT identifies a

subgroup of high-risk patients with a nearly 3-fold increase

in mortality. In addition, QRS widening easily permits an

immediate postoperative evaluation of the dyssynchrony

substrate correction. Further research would be useful to

determine whether improvement in CRT devices (eg, opti-

mized epicardial or LV endocardial lead positioning, or

triple-site or multipoint pacing) can decrease the number of

patients with QRS widening by lowering the global neces-

sary time for entire myocardial depolarization.21
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Figure 3 Kaplan-Meier event-free survival for mortality (A) and cardiovascular mortality (B) according to QRS(þ) and QRS(−). QRS(þ) ¼ patients with

QRS widening; QRS(−) ¼ patients without QRS widening.

Table 4 Univariate and multivariate Cox regression analyses of the relationship between QRS widening and all-cause mortality and

cardiovascular mortality

Analysis Parameter

All-cause mortality Cardiovascular mortality

HR (95% CI) P HR (95% CI) P

Univariate
QRS(þ) 2.07 (1.06–4.03) .033 3.19 (1.45–7.04) .004

Multivariate
QRS(þ) 2.67 (1.07–6.65) .035 3.63 (1.13–11.65) .030
Baseline QRS width 1.00 (0.68–1.47) .989 0.80 (0.45–1.41) .437
NYHA class III or IV 3.13 (1.37–7.16) .007 3.18 (1.13–8.96) .029
Age 2.07 (1.27–3.37) .003 3.1 (1.55–6.21) .001
Coronary artery disease 0.81 (0.40–1.62) .548 0.54 (0.21–1.35) .188
Creatinine serum level 1.26 (1.02–1.54) .029 1.26 (0.97–1.65) .086
LV ejection fraction 0.66 (0.45–0.95) .027 0.57 (0.35–0.93) .024
LV end-diastolic volume 1.27 (0.85–1.89) .247 1.46 (0.89–2.38) .135

CI ¼ confidence interval; HR ¼ hazard ratio; LV ¼ left ventricular; NYHA ¼ New York Heart Association.
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Study Limitations
This single-center study included a relatively small number of

patients. In addition, the findings of the present report may reflect

the practice of our center and may not be generalizable to

everyday clinical practice. However, clinical and echocardio-

graphic data were prospectively collected with off-line analysis

and patient follow-up was prospectively planned. In addition,

QRS width assessment was performed by a cardiologist blinded

to clinical, echocardiographic, and outcome data. CRT pacing

settings were commonly not changed or adjusted during the time

period of the study. However, a meta-analysis of 12 trials

comparing AV and/or interventricular delay optimization and

conventional CRT device programming found that AV and/or

interventricular delay optimization had a neutral effect on clinical

and echocardiographic outcomes.22

Conclusion
QRS widening relative to baseline after CRT is associated

with a considerable increased risk of mortality during follow-

up and allows identifying a high-risk group of heart failure

patients. Further research would be useful to determine

whether QRS narrowing should be achieved to optimize

CRT lead placement and thereby increase the rate of CRT

responders and improve outcome.
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Aims Specific septal motion related to dyssynchrony is strongly linked to reverse remodelling, in patients with systolic

heart failure (HF) receiving cardiac resynchronization therapy (CRT). We aimed to investigate the relationship be-

tween septal deformation patterns studied by longitudinal speckle tracking and clinical outcome following CRT.
...................................................................................................................................................................................................

Methods

and results

A total of 284 CRT candidates from two centres (HF NYHA classes II–IV, ejection fraction< 35%, QRS>_ 120ms)

were prospectively included. Longitudinal strain of the septum in the apical four-chamber view determined three

patterns of septal contraction. The endpoints were overall mortality, cardiovascular mortality, and hospitalization

for HF. Compared with patterns 1 or 2, pattern 3 was associated with an increased risk for both overall and car-

diovascular mortality [hazard ratio (HR) = 3.78, 95% confidence interval (CI): 1.85–7.75, P<0.001 and HR=3.84,

95% CI: 1.45–10.16, P=0.007, respectively] and HF hospitalization (HR=4.41, 95% CI: 2.18–8.90, P<0.001).

Addition of septal patterns to multivariable models, including baseline QRS width and presence of left bundle

branch block, improved risk prediction, and discrimination. In patients with intermediate QRS duration (120–

150ms), pattern 3 remained associated with a worse outcome than pattern 1 or 2 (P<0.05 for all endpoints).
...................................................................................................................................................................................................

Conclusion The identification of septal deformation patterns provides important prognostic information in CRT candidates in

addition to ordinary clinical, electrocardiographic, and echocardiographic predictors of outcome in HF patients.

This parameter may be particularly useful in patients with intermediate QRS duration in whom the benefit of CRT

remains uncertain.
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Keywords cardiac resynchronization therapy • heart failure • outcome • speckle tracking • echocardiography

Introduction

Cardiac resynchronization therapy (CRT) is indicated (class I) in pa-

tients with left ventricular ejection fraction (LVEF) < 35%, left bundle

branch block (LBBB), or QRS duration of 150ms or more. In con-

trast, the benefit of CRT in patients with intermediate QRS duration

(120–150ms) or with a non-LBBB morphology remains unclear.1

In addition, around 30% of patients fail to improve and may even de-

teriorate after CRT.2Despite initial encouraging results, a multicentre

report failed to demonstrate any benefit from the use of

echocardiography-based mechanical dyssynchrony in predicting

heart failure (HF) symptom improvement or reverse remodelling

after CRT.3 Furthermore, important concerns were raised regarding

feasibility and reproducibility of echocardiographic parameters in

* Corresponding author: Tel: þ33320225057; Fax: þ33320005608. E-mail: sylvestre.marechaux@gmail.com
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routine clinical settings.3 Hence, current guidelines do not recom-

mend echocardiographic assessment of dyssynchrony to improve pa-

tient selection for CRT.

In patients with LBBB, the inter-ventricular septum has a specific

motion, characterized by short-lived early events, followed by para-

doxical septal motion.4 The so-called ‘septal flash’ (SF) has been asso-

ciated with favourable LV reverse remodelling and better outcome

following CRT.5,6 Longitudinal speckle tracking strain echocardiog-

raphy has been recently used for the assessment of septal motion, by

demonstrating various septal deformation patterns, among HF pa-

tients with LBBB,7 with two patterns (1 and 2) sturdily linked to LV

reverse remodelling following CRT.8 However, their clinical signifi-

cance has not been thoroughly investigated. Hence, the present re-

port aims at (i) demonstrating that septal deformation patterns

would be independent predictors of clinical outcomes beyond cur-

rent clinical, electrocardiographic, and echocardiographic predictors

in HF patients receiving CRT; (ii) evaluating the prognostic impact of

septal deformation patterns in patients with intermediate QRS dur-

ation (120–150ms); and (iii) evaluating whether assessment of the

septal motion by septal deformation patterns provides a better pre-

dictive value than classical assessment of the SF.

Methods

Study population
Clinical, electrocardiogram, and Doppler-echocardiographic data were

collected in patients referred for CRT implantation in the context of two

registries from two hospitals (Lille and Rennes). Data of both centres

were pooled together. The present study is a retrospective analysis of

the pooled data of these two registries. CRT was indicated for patients

with LVEF<_ 35% who remained in NYHA functional class II, III, and am-

bulatory IV, despite optimal medical treatment and QRS dur-

ation>_ 120ms in the event of LBBB morphology or with QRS

duration>_ 150ms in the event of non-LBBB morphology.9,10 Exclusion

criteria were (i) myocardial infarction, acute coronary syndrome, or cor-

onary revascularization in the past 3 months; (ii) primary mitral or aortic

valve disease; and (iii) uncontrolled rapid atrial fibrillation. Patients

received a maximum tolerated dose of beta-blockers, angiotensin-con-

verting enzyme inhibitors or angiotensin receptor blockers, and spirono-

lactone. Blood was sampled in the supine position for serum creatinine

before CRT device implantation. Brain natriuretic peptide (BNP) levels

were available in a subset of the study population (Triage assay; Beckman,

Villepinte, France). Local ethics committee of each centre approved this

study.

Echocardiography
Echocardiography was performed the day before CRT implantation, and

at 6- to 9-month follow-up, in most patients, with a GE Vivid E9 or 7

ultrasound system (General Electric healthcare, Velizy, France).

Longitudinal two-dimensional speckle-tracking strain curves were

analysed offline using a dedicated workstation (EchoPAC PC release

BT12; GE Vingmed Ultrasound AS). Global longitudinal strain was the

average of segmental peak systolic longitudinal strains from the three ap-

ical views.11 Speckle-tracking software was used to derive septal deform-

ation from the single-wall recordings. The region of interest was set along

the endocardial border from base to apex, excluding the apical cap and

adapted to match wall thickness. Global wall deformation was used for

analysis. Septal deformation patterns (Figure 1) were classified on the basis

of the septal shortening and stretching sequence.7 Pattern 1 was con-

sidered in case of double peaked systolic shortening, pattern 2 in case of

early shortening peak, followed by prominent systolic stretching, and pat-

tern 3 in case of pseudo-normal shortening with a late systolic shortening

peak and/or if pattern 1 and 2 criteria were not met.7 If amplitude of the

peaks were within 150% relative range of each other, more than one sys-

tolic peak and pattern 1 were adjudicated.7 Early septal thickening/thin-

ning within the isovolumic contraction period defined the SF. The SF

could be visualized on the short- or long-axis parasternal views either by

using gray scale or tissue Doppler colour M-mode. Basal, mid, and apical

segments of the septum were checked for SF presence.5,6 Septal strain

tracing associated with pattern recognition and identification of the SF

were independently performed offline in a centralized core laboratory in

Lille by two trained independent investigators (A.M. and C.G.) blinded to

the patients’ clinical status and follow-up data. Reproducibility of septal

deformation patterns was tested offline in the entire cohort by another

trained investigator (S.M.). To evaluate inter-observer agreement of sep-

tal deformation patterns, all acquired grey-scale 2D images obtained from

the apical four-chamber view were available to the second observer.

Strain analysis of the interventricular septum was independently per-

formed by the second observer, and pattern recognition was performed

on the basis of this independent analysis. Change in LV end-systolic vol-

ume (DLVESV) was defined as the extent of reduction in LVESV between

baseline and 6–9 months follow-up relative to baseline LVESV. Response

to CRT was defined as a relative decrease in LV end-systolic volume

>_15%, between baseline and 6–9 months follow-up.12 DLVEDV, DLVEF,

and DGLS were defined as the differences between baseline and 6–9

months follow-up values.

Outcomes
During follow-up, patients were monitored by their own private phys-

icians. Events were recorded by clinical interviews and/or by phone calls

to physicians, patients, and (if necessary) next of kin. The primary end-

point of the study was overall mortality and secondary endpoints were

cardiovascular mortality and hospitalization for HF. Cardiovascular mor-

tality was considered if death was related to HF, myocardial infarction, ar-

rhythmia, or sudden death.

Statistical analysis
Quantitative data are presented as mean± standard deviation or median

[25th–75th percentile]. Qualitative data are presented as absolute num-

bers and percentages. Comparison of the means was carried out using a

paired two-sided Student’s t-test or Mann–Whitney U test. Continuous

variables for the three groups of septal deformation patterns were com-

pared using one-way analysis of variance or Kruskal–Wallis test.

Comparison of categorical variables was carried out using a chi-square

test or a Fisher exact test as appropriate. The duration of follow-up was

computed for each endpoint using the reverse Kaplan–Meier method.

Survival curves were obtained using the Kaplan–Meier method.

Univariate followed by multivariate Cox regression survival analyses

were used to identify the relationship between septal deformation pat-

terns, SF, and occurrence of events during follow-up. For both multivari-

ate Cox analyses, model building techniques were not used and

covariates entered in the model were considered for potential prognostic

impact, on an epidemiological basis. These covariates included QRS dur-

ation, NYHA functional classes III–IV, age, coronary artery disease, serum

creatinine levels, LBBB, and LVEF. The overall performance of the multi-

variable models was assessed using Bayesian information criteria. The

increased discriminative values of septal deformation patterns and SF

were investigated by estimating the C statistics. The integrated discrimin-

ation improvement and the net reclassification improvement were

2 A. Menet et al.

b
y
 g

u
e
s
t o

n
 J

a
n
u
a
ry

 1
, 2

0
1
7

D
o
w

n
lo

a
d
e
d
 fro

m
 



Figure 1 Septal longitudinal deformation patterns. Pattern 1 (A) was considered in case of a double-peaked systolic shortening, pattern 2 (B) in

case of an early shortening peak followed by prominent systolic stretching, and pattern 3 (C) in case of if pseudo-normal shortening with a late systolic

shortening peak. AVO, aortic valve opening; AVC, aortic valve closure.
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determined, to further describe the added utility of both parameters

when added to the multivariable model. Hazard ratios (HRs) for continu-

ous variables in Cox models were rescaled by the within-study standard

deviation. Cohen’s kappa for two raters was obtained to assess inter-

observer agreement of septal wall deformation patterns. Adjusted

Cohen’s kappa bootstrap confidence interval was obtained using 1000

samples (boot library in R). For all tests, a two-tailed P-value<_ 0.05 was

considered statistically significant. Statistical analysis was performed with

R 3.0.3 (Youngstown, OH, USA).

Results

Baseline characteristics
Two hundred and eighty-four HF patients eligible for CRT were en-

rolled in the present study. Patient’s characteristics are detailed in

Table 1. Two hundred and thirteen patients (75%) had a LBBB, 30

(11%) had a non-specific intra-ventricular conduction delay, 6 had a

RBBB (2%), and 35 had permanent right ventricular pacing (12%).

Patterns 1 and 2 were observed in 104 (37%) and 64 (22%) patients,

respectively (Table 1). More patients with pattern 3 (n=116, 41%)

were male and LBBB was found less often; they also had shorter QRS

duration, had ischemic heart disease, LV myocardial scarring, and

atrial fibrillation compared with patients with pattern 1 or 2. The sep-

tal deformation patterns repartition did not differ between patients

in NYHA functional class IV compared with those in NYHA func-

tional classes II–III (29 vs. 37% of septal pattern 1, 24 vs. 23% of septal

pattern 2 and 47 vs. 40% of septal pattern 3, P=0.810). However, in

the 203 patients with plasma BNP available, plasma BNP values were

higher in patients with a septal pattern 3 compared with those with a

septal pattern 1 or 2 (294[96;723] pg/mL in septal pattern 1,

419[144;724] pg/mL in septal pattern 2, and 566[302;1154] pg/mL in

septal pattern 3, overall P-value= 0.004).

Septal deformation strain pattern and
outcome following CRT
Death status was available for all participants. During a median 24-

month follow-up, 41 patients died. Twenty-four patients died of car-

diovascular causes, and cause of death remained unknown for three

patients. Forty-seven patients were hospitalized for HF during fol-

low-up.

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

Table 1 Demographic, clinical, and laboratory data in the study population and according to septal deformation
patterns

All Septal pattern 1 Septal pattern 2 Septal pattern 3 P-value

N5 284 N5 104 N5 64 N5 116

Demographic and clinical data

Age (years) 70.2 ± 11.3 71 ± 11 67 ± 13 72 ± 11 0.024

Male gender, n (%) 194 (68) 68 (65) 36 (56) 90 (78) 0.009

BMI (kg/m2) 27 ± 5 27 ± 5 27 ± 5 28 ± 5 0.022

Diabetes, n (%) 73 (26) 29 (28) 15 (23) 29 (25) 0.796

Dyslipidaemia, n (%) 118 (42) 44 (43) 23 (36) 51 (44) 0.562

Coronary artery disease, n (%) 100 (35) 32 (31) 16 (25) 52 (45) 0.014

Atrial fibrillation, n (%) 64 (23) 17 (17) 13 (20) 34 (30) 0.057

NYHA functional class III-IV 156 (55) 63 (61) 28 (44) 65 (56) 0.099

Heart rate (b.p.m.) 72 ± 14 70 ± 13 79 ± 15 70 ± 14 <0.001

Systolic blood pressure (mmHg) 123 ± 20 124 ± 19 122 ± 21 122 ± 21 0.855

Diastolic blood pressure (mmHg) 69 ± 12 68 ± 12 72 ± 12 68 ± 11 0.144

QRS width (ms) 164 ± 26 168 ± 25 166 ± 22 160 ± 28 0.089

QRS width < 150ms, n (%) 61 (22) 19 (18) 8 (13) 34 (29) 0.019

LBBB, n (%) 213 (75) 78 (75) 57 (89) 78 (67) 0.005

RV pacing, n (%) 35 (12) 18 (17) 3 (5) 14 (12) 0.054

Beta blockers, n (%) 253 (90) 94 (90) 55 (86) 104 (92) 0.424

ACE inhibitors/ARB, n (%) 250 (89) 92 (89) 56 (88) 102 (90) 0.835

Biological data

Creatinine (mg/dL) 13 ± 5 12.8 ± 6.8 11.4 ± 3.7 13.4 ± 4.7 0.060

BNP (pg/mL)* 428 [166;924] 294 [96;723] 419 [144;724] 566 [302;1154] 0.004

Echocardiography data

LV Ejection Fraction (%) 27 ± 5 28 ± 4 24 ± 6 27 ± 6 <0.001

Myocardial scar, n (%) 45 (18) 12 (14) 8 (13) 25 (25) 0.064

Global Longitudinal Strain (%) -8.0 ± 2.9 -8.5 ± 2.6 -6.5 ± 2.1 -7.9 ± 2.6 <0.001

LV end-diastolic diameter (mm) 66 ± 8 65 ± 8 70 ± 9 66 ± 8 0.001

SF, n (%) 224 (79) 96 (92) 60 (94) 68 (59) <0.001

Data available in *204 patients.

4 A. Menet et al.
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Survival from all-cause mortality at 1 year, 2 years, and 3 years

was, respectively, 95 ± 5%, 91 ± 6%, and 88 ± 8% in patients with

pattern 1; 100%, 100%, and 94 ± 6% in patients with pattern 2; and

88 ± 6%, 76 ± 8%, and 61 ± 11% in patients with pattern 3 (Figure

2). All-cause mortality was higher in patients with pattern 3, com-

pared with patients with either pattern 1 (P=0.002) or pattern 2

(P=0.004). Similarly, cardiovascular mortality and HF hospitaliza-

tion rates were higher in patients with pattern 3 than for patients

with either pattern 1 (P=0.012 and P<0.001, respectively) or pat-

tern 2 (P=0.020 and P=0.002, respectively). Survival free from

all-cause mortality, cardiovascular mortality, and hospitalization

for HF was similar between patients with patterns 1 and 2

(P>0.05 for all comparisons). Survival from overall mortality, car-

diovascular mortality, and hospitalization for HF in patients with a

septal pattern 1 or 2 compared with patients with a septal pattern

3 is represented in Figure 3.

Using Cox univariate analysis (Table 2), pattern 3 was associated

with a significantly increased risk of all-cause mortality [HR=4.41,

95% confidence interval (CI): 2.21–8.80, P<0.001], cardiovascular

mortality (HR= 4.82, 95% CI: 1.91–12.14, P<0.001), and HF hospi-

talization (HR=4.48, 95% CI: 2.36–8.49, P<0.001) compared with

patients with pattern 1 or 2. After adjustment, patients with pattern 3

still displayed an independent increased risk of overall mortality, car-

diovascular mortality, and HF hospitalization compared with patients

with pattern 1 or 2 (Table 2).

A follow-up echocardiogram was performed in 256 patients at

6–9 months follow-up. Twelve patients did not attempt their

echocardiographic examination and 14 died before the second echo-

cardiogram. Echocardiographic data and their changes during the fol-

low-up are presented in Table 3. DLVESV, DLVEDV, DLVEF, and

DGLS significantly differed in patients with a septal deformation pat-

tern 3 compared with those with a septal deformation pattern 1 or 2.

A B C

Figure 2 Kaplan–Meier event-free survival for mortality (A) cardiovascular mortality (B) and hospitalization for HF (C) according to septal deform-

ation patterns.

A B C

Figure 3 Kaplan–Meier event-free survival for mortality (A) cardiovascular mortality (B) and hospitalization for HF (C) according to septal deform-

ation patterns.
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.Septal deformation strain pattern and
outcome in patients with 120–150ms
QRS duration
Characteristics of the 61 patients with QRS duration 120–150ms,

compared with patients with a QRS duration>_ 150ms are detailed in

Supplementary data online, Table S1. Frequency of septal patterns 1–

2 was lower in this subgroup of patients compared with patients with

QRS width> 150ms (44 vs. 63%, P=0.01). Survival free from all-

cause mortality, cardiovascular mortality, and fromHF hospitalization

was lower in patients with a pattern 3 compared with those with a

patterns 1–2 (P=0.005, P=0.013, and P=0.019, respectively,

Figure 4).

Comparison with the SF
All-cause mortality, cardiovascular mortality, and HF hospitaliza-

tion were lower by univariate analysis in patients with a SF than in

those without (all log rank P-value < 0.05, Figure 5, see

Supplementary data online, Table S2). The addition of septal de-

formation pattern to the multivariate model improved risk predic-

tion and discrimination (Table 4). In contrast, adding the absence

of SF to the same multivariate models did not improve risk predic-

tion and discrimination (Table 4). In Figure 6, survival free from

mortality, cardiovascular mortality, and HF hospitalizations, re-

spectively, according to presence of the SF and/or septal patterns

are shown.

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

Table 3 Baseline and follow-up echocardiographic data according to the septal deformation patterns

Variable [ALL] Septal pattern 1 Septal pattern 2 Septal pattern 3 P-value

N5 284 N5 104 N5 64 N5 116

LV ejection fraction Baseline LV ejection fraction (%) 27 ± 5 28 ± 4 24 ± 6 27 ± 6 0.002

9-month LV ejection fraction (%)a 39 ± 11 44 ± 10 41 ± 11 34 ± 11 <0.001

D LV ejection fractiona 13 ± 11 16 ± 9 16 ± 10 7 ± 11 <0.001

LV end-diastolic volume Baseline LV end-diastolic volume (mL) 242 ± 70 231 ± 65 265 ± 81 239 ± 66 0.018

9-month LV end-diastolic volume (mL)a 194 ± 72 172 ± 60 188 ± 84 216 ± 69 <0.001

D LV end-diastolic volume (mL)a 50 ± 55 60 ± 49 75 ± 64 25 ± 45 <0.001

LV end-systolic volume Baseline LV end-systolic volume (mL) 179 ± 60 167 ± 52 202 ± 70 178 ± 57 0.004

9-month LV end-systolic volume (mL)a 124 ± 68 101 ± 52 119 ± 80 147 ± 65 <0.001

DLV end-systolic volume (mL)a 57 ± 52 68 ± 41 82 ± 61 31 ± 44 <0.001

CRT responders (%)a 187 (73) 81 (89) 58 (92) 48 (47) <0.001

Global longitudinal strain Basal global longitudinal strain (%) -8.0 ± 2.9 -8.7 ± 2.9 -6.5 ± 2.3 -8.2 ± 2.9 <0.001

9-month global longitudinal strain (%)a -10.1 ± 4.0 -11.8 ± 3.8 -10.3 ± 3.9 -8.6 ± 3.8 <0.001

D global longitudinal strain (%)a -2.1 ± 3.5 -2.9 ± 3.5 -3.7 ± 3.6 -0.4 ± 2.8 <0.001

LV, left ventricle.
aData available in 256 patients.

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

Table 2 Relationship between septal deformation patterns 3 vs. 1–2 and all-cause mortality, cardiovascular mortality,
and HF hospitalization by Cox analysis

All-cause mortality Cardiovascular mortality HF hospitalization

Univariate analysis HR (95% CI) P HR (95% CI) P HR (95% CI) P

Septal deformation

pattern 3 vs. 1–2

4.41 (2.21–8.80) <0.001 4.82 (1.91–12.14) <0.001 4.48 (2.36–8.49) <0.001

Multivariate analysis Adjusted HR (95% CI) P Adjusted HR (95% CI) P Adjusted HR (95% CI) P

Septal deformation

pattern 3 vs. 1–2

3.78 (1.85–7.75) <0.001 3.84 (1.45–10.16) 0.007 4.41 (2.18–8.90) <0.001

QRS width 0.96 (0.73–1.28) 0.803 0.73 (0.47–1.15) 0.173 0.82 (0.62–1.10) 0.18

NYHA functional

class III or IV

2.41 (1.13–5.15) 0.024 2.14 (0.82–5.56) 0.118 1.30 (0.70–2.41) 0.408

Age 1.69 (1.10–2.59) 0.016 2.44 (1.29–4.60) 0.006 0.86 (0.62–1.19) 0.349

Coronary artery disease 0.85 (0.44–1.63) 0.629 0.71 (0.30–1.70) 0.445 0.99 (0.53–1.85) 0.971

Creatinine serum 1.34 (1.09–1.65) 0.006 1.36 (1.03–1.78) 0.029 1.44 (1.16–1.79) <0.001

LV ejection fraction 0.62 (0.45–0.84) 0.002 0.55 (0.37–0.83) 0.005 0.72 (0.54–0.98) 0.034

LBBB 0.89 (0.44–1.80) 0.753 0.94 (0.35–2.52) 0.897 0.93 (0.47–1.85) 0.831

6 A. Menet et al.
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Reproducibility
A suitable inter-observer agreement was found for septal deform-

ation patterns in three categories as indicated by a kappa value at

0.82 (95% CI: 0.75–0.88).

Discussion

This study indicates that (i) septal deformation patterns are powerful

independent predictors of clinical outcomes in addition to current

predictors of outcome in CRT candidates; (ii) the prognostic value of

septal deformation patterns remains unaltered in patients with inter-

mediate QRS duration (120–150ms); and (iii) the value of septal de-

formation patterns in terms of risk prediction and discrimination is

significantly higher than the value of the SF.

The LBBB is identified by an early deformation of the septum due

to contraction of the right ventricle free wall (the SF, identified

visually or using M-mode, and/or tissue Doppler imaging), which is

unopposed as contraction of the LV free wall is delayed due to the

conduction delay.4 Presence of the SF is associated with reverse

remodelling following CRT.5 The SF has, however, some disadvan-

tages, such as limited value at rest.5,13 In contrast, dobutamine stress

echocardiography may enhance the identification of SF to better pre-

dict LV reverse remodelling following CRT.13 Echocardiographic

identification of SF was recently included in a multiparametric pre-

dictive score of LV reverse remodelling.14 In the recent PREDICT-

CRT trial, both the absence and unsuccessful correction of SF were

associated with both a high risk for non-response after CRT and un-

favourable long-term survival.6 Importantly, inter-observer agree-

ment for SF was only moderate here, with a kappa value of 0.71. In

agreement with previous reports, a relationship was found in this pre-

sent report, between SF and outcomes in univariate analysis.

However, the relationship was weakened after adjustment for clas-

sical predictors of outcome in HF, thereby indicating the possibility

A B C

Figure 5 Kaplan–Meier event-free survival for mortality (A) cardiovascular mortality (B) and hospitalization for HF (C) according to the presence

or absence of an SF.

A B C

Figure 4 Kaplan–Meier event-free survival for mortality (A) cardiovascular mortality (B) and hospitalization for HF (C) according to septal deform-

ation patterns in the patients with a QRS duration between 120 and 150ms.
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for other indices of dyssynchrony to be amenable to CRT in clinical

practice.

Septal motion can also be evaluated using speckle tracking longitu-

dinal strain. Leenders et al.7 used computer-based simulation in

humans, to report that the septal deformation pattern integrates the

effects of dyssynchronous activation of the heart and differences in

septal and LV free wall contractility, hence providing integrated infor-

mation on two key determinants of CRT response. Pattern 1 was ob-

tained by simulating typical LBBB dyssynchrony of ventricular

activation with preserved septal and LV free wall contractility.

Therefore, after the initial shortening, a second motion toward the

LV was observed after equalization of the wall stress between the

septum and free wall, during the ejection phase (Figure 1). Pattern 2

was obtained by additionally imposing septal hypocontractility to the

activation delay, hence resulting in a dyskinetic motion of the septum

within the whole systole because it cannot counterbalance the in-

crease in LV pressure owing to the preserved LV free wall contrac-

tion (Figure 1). Lastly, deterioration in LV free wall contractility

resulted in pattern 3; in this case, septal contraction is prolonged, be-

cause the free wall cannot generate wall stress against the septum to

stop septal inward motion and push back toward the right ventricle

(Figure 1). In addition, the presence of extensive LV fibrosis may be

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

Table 4 Cox multivariate models: predictive value, discrimination, and reclassification with either septal deformation
pattern 3 vs. 1–2 or absence of an SF

Multivariable

model

Multivariable model

1 absence of SF

Multivariable model

1 septal deformation

pattern 3 vs. 1–2

All-cause

mortality

Adjusted HR (95% CI), P 1.67(0.88–3.13), P = 0.121 3.78 (1.85–7.75), P < 0.001

Prediction BIC 417 420 407

Discrimination Harell’s C statistic 0.745 0.747 0.799

IDI Reference 0.010(-0.006 to 0.066), P = 0.326 0.081(0.002–0.181), P = 0.047

c-NRI Reference 0.116(-0.163 to 0.345), P = 0.326 0.392(0.072–0.552), P = 0.033

Cardiovascular

mortality

Adjusted HR (95% CI), P 2.22(0.96–5.26), P = 0.063 3.84(1.45–10.16), P = 0.007

Prediction BIC 252 255 250

Discrimination Harell’s C statistic 0.794 0.798 0.827

IDI Reference 0.021(-0.022 to 0.102), P = 0.405 0.049(-0.020 to 0.152), P = 0.219

c-NRI Reference 0.157(-0.352 to 0.401), P = 0.319 0.309(-0.018 to 0.542), P = 0.073

Hospitalization

for HF

Adjusted HR (95% CI), P 2.22(1.23–4.00), P = 0.008 4.41(2.18–8.90), P < 0.001

Prediction BIC 492 491 478

Discrimination Harell’s C statistic 0.666 0.695 0.735

IDI Reference 0.024(-0.007 to 0.094), P = 0.179 0.121(0.038–0.227), P < 0.001

c-NRI Reference 0.217(-0.066 to 0.415), P = 0.126 0.483(0.182–0.661), P < 0.001

BIC, Bayesian information criteria; IDI, integrated discrimination improvement; NRI, net reclassification improvement.

A B C

Figure 6 Kaplan–Meier event-free survival for mortality (A) cardiovascular mortality (B) and hospitalization for HF (C) according to both the pres-

ence or the absence of the SF and septal deformation patterns 1–2 or 3.

8 A. Menet et al.
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associated with a type 3 pattern, as Leenders et al.7 demonstrated

more scared segments by echocardiography in patients with pattern

3 when compared with types 1 and 2, as is the case in the present re-

port. However, magnetic resonance imaging studies are not available

in the present cohort of patients. Further researchmay be conducted

to establish the potential link between septal deformation patterns

and the presence and extent of diffuse myocardial fibrosis with the

use of the T1 mapping technique by cardiac magnetic resonance

imaging (cMRI).

We previously demonstrated in a prospective pilot study involving

patients with LBBB receiving CRT that patterns 1 and 2 were highly

predictive of CRT response after CRT.8 The present prospective

study builds on previous reports showing that septal deformation

patterns are strong predictors of a poor outcome over classical prog-

nostic factors in HF, including baseline QRS width and presence of a

LBBB, in a larger cohort of patients receiving CRT. Patients with a

pattern 1 or 2 have an excellent outcome following CRT compared

with patients with a pattern 3. This finding is consistent with Risum et

al.,15 showing that the identification of an activation delay between

septal and lateral LV walls by longitudinal speckle tracking strain

echocardiography may be more predictive of outcome than strict

LBBB criteria on electrocardiogram in CRT recipients. Importantly,

the proportion of patients with pattern 1 or 2 is lower in patients

with intermediate QRS duration (120–150ms) compared with pa-

tients with wide QRS (44 vs. 63%, P=0.01). Consistently, we previ-

ously reported that pattern 1 or 2 was very rare in HF patients with

reduced LVEF and narrow QRS (QRS duration<120ms).16 In a

meta-analysis of five CRT randomized control trials, the benefit of

CRT in terms of outcome was greater in patients with wide QRS

(QRS> 150ms), compared with those with a QRS duration between

120 and 150ms who seemed to not gain any benefit from CRT.1

Findings of the present study may be of importance, as patients with

septal deformation patterns 1 or 2 identified among patients with

intermediate QRS duration, are associated with an excellent out-

come after CRT.

Patients with a pattern 3 may have a poor outcome and response

rate to CRT because of more advanced HF, as indicated by an older

age, a high proportion of male patients, a high frequency of CAD, a

narrower QRS duration, and a lower frequency of LBBB. However,

the prognostic value of septal deformation patterns persists even

after adjustment on these factors linked to outcome and to the ab-

sence of response to CRT in HF patients. In addition, among patients

with an indication for CRT, septal deformation patterns identify those

with an excellent outcome (1–2 patients) when compared with

others (3). Unfortunately, the natural history of patients with LV dys-

function and enlarged QRS according to septal deformation patterns

cannot be assessed, as CRT is firmly recommended in these patients.

Limitations
Septal deformation patterns were not studied during the follow-up;

further research is needed to describe a classification of these pat-

terns during biventricular pacing. Patients with pattern 2 have a better

outcome despite having higher LV volumes and lower LV ejection

fraction and GLS than other patients as previously reported.7 These

patients have probably a less advanced stage of the disease than type

3 patients and derive more benefit of CRT as pattern 1 patients.

Besides the SF and septal deformation patterns, recent reports

highlighted the value of new echocardiography indices of electro-

mechanical dyssynchrony based on the contractile consequences of

the intra-LV activation delay to predict LV response and outcome

after CRT.17 These indices include the LBBB—typical pattern by lon-

gitudinal strain,15 presence of apical rocking,6 and the systolic stretch

index by radial strain.18 To our knowledge, only one study compared

the reproducibility and the predictive value of SF and apical rocking.6

The predictive value of SF and apical rocking in terms of outcome

was similar. Importantly, the inter-observer agreement for apical

rocking was only moderate and similar to the SF, with a Kappa value

of 0.71 for both. However, as indicated by Mada et al.,19 the reprodu-

cibility of the SF and/or apical rocking assessment is high for expert

readers (Kappa= 0.90) but is poor for novice readers (Kappa= 0.25–

0.53). In contrast, an automatic speckle tracking-based pattern ana-

lysis based on two indices of dyssynchrony responsive to CRT,

yielded similar results in terms of reproducibility for both experts

and novices (Kappa= 0.83, 0.85 and Kappa= 0.76, 0.88, respectively).

Consistently, the visual septal deformation pattern recognition, which

is in principle very comparable to the automatic speckle tracking

based pattern analysis, had a similar reproducibility in the present re-

port (Kappa= 0.82). Further large multicentre studies are needed to

evaluate the reproducibility and the comparative predictive value of

these indices of dyssynchrony responsive to CRT. The higher plasma

BNP levels observed in patients with a pattern 3 compared with

other patients suggest that the hemodynamic status of the patients

may influence the septal patterns. This hypothesis deserves however

specific longitudinal studies.

Conclusions

The identification of septal deformation patterns in CRT candidates

provides important prognostic information in addition to current

clinical, electrocardiographic and echocardiographic predictors of

outcome in HF patients. This reproducible parameter may be par-

ticularly useful in patients with intermediate QRS duration in whom

the benefit of CRT remains uncertain.

Supplementary data

Supplementary data are available at European Heart Journal - Cardiovascular

Imaging online.
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The authors thank Dr Amélie Lansiaux, MD, PhD, Magali Demilly,

PhD, and Domitille Tristram, RN, for technical assistance.

Conflict of interest: None declared.

References
1. Cleland JG, Abraham WT, Linde C, Gold MR, Young JB, Claude Daubert J et al.

An individual patient meta-analysis of five randomized trials assessing the effects

of cardiac resynchronization therapy on morbidity and mortality in patients with

symptomatic heart failure. Eur Heart J 2013;34:3547–56.

2. Holzmeister J, Leclercq C. Implantable cardioverter defibrillators and cardiac

resynchronisation therapy. The Lancet 2011;378:722–30.

3. Chung ES, Leon AR, Tavazzi L, Sun J-P, Nihoyannopoulos P, Merlino J et al.

Results of the Predictors of Response to CRT (PROSPECT) trial. Circulation

2008;117:2608–16.

Septal deformation patterns before CRT and outcome 9

b
y
 g

u
e
s
t o

n
 J

a
n
u
a
ry

 1
, 2

0
1
7

D
o
w

n
lo

a
d
e
d
 fro

m
 



.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

4. Grines CL, Bashore TM, Boudoulas H, Olson S, Shafer P, Wooley CF. Functional

abnormalities in isolated left bundle branch block. The effect of interventricular

asynchrony. Circulation 1989;79:845–53.

5. Parsai C, Bijnens B, Sutherland GR, Baltabaeva A, Claus P, Marciniak M et al.

Toward understanding response to cardiac resynchronization therapy: left ven-

tricular dyssynchrony is only one of multiple mechanisms. Eur Heart J

2009;30:940–9.

6. Stankovic I, Prinz C, Ciarka A, Daraban AM, Kotrc M, Aarones M et al.

Relationship of visually assessed apical rocking and septal flash to response and

long-term survival following cardiac resynchronization therapy (PREDICT-CRT).

Eur Heart J Cardiovasc Imaging 2015;17(3):262–9.

7. Leenders GE, Lumens J, Cramer MJ, De Boeck BWL, Doevendans PA, Delhaas T

et al. Septal deformation patterns delineate mechanical dyssynchrony and re-

gional differences in contractility: analysis of patient data using a computer

model. Circ Heart Fail 2012;5:87–96.
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previous landmark reports have demonstrated a link between mechanical dyssyn-
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toms or reverse remodeling.  The present review aims to describe 

recent developments in the assessment of myocardial dyssynchrony, 
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11

the early 2000s, describe the ability of echocardiographic indices 
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dyssynchrony is evaluated in terms of atrioventricular dyssyn-

chrony, interventricular dyssynchrony, and intraventricular dys-
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ces were developed including the basal septal to basal lateral delay 
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 Moreover, repro-

ducibility of echocardiographic indices, especially for TDI- derived 
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22 In 
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this trial had persistent or worsened mechanical dyssynchrony 
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groups was observed.23

echocardiographic mechanical dyssynchrony without electrical 

for this therapy.

demonstrate that besides electrical dyssynchrony, changes in region-
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with ischemic cardiomyopathy and posterolateral myocardial scarring 
25 Impact 

26 
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27

remained unclear.

right ventricle and proceeds across the septum for 40 to 50 ms 

duration of 140 to 150 ms.29

endocardium is called the breakthrough site, which is a single site 
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cardial left ventricular septum, whereas the second represents the 

not rapidly increase. Thus, the septum can easily contract due to 

the reduced afterload, producing the distinctive, early rapid move-

ment of the interventricular septum at the breakthrough site. This 
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sure.30
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late postsystolic contraction occurring after aortic valve closure 
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score, over clinical and electrocardiographic data.33

been suggested that performing a dobutamine stress echocardiog-
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Indices of electromechanical dyssynchrony responsive 

movement of the interventricular septum toward the left ventricle. 
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and posterolateral walls, assessed by radial strain speckle track-
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mechanical dyssynchrony.

occur with radial strain by speckle tracking and may be highly sensi-
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dinal movement of the heart.39
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and has been widely accepted when compared with radial strain, in 
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ventricular segment in the septal wall and early stretching in at least 
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41 
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43 and was strongly associated with 
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43 This 
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speckle tracking longitudinal strain. The amount of stretching follow-
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not generate wall stress against the septum to stop septal inward 
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wall. In contrast, septal rebound stretch depends on early shortening 
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tricular free wall.47

remodeling in only 59% of cases and had an increased risk of death 
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ABSTRACT 

 

Background- The aim of the present study is to evaluate the clinical significance of secondary mitral regurgitation 

(MR) prior or early and late after cardiac resynchronization therapy (CRT) in a large cohort of patients with heart 

failure and reduced ejection fraction. 

Methods and results- 198 patients prospectively recruited underwent baseline and early post-CRT 

echocardiography. Late post-CRT echocardiography was performed 9-months after CRT implantation in 172 

patients. The impact of significant secondary MR (�moderate) on overall and cardiovascular mortality, and on 

hospitalization for heart failure (HF) was studied, at each stage. The frequency of significant secondary MR 

decreased from 23% (n=45) to 8% (n= 16) immediately after CRT. Among the 172 patients who underwent late 

echocardiography follow up, 17 patients (10%) had significant secondary MR. During a median follow up of 48 

months, 49 patients died and 36 were hospitalized for HF. Patients with either early or late post-CRT significant 

secondary MR, displayed an increased risk of death, cardiovascular death and heart failure hospitalizations during 

follow up (p<0.05 for all endpoints). After adjustment on LV reverse remodeling, late post-CRT significant 

secondary MR, remained associated with an increased risk of overall mortality (adjusted HR 3.77, p=0.014), 

cardiovascular mortality (adjusted HR 5.36, p=0.037), and HF hospitalizations (adjusted HR 7.33, p=0.001).  

Conclusions- Significant secondary MR in spite of CRT portends important prognostic information beyond LV 

reverse remodeling. Further studies are needed to evaluate the role of new percutaneous procedures of mitral valve 

repair in order to improve the outcome of these very high-risk patients.  

Keywords: Cardiac resynchronization therapy; heart failure; outcome; secondary mitral regurgitation; 

echocardiography.  
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RESUME 

 

Contexte- Le but de cette étude était d�évaluer! la! signification!clinique!de! l�insuffisance!mitrale! secondaire! avant, 

précocement et tardivement après resynchronisation biventriculaire dans une large cohorte de patients insuffisants 

cardiaques par dysfonction systolique du ventricule gauche.   

Méthodes et résultats- 198 patients recrutés!prospectivement!ont!bénéficié!d�une!échocardiographie avant et juste 

après!l�implantation!d�un!stimulateur!cardiaque!en!resynchronisation!biventriculaire.!Une!échocardiographie!tardive!

était! réalisée! 9! mois! après! l�implantation! chez! 172! patients.! L�impact! de! l�insuffisance! mitrale! secondaire 

significative! (�grade 2) sur la mortalité totale et cardiovasculaire et sur les hospitalisations pour insuffisance 

cardiaque était étudié à! chaque! stade.! La! fréquence! de! l�insuffisance!mitrale! secondaire significative diminuait de 

23% (n=45) en pré-implantation à 8% (n= 16) immédiatement après l�implantation. Parmi les 172 patients qui ont 

bénéficié! d�une! échocardiographie! tardive, 17 patients (10%) avaient une insuffisance mitrale secondaire 

significative. Pendant un suivi médian de 48 mois, 49 patients sont décédés et 36 ont été hospitalisés pour 

insuffisance cardiaque. Les patients avec une insuffisance mitrale secondaire significative précocement ou 

tardivement après resynchronisation biventriculaire présentaient un risque accru de mortalité, de mortalité 

cardiovasculaire! et! d�hospitalisation pour insuffisance cardiaque dans le suivi (p<0.05 pour tous les critères de 

jugement) Après!ajustement!sur!la!survenue!d�un remodelage!inverse!dans!le!suivi,!l�insuffisance!mitrale!secondaire!

tardivement après resynchronisation biventriculaire restait associée avec un risque accru de mortalité (HR ajusté 3.77, 

p=0.014), de mortalité cardiovasculaire (HR ajusté 5.36, p=0.037) et! d�hospitalisation pour insuffisance cardiaque 

dans le suivi (HR ajusté 7.33, p=0.001).  

Conclusions- La! présence! d�une! insuffisance! mitrale! secondaire! significative! malgré! une! resynchronisation!

biventriculaire apporte une information pronostique importante au-delà du remodelage inverse post-

resynchronisation.!D�autres!études!seront!nécessaires pour évaluer le rôle des nouvelles procédures percutanées de 

réparation valvulaire mitrale pour améliorer le pronostic de ces patients à haut risque.  

Mots clés : resynchronisation biventriculaire ; insuffisance cardiaque ; pronostic ; insuffisance mitrale secondaire; 

échocardiographie. 
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Introduction: 

Secondary mitral regurgitation (MR) is common in patients with heart failure and reduced LV ejection fraction 

(HFrEF) and predicts a poor outcome.[1, 2] 
❙!✁✂✄☎✆✝✞ ✟✠ ✝!✡☛☞✌✡ ✍✝✂✎ ✆✄ ✏✎✑✆☞✆✄✁!, between decreased mitral 

closing forces and increased tethering forces owing to reduced and/or dyscoordinated LV function, and global and 

local remodeling resulting in mitral valve tenting. Cardiac resynchronization therapy (CRT) induces immediate/short- 

and long- term secondary MR reduction.[3-6] While immediate/short-term reduction in secondary MR, following 

CRT seems to result from the improvement of LV mitral closing forces, as a result of a better coordination of 

papillary muscles and improved LV systolic function, long-term reduction in secondary MR, is mainly attributed to 

the chronic reduction in LV end-systolic size induced by CRT, ie LV reverse remodeling.[7, 8] Left ventricular 

reverse remodeling following CRT strongly predicts outcome in HFrEF patients in terms of mortality and HF 

hospitalizations, and is commonly used in clinical practice as a surrogate of clinical outcome to identify CRT 

responders.[9] While secondary MR at baseline may not be associated with outcome in HFrEF patients receiving 

CRT, the reduction in secondary MR following CRT has been associated with better clinical outcomes.[6, 10] 

However, to our knowledge, the prognostic value of baseline versus early and late post-CRT secondary MR beyond 

left ventricular reverse remodeling remains uninvestigated. Hence, the aim of the present prospective study is to 

evaluate in a large cohort of HFrEF patients receiving CRT 1) the time course of secondary MR at baseline, early and 

late after CRT 2) the relationship between presence of significant secondary MR at each stage, LV reverse 

remodeling during follow up and adverse long-term clinical outcomes and 3) whether late post-CRT significant 

secondary MR, portends independent prognostic information beyond LV reverse remodeling.  
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METHODS 

Study population. 

Clinical, ECG and Doppler-echocardiographic data were prospectively collected in a cohort of patients receiving 

CRT. As recommended by guidelines, CRT was indicated for patients with left ventricular ejection fraction (LVEF) "!

35% who remained in NYHA functional class II, III and ambulatory IV, despite optimal medical treatment and QRS 

duration!�!120!ms!in the event of left bundle branch block (LBBB) morphology, or!with!QRS!duration�150!ms!in the 

event of non-LBBB morphology. Exclusion criteria were: i) myocardial infarction, acute coronary syndrome, or 

coronary revascularization in the past three months; ii) primary mitral or aortic valve disease; iii) uncontrolled rapid 

atrial fibrillation. Patients received a maximum tolerated dose of beta-blockers, angiotensin-converting enzyme 

inhibitors, or angiotensin receptor blockers and spironolactone. Local ethics committee of the Groupement des 

Hôpitaux!de!l�Institut!Catholique!de!Lille approved this study. 

 

Echocardiography 

Echocardiography was performed the day before CRT implantation with a GE Vivid E9 ultrasound system (General 

Electric healthcare, Velizy, France). Early post CRT studies were performed on the day of hospital discharge. Late 

post CRT studies were obtained at 9-months follow up. Three cardiac cycles were stored for each measurement for 

subsequent off line analysis by a blinded investigator to the clinical status of the patient (EchoPAC PC release BT12; 

GE Vingmed Ultrasound AS). Measurements were made over 3 cardiac cycles and the average value calculated. 

LVEF was measured by the Simpson biplane method. LV end-diastolic and end-systolic dimensions were obtained 

with the use of M-mode recordings acquired at a sweep speed of 100 mm/s. Pulsed-wave Doppler was performed in 

the apical 4-chamber view at end-expiration with a 3-mm sample volume, to obtain mitral inflow velocities (E and A 

waves). Left atrial (LA) volume was obtained according to current guidelines. Mitral regurgitant orifice area 

(effective regurgitant orifice [ERO]) was measured by the proximal flow convergence technique. Depth, size, and 

sector settings were optimized for optimal color Doppler resolution. The Doppler color flow zero baseline was shifted 

downward to obtain satisfactory hemispheric proximal iso- velocity surface area. The proximal flow convergence 

was imaged and expanded in the apical 4-chamber view. The aliasing velocity (Vr) was carefully adjusted (20-40 

cm/s). The midsystole radius of the proximal flow convergence region (r) was measured from the point of aliasing to 
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the leaflet tips. Maximum mitral regurgitant velocity and the regurgitant time-velocity integral were obtained from 

continuous-wave Doppler recordings. The regurgitant flow was measured as 2 x � x r² x Vr and mitral ERO was 

obtained. MR severity was classified as mild (ERO<10 mm
2
), moderate (10 mm

2 
! ERO < 20 mm

2
) or severe (ERO 

" 20 mm
2
). Secondary MR was considered significant in case of mitral ERO " 10 mm

2
. LV reverse remodeling was 

defined as a relative decrease in LV end-systolic volume �15%,! between! baseline! and! 9-months after CRT 

implantation, as previously reported.[9]  

CRT Device Implantation 

Boston Scientific (Natick, MA), Medtronic (Minneapolis, MN), St Jude (St Paul, MN), Sorin (Milan, Italy), and 

Biotronik (Berlin, Germany) CRT devices were implanted by electrophysiologists targeting a basal-lateral, antero-

lateral or postero-lateral coronary sinus vein for LV lead positioning. Interventricular timing was set to zero. A short 

sensed AV delay (between 80 and 100 ms) and paced delay (130 ms) was programmed to promote biventricular 

pacing. Particular attention before hospital discharge was made, to verify the absence of fusion or pseudo-fusion 

beats on the ECG and continuous monitoring. For patients with ongoing atrial fibrillation, radiofrequency ablation of 

the atrioventricular node, was performed in order to obtain a high percentage of biventricular pacing, if sufficient 

bradycardia was not obtained despite optimal medical treatment. In case of atrioventricular node ablation, devices 

were subsequently programmed in a VVIR mode with a paced heart rate of 70 bpm.  

Outcomes  

During follow-up, patients were monitored by their own private physician. Events were recorded by means of clinical 

interviews and/or by phone calls to physicians, patients, and (if necessary) next of kin. The primary endpoint of the 

study was overall mortality and secondary endpoints were cardiovascular mortality and hospitalization for HF. 

Cardiovascular mortality was considered if death was related to HF, myocardial infarction, arrhythmia, or sudden 

death.  

Statistical analysis 

Quantitative data are presented as mean ± standard deviation or median [25th�75th percentile]. Qualitative data are 

presented as absolute numbers and percentages. Comparison of the means was carried out using a two-sided 
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Student�s!t-test or a Mann�Whitney U test for comparison between 2 groups if the sample size of one of the 2 groups 

was less than 30.  

The median duration of follow-up was computed using the reverse Kaplan-Meier method. Survival curves were 

obtained using the Kaplan-Meier method and compared using the log rank test. Univariate followed by multivariate 

Cox regression survival analyses were used to identify the relationship between the presence of significant secondary 

MR at baseline immediately after CRT and at 9 months follow up, and the occurrence of events during follow-up. For 

multivariate Cox analyses, model-building techniques were not used and covariates entered in the model were 

considered for potential prognostic impact, on an epidemiological basis. These covariates included: QRS duration, 

NYHA functional class III-IV, age, coronary artery disease, atrial fibrillation, LBBB, LVEF and left ventricular end-

systolic volume (LVESV) at baseline. LV reverse remodeling was also entered in the models aiming at studying the 

✐✒✓✔✕✖ ✗✘ ✙✔✖✚ ✓✗✛✖-CRT significant MR on outcome. ❋✗✜ ✕✗✢✖✐✢✣✗✣✛ ✤✔✜✐✔✥✙✚✛✦ ✔✛✛✣✒✓✖✐✗✢ ✗✘ ✙✐✢✚✔✜✐✖✧ ★✔✛ ✔✛✛✚✛✛✚✩

✥✧ ✓✙✗✖✖✐✢❜ ✒✔✜✖✐✢❜✔✙✚ ✜✚✛✐✩✣✔✙✛ ✔❜✔✐✢✛✖ ✐✢✩✚✓✚✢✩✚✢✖ ✤✔✜✐✔✥✙✚✛✈ ✪✫✚ ✓✜✗✓✗✜✖✐✗✢✔✙ ✫✔✬✔✜✩✛ ✔✛✛✣✒✓✖✐✗✢ ★✔✛ ✕✗✢✘✐✜✒✚✩

✣✛✐✢❜ ✛✖✔✖✐✛✖✐✕✛ ✔✢✩ ❜✜✔✓✫✛ ✥✔✛✚✩ ✗✢ ✖✫✚ ✉✕✫✗✚✢✘✚✙✩ ✜✚✛✐✩✣✔✙✛✈ For all tests, a two-tailed P value!0.05 was considered 

statistically significant. Statistical analysis was performed with SPSS (SPSS Inc; Chicago, IL) and R 3.0.3 

(Youngstown, Ohio, USA). 

RESULTS 

Baseline characteristics 

One hundred and ninety eight patients eligible for CRT prospectively underwent an immediate baseline 

echocardiography before CRT placement and before hospital discharge and were enrolled in the present report. The 

flow chart of the study is depicted in figure 1. Characteristics of the population are detailed in Table 1.

Frequency of basal, early and late post-CRT significant secondary MR  

Mitral regurgitation before and early after CRT 

At baseline, 45 patients (23%) had significant secondary MR (34 patients with mitral 10 ! ERO < 20 mm
2
 and 11 

patients with mitral ERO � 20 mm
2
). One hundred and fifty three patients had no (n=107) or mild (n=46) MR. 
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Frequency of significant secondary MR decreased from 23% at baseline (45/198) to 8% immediately after CRT 

implantation (16/198, 13 patients with mitral 10 ! ERO < 20 mm
2
 and 3 patients with mitral ERO � 20 mm

2
) 

whereas182 patients had no (n=141) or mild (n=41) MR.  

The comparison of clinical data between patients with and without significant secondary MR at baseline, and early 

after CRT is depicted in table 1. Patients with significant secondary MR at baseline and early after CRT were more 

often in NYHA functional class III-IV.  

Mitral regurgitation late after CRT 

Late echocardiographic follow up was available in 172 patients (87%), as 14 patients died before their 

echocardiographic examination (7%), and 12 (6%) did not attend their echocardiographic examination. Seventeen 

patients (17/172, 10%) had significant secondary MR late after CRT (12 patients with mitral 10 ! ERO < 20 mm
2
 and 

5 patients with mitral ERO � 20 mm
2
). One hundred and fifty five patients had no (n=129) or only mild (n=26) MR. 

As shown in table 1, patients with significant secondary MR late after CRT were more often in baseline NYHA 

functional III-IV, and had shorter baseline QRS duration.  

Relationship between significant MR and echocardiographic parameters at baseline, early and late after CRT  

The comparison of echocardiographic data between patients with and without significant secondary MR at baseline, 

early and late after CRT is presented in table 2.  

Patients with significant secondary MR at baseline had larger LV size, lower LV ejection fraction and larger LA 

volumes (Table 2). Mitral valve tenting and systolic artery pulmonary pressure (sPAP) were significantly higher, and 

parameters of RV systolic function were depressed in significant secondary MR patients compared with others. 

Similar results were found for patients with significant secondary MR early and late after CRT, except for global 

longitudinal strain (GLS) that significantly differed between patients with and without significant secondary MR only 

at the 9-month echocardiography examination.  

Changes in secondary MR severity degree over time 

Changes in secondary MR degree in the early phase after CRT was studied in 198 patients, and assessed from early to 
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9-months post CRT studies in 172 patients. These changes are detailed in figure 2A and 2B. All patients with no 

baseline MR or mild MR had either no or mild MR early after CRT. Seventeen patients had significant secondary 

MR at late follow up. Among these 17 patients, 6 (35%) had either no baseline or mild MR and 8 (47%) had 

significant secondary MR early after CRT. As shown in figure 3 (A, B and C), acute changes in LV size or ejection 

fraction were similar between patients with and without significant secondary MR early after CRT. In contrast, 

patients with significant secondary MR at late follow up, had a poorer improvement in LVEF and a lower decrease in 

both LV end-diastolic and end-systolic volumes from baseline to the 9-month echocardiography examination (figure 

3D, E and F, all p<0.01). Early/late changes in mitral tenting area or LA volume did not differ early and late after 

CRT between patients with and without significant secondary MR (all p=NS). 

Relationship between baseline and post-CRT MR and LV reverse remodeling 

The proportion of CRT responders (as defined by a relative reduction in LV ESV relative to baseline � 15%) was 

similar between patients with and without significant secondary MR at baseline (30/41 (73%) versus 102/135 (75%), 

p = 0.76). Similarly, LV ESV decreased and LVEF increased comparably, from baseline to the 9 month follow up in 

patients with and without significant secondary MR at baseline (-64 ± 57 versus � 60 ± 50 mL, p=0.78 and +12 ± 12 

versus +13 ± 11 %, p=0.41 respectively). The proportion of CRT responders was also similar between patients with 

and without significant secondary MR early after CRT (9/14 (64%) versus 123/162 (76%), p = 0.36). In contrast, the 

proportion of CRT responders was significantly lower in patients with significant secondary MR at late 

echocardiography examination follow up compared with other patients (7/17 (41%) versus 123/155 (79%), p=0.001).  

Impact of baseline and post-CRT secondary MR on outcome 

During a median follow up of 48 ± 2 months, 49 patients died including 27 from cardiovascular causes and 36 

patients were hospitalized for decompensated HF. 

The survival free of death from any cause, cardiovascular death and heart failure hospitalizations in patients with and 

without significant secondary MR at baseline is depicted in figure 4 A, B and C respectively. As compared with 

patients without significant MR at baseline, patients with baseline significant secondary MR, displayed an increased 

risk of HF hospitalizations (HR 2.71 (1.33-5.48), p = 0.006), and cardiovascular death (HR 2.61 (1.21-5.63), p = 
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0.015) and a trend towards an increased risk of death from any cause (HR 1.78 (0.97-3.28), p = 0.063). After 

adjustment, only a trend towards an increased risk of HF hospitalizations was observed in patients with significant 

secondary MR at baseline (table 3). 

The survival free of death from any cause, cardiovascular death and heart failure hospitalizations in patients with and 

without significant secondary MR, early after CRT is depicted in figure 5 A, B and C. Patients with significant 

secondary MR early after CRT displayed during follow-up a significant increased risk of death from any cause (HR 

3.27 (1.58-6.77), p = 0.001), of death from cardiovascular causes (HR 4.69 (1.98-11.13), p < 0.0001) and of HF 

hospitalizations (HR 5.98 (2.75-12.98), p < 0.0001). Similar results were found after adjustment (table 3).  

The survival free of death from any cause, cardiovascular death and HF hospitalizations in patients with and without 

significant secondary MR late post-CRT is depicted in figure 6 A, B and C. Patients with significant secondary MR 

late after CRT displayed a significant increased risk of death from any cause (HR 3.34 (1.42-7.82), p = 0.006), of 

death from cardiovascular causes (HR 5.25 (1.79-15.38), p = 0.003) and of HF hospitalizations (HR 7.78 (3.39-

17.86), p < 0.0001). After adjustment on predefined covariates including LV reverse remodeling, patients with 

significant secondary MR late after CRT displayed an independent increased risk of death from any cause (adjusted 

HR 3.77 (1.30-10.92), p=0.014), death from cardiovascular causes (adjusted HR 5.36 (1.11-25.96), p=0.037) and HF 

hospitalizations (adjusted HR 7.33 (2.21-24.29), p=0.001) (table 3). Both LV reverse remodeling and significant 

secondary MR late after CRT were independent predictors of long-term outcome (table 3).  

DISCUSSION 

While significant secondary MR prior to CRT did not add independent prognostic information, both early- and late-

post CRT significant secondary MR, did portend important prognostic information in terms of mortality and heart 

failure hospitalizations. In addition, late post-CRT significant secondary MR provided independent prognostic 

information beyond LV reverse remodeling, during long-term follow-up.  

Secondary MR is a common condition in HF patients and is a predictor for poor prognosis. Progressive distortion of 

global or local LV architecture leads to apical and lateral displacement of papillary muscles, thus causing tethering 

and restrictive motion of the mitral leaflets.[11, 12] Moreover, the decrease in LV ejection phase efficiency produced 
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by LV dyssynchrony in patients with enlarged QRS reduces mitral closing forces. Conversely, CRT, by increasing 

LV closure forces resulting from improved myocardial contractility, and by restoring papillary muscle coordination, 

acutely reduces secondary MR. In agreement with previous studies, this occurred in two thirds of our HF patients, 

with baseline secondary MR.[13, 14] 

Clinical significance of MR prior CRT 

Patients with significant secondary MR at baseline, had indices of more advanced heart failure, including larger LV 

and LA size, higher pulmonary pressures, and depressed RV function. However after CRT, baseline MR did not 

predict outcome after adjustment on classical prognostic factors in HF. Consistently, LV reverse remodeling during 

follow up did not differ in both patients with or without baseline significant secondary MR. These findings suggest 

that CRT may largely improve poor prognosis of HF patients including those with secondary MR. These findings 

differ slightly from Verhaert and co-workers�!earlier!report,[6] as in their study, patients with severe MR before CRT 

experienced a larger LVESVi decrease. However, similarly to our findings, baseline MR severity was not associated 

with adverse events. Hence, these results suggest that baseline MR should not be considered as a predictor for poor 

outcomes, in patients with a CRT indication. Baseline secondary MR is not likely to be in itself an appropriate 

therapeutic target in this clinical setting, as suggested by current ESC guidelines on valvular heart diseases. 

Improving LV function is the primary therapeutic strategy to reduce MR [15]  

Clinical significance of MR following CRT 

Few studies have reported temporal changes in secondary MR after CRT. Half of patients with significant secondary 

MR at late follow up had no or only mild MR early after CRT, thus demonstrating that the amount of MR widely 

varies from the early to the late post-CRT period.  

Early post-CRT significant secondary MR was an independent predictor of clinical outcome, even after adjustment 

on classical prognostic factors in heart failure. However early post-CRT MR was not related to acute changes in LV 

function and size, as previously reported.[6] In contrast, CRT failure in reversing LV remodeling and in improving 

LV function did correlate with late post-CRT significant secondary MR. This data confirms the hypothesis that 

secondary MR mirrors in part LV remodeling status. Indeed, LV reverse remodeling induced by CRT reduces LV 
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dilation and sphericity, thus minimizing tethering forces on MV apparatus, and thereby reducing the amount of 

MR.[8] However, both LV remodeling and late-post CRT MR were independent predictors of long-term outcomes in 

the present study.  

Identification!of! �responders�! and! �non-responders�! to!CRT!has! attracted! considerable! attention!as!20% to 40% of 

patients fail to respond to CRT.[16] Left ventricular reverse remodeling (defined as LVESV reduction !15%) is a 

strong and reproducible predictor of outcome following CRT.[9] Yu et al also found higher long-term mortality and 

heart failure events in CRT patients, with a lack of reduction in LVESV of 9.5% or more,[17] and mortality was more 

than 4-fold higher in the 25% of the REVERSE patient cohort with further LV remodeling, despite CRT. Given the 

results of the present study, response to CRT should not only rely on changes in LVESV at 6 to 9 months follow-up, 

but also on the assessment of secondary MR at the same time point. Indeed, patients without LV reverse remodeling 

and significant secondary MR at 9-months follow-up were at very high-risk in this study, and may derive benefit 

from specific therapeutic management, targeting the secondary MR. Ongoing trials are evaluating the efficacy of new 

percutaneous procedures of mitral valve repair such as MitraClip. Pilot studies have concluded that the treatment is 

safe, and results in an improvement in NYHA functional class, with evidence of reverse LV remodeling.[18, 19] 

Limitations 

Limitations of this study are inherent to observational studies. This single-center study included a relatively small 

number of patients. However, clinical and echocardiographic data were prospectively collected with off-line analysis 

and patient follow-up was prospectively planned. Secondary MR is a dynamic and progressive complex disease; it 

does not only depend on LV disease parameters but also on external conditions such as therapeutic compliance and 

daily salt intake. Changes in secondary MR observed in the present study indeed reflect those occurring in routine 

practice.  

Conclusions 

Significant secondary MR early and late after CRT portends important long-term prognostic information. Significant 

secondary MR late after CRT provides independent detrimental prognostic information beyond LV reverse 

remodeling. Patients with significant secondary MR late after CRT have a considerable increased risk of mortality 
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during long-term follow up. Hence, the present data reinforces the potential role of alternative therapies, as well as 

new percutaneous procedures of mitral valve repair, in order to improve the outcome of these very high-risk patients. 
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Figure legends  

 

Figure 1: Flow chart of the study patients. 

 

Figure 2: Course of secondary MR degree after CRT. Changes in degree of secondary MR early after CRT was 

studied in 198 patients (A) and late (9-months) changes in secondary MR were studied in 172 patients (B). 

 

Figure 3. Acute (A, B, C) and chronic (D, E, F) changes in left ventricular ejection fraction (LVEF), left 

ventricular end-systolic and end-diastolic volumes (LVESV and LVEDV) according to the presence of significant 

secondary MR (MR (+)) early (A, B, C) and late (D, E, F) after CRT respectively. 

 

Figure 4: Kaplan Meier event-free survival according to the presence of significant secondary MR (MR (+)) at 

baseline (mortality (A) cardiovascular mortality (B) and hospitalization for heart failure (C)). 

 

Figure 5: Kaplan Meier event-free survival according to the presence of significant secondary MR (MR (+)) early 

after CRT (mortality (D) cardiovascular mortality (E) and hospitalization for heart failure (F)). 

 

Figure 6: Kaplan Meier event-free survival according to the presence of significant secondary MR (MR (+)) late 

after CRT (mortality (H) cardiovascular mortality (I) and hospitalization for heart failure (J)). 
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