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Cardiac Resynchronization

Effect of Biventricular Pacing
on Diastolic Dyssynchrony

Miriam Shanks, MD, Matteo Bertini, MD, Victoria Delgado, MD, Arnold C. T. Ng, MD,
Gaetano Nucifora, MD, Rutger J. van Bommel, MD, C. Jan Willem Borleffs, MD,
Eduard R. Holman, MD, PHD, Nico R. L. van de Veire, MD, PHD, Martin J. Schalij, MD, PHD,
Jeroen J. Bax, MD, PHD

Leiden, the Netherlands

Objectives This study sought to examine the changes in diastolic dyssynchrony with cardiac resynchronization therapy
(CRT).

Background Little is known about the effect of CRT on diastolic dyssynchrony.

Methods Consecutive heart failure patients (n � 266, age 65.7 � 10.0 years) underwent color-coded tissue Doppler im-
aging at baseline, 48 h, and 6 months after CRT. Systolic and diastolic dyssynchrony were defined as maximal
time delay in peak systolic and early diastolic velocities, respectively, in 4 basal LV segments. CRT responders
were defined as those with �15% decrease in LV end-systolic volume at 6 months.

Results Baseline LVEF was 25.2 � 8.1%; 63.5% patients were CRT responders. Baseline incidence of systolic and dia-
stolic dyssynchrony, and a combination of both was 46.2%, 51.9%, and 28.6%, respectively. Compared to nonre-
sponders, responders had longer baseline systolic (79.2 � 43.4 ms vs. 45.4 � 30.4 ms; p � 0.001) and dia-
stolic (78.5 � 52.0 ms vs. 50.1 � 38.2 ms; p � 0.001) delays. In follow-up, systolic delays (45.4 � 31.6 ms at
48 h; 38.9 � 26.2 ms at 6 months; p � 0.001) and diastolic delays (49.4 � 36.3 ms at 48 h; 37.7 � 26.0 ms
at 6 months; p � 0.001) improved only in responders.

Conclusions At baseline: 1) diastolic dyssynchrony was more common than systolic dyssynchrony in HF patients; 2) nonre-
sponders had less baseline diastolic dyssynchrony compared to responders. After CRT: 1) diastolic dyssynchrony
improved only in responders. Further insight into the pathophysiology of diastolic dyssynchrony and its changes
with CRT may provide incremental information on patient-specific treatments. (J Am Coll Cardiol 2010;56:
1567–75) © 2010 by the American College of Cardiology Foundation

ublished by Elsevier Inc. doi:10.1016/j.jacc.2010.01.077
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ystolic dyssynchrony is an independent predictor of clinical
utcome and poor survival in heart failure (HF) patients
1–3). Cardiac resynchronization therapy (CRT) is an
ccepted treatment of patients with drug-refractory HF that
mproves synchronicity of left ventricular (LV) contraction
4–6), in particular in the responders to this treatment
4,5). Diastolic dyssynchrony is at least as common as
ystolic dyssynchrony in systolic HF patients, and is often
resent without a concurrent systolic dyssynchrony in this
atient population (5,7–9). Little is known about the effect
f biventricular pacing on the diastolic dyssynchrony, in
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articular about its changes in the responders and the
onresponders to CRT. The present study examined the
aseline incidence of the diastolic dyssynchrony and its
hanges with CRT in the responders and nonresponders to
his treatment.

ethods

atient population. Consecutive end-stage HF patients (n �
66) scheduled for implantation of a CRT device were
ncluded in the present study. Patients were selected for
RT implantation according to the European Society of
ardiology guidelines (10), meeting the following criteria:
) severe HF (New York Heart Association [NYHA]
unctional class III or IV) despite optimal medical treat-
ent; 2) severely depressed left ventricular ejection fraction

LVEF) (�35%); and 3) QRS duration �120 ms. Patients

ith chronic atrial fibrillation were excluded.
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All HF patients underwent a
clinically indicated transthoracic
echocardiogram at baseline, within
48 h, and at 6 months after CRT
implantation, for assessment of
LV volumes and systolic func-
tion, and LV systolic and dia-
stolic dyssynchrony by color-
coded tissue Doppler imaging
(TDI).

Evaluation of the baseline
clinical status included assess-
ment of NYHA functional class,
quality-of-life score (using the
Minnesota Living with Heart
Failure Questionnaire), and eval-
uation of exercise capacity using

he 6-min hall-walk test. A standard 12-lead electrocardio-
ram was obtained in all subjects before and within 24 h
fter the pacemaker implantation, and at 6-month follow-
p. Responders were defined as showing �15% decrease in
V end-systolic volume at 6-month follow-up (11).
To define the normal range of LV diastolic dyssynchrony,

olor-coded TDI analysis was performed in 38 age-matched
ontrols selected from an echocardiographic database.
hese individuals were referred to the echocardiography

aboratory for evaluation of a cardiac murmur, atypical chest
ain, palpitations, or syncope without a murmur and had a
ormal echocardiogram and no history of cardiovascular
isease.
chocardiography. Transthoracic echocardiography was
erformed with the subjects at rest in the left lateral
ecubitus position with commercially available ultrasound
ransducer and equipment (M3S probe, Vivid 7, GE-
ingmed, Horten, Norway). All images were digitally

tored for offline analysis (EchoPac version BT07.0.0,
E-Vingmed).
Complete 2-dimensional, color, pulsed and continuous-

ave Doppler images were acquired according to standard
echniques (12,13). LV end-systolic volume index and
nd-diastolic volume index were calculated using Simpson’s
iplane method of discs and indexed to body surface area
14). LVEF was subsequently derived and expressed as a
ercentage. As previously described, the intraobserver
greement for assessment of LV end-systolic and -diastolic
olumes and LVEF were: 7.4 � 11.2 ml, 7.0 � 10.1 ml, and
.9 � 4.4%, respectively (15). The interobserver agreement
or LV end-diastolic volume, LV end-systolic volume, and
VEF were 12.9 � 14.7 ml, 11.3 � 13.9 ml, and 2.5 �
.9%, respectively (15). Left atrial volumes were calculated
sing the ellipsoid model as recommended by the American
ociety of Echocardiography and indexed to body surface
rea (16). Spectral Doppler velocities were measured from
he apical 4-chamber view using a 2-mm sample volume.
iastolic function was evaluated by measuring the transmi-

Abbreviations
and Acronyms

CRT � cardiac
resynchronization therapy

HF � heart failure

LV � left
ventricle/ventricular

LVEF � left ventricular
ejection fraction

NYHA � New York Heart
Association

RV � right
ventricle/ventricular

TDI � tissue Doppler
imaging
ral early (E-wave) and late (A-wave) diastolic velocities, m
nd the E-wave deceleration time at the mitral leaflet tips.
n addition, TDI early diastolic velocities (E=) were mea-
ured at the septal and lateral mitral valve annulus, as
reviously described. According to current recommenda-
ions, diastolic dysfunction was defined by septal E= �8
m/s or lateral E= �10 cm/s and indexed left atrial volume
34 ml/m2 (17). Diastolic dysfunction was graded (grade I,

I, and III) according to E/A ratio, E-wave deceleration
ime, and average E/E= (17). Mitral regurgitation severity
as determined semiquantitatively from color Doppler im-

ges obtained from the conventional parasternal long-axis
nd apical views using the regurgitant jet area to left atrial
rea ratio as previously published (18).

Color-coded TDI of the LV obtained in the apical 2- and
-chamber views were acquired during end-expiration, with
he sector size and depth optimized for the highest frame
ates possible (�115 frames/s). Care was taken to keep the
ncidence angle between the direction of the Doppler beam
nd the analyzed vector of myocardial motion as small as
ossible.
ata analysis. Regional myocardial color-coded TDI ve-

ocity profiles were analyzed offline by positioning the
ample volume (13 � 6 mm) in the middle of the basal
ortion of 4 different LV wall segments (septal, lateral,
nterior, and inferior). Aortic valve opening and closure
iming intervals were determined using pulse-wave spectral
oppler with the sample volume placed at the LV outflow

ract to define the ejection period. Maximal peak systolic
yocardial velocity within this ejection period was selected,

nd the time interval between the onset of the QRS
omplex and the peak systolic velocity (maximal systolic
lectromechanical delay) per region was derived as previ-
usly described (4,19,20). Similarly, maximal diastolic elec-
romechanical delay for each region was obtained using the
eak early diastolic myocardial velocity (21–23). Intraven-
ricular dyssynchrony was determined using the time differ-
nce between the shortest and longest electromechanical
elays between any 2 out of 4 basal LV segments during
ystole and early diastole. Significant systolic intraventricu-
ar dyssynchrony was defined as the maximal systolic elec-
romechanical delay of �65 ms that was previously shown
o predict reverse LV remodeling with CRT (4). Significant
iastolic intraventricular dyssynchrony was classified as a
aximal diastolic electromechanical delay above that of the
ean � 2 SD of the control group (6,22,23). All TDI

ecordings were analyzed by an observer who was blinded to
he clinical data and outcome results.
acemaker implantation. All patients received a biven-

ricular pacemaker (Contak Renewal 4RF, TR, or CD,
oston Scientific, St. Paul, Minnesota; InSync Sentry or III,
edtronic Inc. Minneapolis, Minnesota; or Lumax 340
F-T, Biotronik, Berlin, Germany). When a conventional

ndication for an internal cardioverter-defibrillator existed, a
ombined device was implanted. All pacemaker-implantation
rocedures were performed under local anesthesia. Pace-

aker leads were inserted through the right- or left-sided
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ephalic or subclavian vein. The right atrial and ventricular
eads were positioned conventionally. A coronary sinus
enogram was obtained using a balloon catheter, followed
y the insertion of the LV pacing lead. An 8-F guiding
atheter was used to place the LV lead (Easytrak, Boston
cientific; Attain-SD, Medtronic; or Corox OTW,
iotronik) in the coronary sinus. The LV lead position was

argeted to the lateral coronary vein; if unavailable, the
osterolateral coronary vein or anterior vein was used. One
ay after implantation, the LV lead position (anterior,

ateral, and posterior) was assessed from a chest X-ray, using
he lateral views (24). Optimization of the atrioventricular
elays was performed in all the patients within 48 h after
acemaker implantation, using an iterative method. The
ptimal atrioventricular delay was determined by pulsed-
ave Doppler recordings of the transmitral inflow as the

hortest atrioventricular delay that does not compromise left
trial contribution to the LV diastolic filling (25). The
entricles were paced simultaneously with an interventricu-
ar delay set at 0 ms.
tatistical analysis. Normal distribution of the data was
valuated with the Kolmogorov-Smirnov test. Continuous
ariables normally distributed are presented as mean and
tandard deviation, whereas continuous variables non-
ormally distributed are presented as median and interquar-
ile range (25%, 75%). Categorical data are summarized as
requencies and percentages. The chi-square test with Yates
orrection was used to compare categorical variables. The
tudent t test and Mann-Whitney U test were used to
ompare 2 groups of unpaired continuous data, as appro-
riate. One-way analysis of variance (ANOVA) and
ruskal-Wallis test were used to compare more than 3
roups of continuous variables, as appropriate. Post-hoc
nalyses for significant results were performed using Bon-
erroni correction. Linear regression analysis was used to
alculate the correlation between electrical and echocardio-
raphic parameters. Changes in the maximal systolic and
iastolic delays during follow-up after the pacemaker im-
lantation in the responders and nonresponders were as-
essed using repeated measures ANOVA test. Changes in
itral regurgitation grade during follow-up were assessed
ith McNemar test. Univariable and multivariable logistic

egression analyses were performed to evaluate the indepen-
ent determinants of favorable response to CRT. Baseline
linical (age, HF etiology, baseline QRS duration, and
erum creatinine level) and baseline echocardiographic
LVEF and systolic and diastolic LV dyssynchrony) char-
cteristics of the patients were evaluated. Only variables
ith p � 0.05 at univariable analysis were entered as

ovariates in the multivariable model. The multivariate
ogistic regression analysis was performed using an enter

ethod. Odds ratios (ORs) and 95% confidence intervals
CIs) were calculated. All statistical analyses were per-
ormed using SPSS for Windows version 16 (SPSS Inc.,

hicago, Illinois).

b
D

esults

linical and echocardiographic characteristics of the
atients and controls. The patient population consisted of
83 male (68.8%) and 83 female (31.2%) patients with a
ean age of 65.7 � 10.0 years. Biventricular pacemaker

mplantation was successful in all patients, with 256 (96.2%)
atients receiving a combined device with an implantable
ardioverter-defibrillator. The baseline clinical characteris-
ics of the patients are described in Table 1. Approximately
qual numbers of patients had HF of either ischemic or
onischemic etiology. Posterior and lateral lead placements
ere achieved in 50% and in 43.8% of patients, respectively,

aseline Clinical and Echocardiographicharacteristics of the Patients (n � 266)Table 1 Baseline Clinical and Echocardiographic
Characteristics of the Patients (n � 266)

Age, yrs 65.7 � 10.0

Male/female, n 183/83

Etiology of heart failure, %

Ischemic 52.1

Dilated 47.9

Diabetes mellitus, % 18.8

Serum creatinine, �mol/l 102.5 (82, 128.7)

QRS, ms 165.3 � 21.7

NYHA functional class, %

III 94.4

IV 5.6

Quality-of-life score 37.1 � 18.6

6-min walking test, m 308.9 � 115.5

Medications, %

Beta-blockers 70.3

ACE inhibitors/ARB 93.2

Diuretics 82.7

Spironolactone 50.4

Antiplatelets/anticoagulation 89.8

Amiodarone 20.7

Statins 53.8

2D echocardiography and Doppler

LV ejection fraction, % 25.2 � 8.1

End-systolic volume index, ml/m2 89.7 � 41.0

End-diastolic volume index, ml/m2 117.7 � 45.0

Left atrial volume index, ml/m2 42.5 � 13.7

Transmitral E/A ratio 1.7 � 1.3

E-wave deceleration time, ms 176.8 � 72.2

E/E= ratio 24.1 � 19.9

Diastolic dysfunction grade, %

I 42.9

II 31.6

III 25.6

Mitral regurgitation grade �2, % 50.0

Dyssynchrony by color-coded TDI, %

Systolic dyssynchrony 46.2

Diastolic dyssynchrony 51.9

Systolic and diastolic dyssynchrony 28.6

Isolated systolic dyssynchrony 17.6

Isolated diastolic dyssynchrony 23.7

alues are mean � SD, n, %, or interquartile range (25%, 75%).
2D � 2-dimensional; ACE � angiotensin-converting enzyme; ARB � angiotensin-receptor
locker; LV � left ventricular; NYHA � New York Heart Association functional class; TDI � tissue
oppler imaging.
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hereas the leads were placed anteriorly in 6.2% of patients.
ost patients were in NYHA functional class III at the

ime of CRT implantation (94.4%). The baseline QRS
uration was 165.3 � 21.7 ms.
Clinically indicated echocardiograms were performed at

aseline, 48 h, and 6 months after CRT implantation, with
he mean color-coded TDI frame rate of 118.5 � 34.7
rames/s, 123.9 � 34.3 frames/s, and 128 � 35.5 frames/s
nd the mean heart rate of 70.9 � 14.9 beats/min, 72.1 �
3.0 beats/min, and 68.7 � 11.9 beats/min, respectively.
he baseline echocardiographic characteristics of the pa-

ients are described in Table 1.
Finally, clinical and echocardiographic characteristics of the

ontrol population are described in Table 2. Maximal diastolic
elay exceeding 55 ms, derived from the mean � 2 SDs (54.6 ms)
f the maximal diastolic electromechanical delay in the controls,
as used to define diastolic intraventricular dyssynchrony.

ncidence of systolic and diastolic dyssynchrony in HF
atients. Overall, dyssynchrony was present in 69.5% pa-
ients at baseline (Table 1). The incidence of diastolic
yssynchrony was higher than that of systolic dyssynchrony
51.9% vs. 46.2%, p � 0.002). Both systolic and diastolic
yssynchrony were present in 28.2% patients, whereas

solated systolic dyssynchrony (without concurrent diastolic
yssynchrony) was present in 17.6% patients, and 23.7%
atients had isolated diastolic dyssynchrony (Table 1).
here were no significant differences in the majority of the
aseline clinical and echocardiographic characteristics
mong patients without LV dyssynchrony, with isolated
ystolic or isolated diastolic dyssynchrony or with concom-
tant systolic and diastolic LV dyssynchrony (Table 3).
here were only statistically significant differences in the
uality-of-life score and in the antiplatelet treatment that
as significantly less frequent in patients with isolated
iastolic LV dyssynchrony.
esponder versus nonresponder patients. At 6-month

ollow-up, 63.5% patients were classified as responders
ased on reverse LV remodeling (�15% decrease in LV
nd-systolic volume). No significant differences in the base-
ine clinical and echocardiographic characteristics were ob-
erved between the responders and nonresponders to CRT
Table 4). By definition, the responder patients showed a
ignificant reduction in LV indexed volumes (end-systolic

linical and Echocardiographicharacteristics of the Control Population (n � 38)Table 2 Clinical and Echocardiographic
Characteristics of the Control Population (n � 38)

Age, yrs 63.4 � 4.3

Male/female, n 23/15

2D echocardiography

LV ejection fraction, % 60.6 � 7.8

End-systolic volume index, ml/m2 28.9 � 8.0

End-diastolic volume index, ml/m2 76.6 � 17.4

Color-coded TDI

Maximal LV systolic delay, ms 27.0 � 17.2

Maximal LV diastolic delay, ms 27.8 � 13.4
abbreviations as in Table 1.
olume index: from 92.4 � 43.3 ml/m2 to 70.5 � 30.8
l/m2, p � 0.001; and end-diastolic volume index: from

20.5 � 47.5 ml/m2 to 101.1 � 34.9 ml/m2, p � 0.001) and
significant increase in LVEF (from 24.7 � 8.1% to 31.8 �
0.1%, p � 0.001). In addition, the percentage of patients
howing mitral regurgitation severity �2� significantly
educed (from 51.8% to 14.8%, p � 0.001). In contrast, the
onresponder patients did not show significant changes in
V volumes (end-systolic volume index: from 85.0 � 36.2
l/m2 to 86.3 � 30.4 ml/m2, p � 0.180; and end-diastolic

olume index: from 112.8 � 40.1 ml/m2 to 116.4 � 37.5
l/m2, p � 0.064) or LVEF (from 26.2 � 8.0% to 26.0 �

.9%, p � 0.850). Finally, a nonsignificant reduction in the
ercentage of patients showing mitral regurgitation severity
2� was noted (from 46.9% to 36.1%, p � 0.078).
The responders were more likely to have baseline systolic

nd/or diastolic dyssynchrony compare to the nonresponders
Fig. 1). In addition, over 80% of those patients who had
yssynchrony of any type at baseline responded to CRT,
ompared with 23.8% of those without baseline dyssynchrony.

oreover, response to CRT was also seen in over two-thirds of
he patients who had isolated diastolic dyssynchrony (71.0%),
n 82.6% with isolated dyssynchrony and in 86.7% in patients
ith concomitant systolic and diastolic dyssynchrony.

ntraventricular electromechanical systolic and diastolic
elays after CRT. Baseline intraventricular systolic and
iastolic delays were significantly longer in the responders
ompared with the nonresponders (79.2 � 43.4 ms vs. 45.4 �
0.4 ms for systolic delays, and 78.5 � 52.0 ms vs. 50.1 � 38.2
s for diastolic delays; p � 0.001 for both). Figure 2 illustrates

xamples of responder and nonresponder patients. The
esponder patient showed significant LV isolated diastolic
yssynchrony, whereas the nonresponder patient did not
how LV dyssynchrony (Fig. 2). After CRT implantation, a
ignificant improvement in both systolic and diastolic delays
as observed in the responders. In contrast, the nonre-

ponders had further worsening of the systolic delays and no
hange in the diastolic delays after the device implantation.
t follow-up, the responder patients showed a significant
ecrease in systolic LV dyssynchrony (from 79.2 � 43.4 ms
o 45.4 � 31.6 ms at 48 h, and to 38.9 � 26.2 ms at
-month follow-up; ANOVA p value �0.001) and in
iastolic dyssynchrony (from 78.5 � 52.0 ms to 49.4 � 36.3
s at 48 h, and to 37.7 � 26.0 ms at 6-month follow-up;
NOVA p value �0.001). In contrast, the nonresponders

howed a significant increase in systolic LV dyssynchrony (from
5.4 � 30.4 ms to 65.3 � 45.9 ms at 48 h, and to 62.1 � 38.3 ms
t 6-month follow-up; ANOVA p value �0.001), but dia-
tolic LV dyssynchrony remained unchanged (from 50.7 �
8.0 ms to 58.6 � 37.5 ms at 48 h, and to 55.7 � 42.0 ms
t 6-month follow-up; ANOVA p value � 0.206). Inter-
stingly, in the group of patients with isolated diastolic LV
yssynchrony at baseline, there was a slight but significant
ncrease in systolic dyssynchrony measures at 48 h and
-month follow-up (from 35.6 � 15.9 ms to 51.5 � 47.3 ms,

nd to 46.2 � 35.1 ms, ANOVA p value � 0.003). Impor-
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antly, a significant reduction in diastolic dyssynchrony
easures was observed at 48 h and at 6 months after CRT

from 108.9 � 61.7 ms to 60.0 � 43.7 ms to 44.8 � 29.5
s, ANOVA p value �0.001). Improvement in the systolic

nd diastolic delays was seen regardless of the etiology of
F (65.3 � 38.2 ms at baseline, 54.0 � 40.5 ms at 48 h,

nd 45.6 � 37.4 ms at 6 months after CRT for ischemic
ardiomyopathy; p � 0.001, and 74.8 � 60.8 ms at baseline,
0.8 � 32.1 ms at 48 h, and 42.9 � 30.5 ms at 6 months for
ilated cardiomyopathy; ANOVA p value �0.001).

There was no significant correlation between the QRS
uration and the systolic delays (r � 0.072; p � 0.245) and
he diastolic delays (r � 0.042; p � 0.500) at baseline. A
eak correlation was noted between the shortening of QRS
uration and the improvement of the systolic dyssynchrony

aseline Clinical and Echocardiographic Characteristics of theF Patients According to the Presence and Type of LV DyssynchroTable 3 Baseline Clinical and Echocardiographic Characteristic
HF Patients According to the Presence and Type of LV

Variable
No LV Dyssynchrony

(n � 84)

Isolated
Dyssy

(n

Age, yrs 65.3 � 11.2 63.9

Male/female, n 62/22 2

Etiology of heart failure, %

Ischemic 54.8 5

Dilated 45.2 5

Diabetes mellitus, % 20.2 2

Serum creatinine, �mol/l 102.0 (82.0, 136.0) 101.5 (8

QRS, ms 164.7 � 19.7 166.1

NYHA functional class, %

III 98.8 9

IV 1.2

Quality-of-life score 34.3 � 18.3 32.9

6-min walking test, m 332.8 � 113.2 305.1

Medications, %

Beta-blockers 69.0 8

ACE inhibitors/ARB 95.2 8

Diuretics 79.8 8

Spironolactone 41.7 5

Antiplatelets/anticoagulation 94.0 9

Amiodarone 22.6 1

Statins 51.2 6

2D echocardiography and Doppler

LV ejection fraction, % 25.8 � 7.6 25.3

End-systolic volume index, ml/m2 83.9 � 37.4 91.3

End-diastolic volume index, ml/m2 111.3 � 42.5 119.4

Left atrial volume index, ml/m2 42.2 � 12.1 43.5

Transmitral E/A ratio 1.5 � 1.2 1.7

E-wave deceleration time, ms 185.0 � 74.4 175.5

E/E= ratio 24.9 � 20.6 19.5

Diastolic dysfunction grade, %

I 46.4 4

II 27.4 3

III 26.2 1

Mitral regurgitation grade �2, % 44.0 5

alues are mean � SD, n, %, or interquartile range (25%, 75%). Continuous variables with normal d
serum creatinine) were compared with Kruskal-Wallis test. *p � 0.034 isolated systolic LV dyssy

HF � heart failure; other abbreviations as in Tables 1 and 2.
ithin 48 h after CRT (0.154; p � 0.022), and at 6 months s
r � 0.131; p � 0.038), whereas no correlation was observed
n the diastolic dyssynchrony (r � 0.011; p � 0.868 within
8 h after CRT, and r � 0.029; p � 0.649 at 6 months).
nivariable and multivariable determinants of favorable

esponse to CRT. Univariable and multivariable logistic regres-
ion analyses demonstrated that the strongest determinants of
avorable response to CRT were baseline systolic and diastolic LV
yssynchrony (Table 5). In contrast, any other clinical or echocar-
iographic parameters were selected in the multivariable model.

iscussion

he major findings of this study were: 1) baseline incidence
f diastolic dyssynchrony in HF patients was higher than
hat of systolic dyssynchrony; 2) baseline intraventricular

the
ynchrony

lic LV
ny

Isolated Diastolic LV
Dyssynchrony

(n � 61)

Systolic and Diastolic
LV Dyssynchrony

(n � 75) p Value

3 66.3 � 8.9 66.7 � 8.4 0.467

40/21 52/23 0.763

0.122

41 58.7

59 41.3

14.8 17.3 0.464

20.5) 104.5 (81.0, 138.2) 102.0 (81.0, 126.0) 0.535

8 163.7 � 23.8 165.9 � 22.4 0.922

0.037

95.1 86.7

4.9 13.3

5* 38.1 � 19.3 42.0 � 18.6 0.040

.3 298.3 � 105.6 293.6 � 123.8 0.880

62.3 72.0 0.231

91.8 94.7 0.531

82.0 84.0 0.753

59.0 50.7 0.198

78.7 92.0 0.012

27.9 17.3 0.234

45.9 57.3 0.294

24.3 � 7.1 25.3 � 8.5 0.748

7 90.4 � 34.6 90.7 � 43.8 0.995

5 117.8 � 39.8 118.9 � 46.9 0.983

6 43.1 � 13.8 41.4 � 16.1 0.841

1.6 � 1.5 1.8 � 1.4 0.655

6 173.7 � 72.3 171.1 � 76.7 0.947

7 23.7 � 16.2 26.4 � 24.7 0.370

0.556

44.2 34.7

27.9 37.3

27.9 28.0

45.9 56.0 0.678

ion were compared with 1-way ANOVA test, whereas continuous variables not normally distributed
y versus systolic and diastolic LV dyssynchrony.
nys of
Dyss

Systo
nchro

� 46)

� 11.

9/17

0

0

3.9

9.0, 1

� 20.

7.8

2.2

� 16.

� 116

0.4

9.1

7.0

4.3

3.5

3.0

3.0

� 9.1

� 47.

� 51.

� 12.

� 1.3

� 60.

� 13.

7.8

4.8

7.4

6.5

istribut
ystolic and diastolic delays were significantly longer in the
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RT responders compared with the nonresponders; and
) significant improvement in the systolic delays and the
iastolic delays post-CRT was observed only in the re-
ponders, but not in the nonresponders to CRT.
ncidence of diastolic dyssynchrony in HF patients. The
enefits of CRT include improvement in the symptoms and
V systolic function, and promotion of LV reverse remod-
ling in HF patients who are refractory to medical treat-
ent. Improved synchronicity of systolic contraction ex-

lains in part the benefit derived from CRT. Consequently,
ost studies have focused on the assessment of systolic

yssynchrony in CRT population. However, it has been
hown that left bundle branch block is associated with not
nly systolic, but also diastolic dyssynchrony (26). In addi-
ion, cardiac output is dependent not only on systolic
mptying, but also on diastolic filling. Therefore, not only

Baseline Clinical and Echocardiographic Characof the Responder and Nonresponder PatientsTable 4 Baseline Clinical and Echocardiogra
of the Responder and Nonresponder

Variable Responders

Age, yrs 65.5 �

Male/female, n 116

Etiology of heart failure, %

Ischemic 51

Dilated 48

Diabetes mellitus, % 20

Serum creatinine, �mol/l 104.0 (80

QRS, ms 166.9 �

NYHA functional class, %

III 92

IV 7

Quality-of-life score 37.4 �

6-min walking test, m 303.7 �

Medications, %

Beta-blockers 71

ACE inhibitors/ARB 92

Diuretics 82

Spironolactone 49

Antiplatelets/anticoagulation 89

Amiodarone 20

Statins 55

2D echocardiography

LV ejection fraction, % 24.7 �

End-systolic volume index, ml/m2 92.4 �

End-diastolic volume index, ml/m2 120.5 �

Left atrial volume index, ml/m2 42.0 �

Transmitral E/A ratio 1.8 �

E-wave deceleration time, ms 170.8 �

E/E= ratio 25.3 �

Diastolic dysfunction grade, %

I 38

II 33

III 27

Mitral regurgitation grade �2, % 51

Values are mean � SD, n, %, or interquartile range (25%, 75%). Conti
whereas continuous variables not normally distributed (serum creatin

Abbreviations as in Tables 1, 2, and 3.
ystolic, but also diastolic dyssynchrony may contribute to r
emodynamic compromise in the failing heart (8). The
ffect of biventricular pacing on diastolic dyssynchrony is
ess clear, and whether its improvement plays an important
ole in the mechanism of response CRT is not known.

In a few recent studies, diastolic dyssynchrony in HF
atients with wide QRS complex was found to be at least as
ommon as systolic dyssynchrony, with the prevalence
anging between 40% and 81% for diastolic dyssynchrony
nd 40% and 73% for systolic dyssynchrony, depending on
he echocardiographic definition of dyssynchrony used (6–8).
imilar to the previous reports (6–8), the present study
howed that diastolic dyssynchrony was more prevalent than
ystolic dyssynchrony in HF patients scheduled for CRT.
urthermore, the results of the present study supported the
revious evidence that systolic and diastolic dyssynchrony
o not always coexist despite a wide QRS complex. The

icsCharacteristics
ents

169) Nonresponders (n � 97) p Value

66.0 � 11.3 0.708

67/30 0.942

0.704

53.6

46.4

15.5 0.292

.0) 102.0 (84.0, 126.0) 0.908

162.5 � 19.8 0.112

0.055

97.9

2.1

36.6 � 18.3 0.737

318.3 � 114.6 0.357

69.1 0.740

93.8 0.775

82.5 0.939

51.5 0.772

89.7 0.948

21.6 0.767

50.5 0.421

26.2 � 8.0 0.130

85.0 � 36.2 0.270

112.8 � 40.1 0.327

43.3 � 13.9 0.440

1.5 � 1.1 0.125

187.4 � 75.0 0.076

21.3 � 17.1 0.252

0.159

50.5

27.8

21.6

46.9 0.330

ariables with normal distribution were compared with Student t test,
re compared with Mann-Whitney U test.
teristphic
Pati

(n �

9.2

/53

.2

.8

.7

.0, 138

22.7

.3

.7

18.7

116.0

.0

.9

.8

.7

.9

.1

.6

8.1

43.3

47.5

13.5

1.5

70.0

21.6

.5

.7

.8

.8

nuous v
elatively low prevalence of concomitant systolic and dia-
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tolic dyssynchrony of 28.6% in our study population was
imilar to the previous reports (25% to 49%) (6,8,27).
lthough coexistence of systolic and diastolic dyssynchrony
as been shown to be more common in patients with a wide
RS complex compared with those with a narrow QRS

omplex (6), no correlation between the QRS duration and
ystolic or diastolic dyssynchrony was demonstrated in the
resent study. In addition, those patients who responded to
RT were much more likely to have not only baseline

ystolic, but also diastolic dyssynchrony compared with the
onresponders. These findings suggest that the underlying
athophysiology of the 2 conditions may differ, and they
ay not be regarded as a condition in common (6,27).
athophysiology of diastolic dyssynchrony in HF pa-

ients. There are several pathophysiological mechanisms
hat can account for diastolic dyssynchrony in patients with
ystolic HF. The most obvious explanation for the presence
f diastolic dyssynchrony is systolic dyssynchrony: the seg-
ents with delayed contraction also show delayed relaxation

Figure 1 Baseline Systolic and Diastolic LV Dyssynchrony in Re

Responder patients showed significant larger systolic and diastolic delays at base
45.4 � 30.4 ms for systolic delays, and 78.5 � 52.0 ms vs. 50.1 � 38.2 ms for

Figure 2 Diastolic LV Dyssynchrony With Color-Coded TDI in a

The responder patient showed significant diastolic left ventricular (LV) dyssynchron
The maximum time delay between 2 opposing walls was 70 ms. In contrast, the n
23). However, as described earlier, less than one-half of the
F patients have a coexistent systolic and diastolic

yssynchrony.
Another potential reason is the presence of coronary artery

isease. In the previous studies using radionuclide angiography,
oronary artery disease was associated with asynchronous LV
egional diastolic function that improved after coronary revas-
ularization (28–30). Most patients had preserved LV
ystolic function, and similar data in HF patients are
acking. The present study showed no significant differences
n either systolic or diastolic dyssynchrony between the
schemic and nonischemic etiologies of HF, suggesting

echanisms other than myocardial ischemia.
Diastolic function and ventricular filling pattern appear to

e important components of the underlying pathophysiol-
gy of diastolic dyssynchrony. The degree of diastolic, but
ot systolic dysfunction, as expressed by the mean myocar-
ial systolic and early diastolic velocity from the 6 basal LV
egments using TDI, has been shown to predict diastolic

ders and Nonresponders

compared with nonresponder patients (79.2 � 43.4 ms vs.
olic delays; p � 0.001 for both). LV � left ventricular.

onder and a Nonresponder

easured with color-coded tissue Doppler imaging (TDI).
onder patient did not show significant diastolic LV dyssynchrony (20 ms).
spon

line as
diast
Resp

y as m
onresp
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yssynchrony (8). It also appears that filling abnormalities
elated to ventricular interaction in diastole are of crucial
mportance in CRT patients (31). LV filling may be
mpeded in up to one-half of HF patients due to ventricular
nteraction from raised right ventricular (RV) diastolic
ressure and by external constraint from the pericardium,
specially in the patients with increased LV filling pressures
31). This diastolic interaction could explain the delayed
nset of mechanical diastolic motion in the LV even in
atients without concurrent systolic dyssynchrony (6). In
he present study, the effect of ventricular interaction on
esponse to CRT was not addressed, and remains to be
etermined in further studies.
ffect of CRT on diastolic dyssynchrony. Limited infor-
ation on the effect of CRT on diastolic dyssynchrony is

vailable. In small cohort studies, either no improvement in
iastolic dyssynchrony (20) or less improvement than in
ystolic dyssynchrony (6) has been demonstrated shortly
fter the initiation of biventricular pacing, compared with
aseline. A mid-term follow-up study showed improvement
n diastolic dyssynchrony only in the patients with nonisch-
mic cardiomyopathy, whereas systolic dyssynchrony im-
roved regardless of the HF origin (7).
The present study with a larger cohort of HF patients

emonstrated a significant improvement in both systolic and
iastolic dyssynchrony acutely and at 6 months after CRT,
ith no difference between the patients with ischemic and
onischemic HF. In addition, both systolic and diastolic
yssynchrony improved only in the CRT responders, but
ot in the nonresponders.
Despite a significant shortening of QRS duration with

RT, there was only a weak correlation between the
eduction of QRS duration and improvement in the systolic
yssynchrony. No such correlation was observed for the dia-
tolic dyssynchrony, suggesting that the improved coordination
f LV myocardial relaxation with CRT is independent of
lectrical activation.

Considering that only about one-third of HF patients
ave concurrent systolic and diastolic dyssynchrony, the
ffect of CRT on diastolic dyssynchrony cannot be entirely
xplained by systolic resynchronization. CRT may influence

Univariable and Multivariable Determinants of FTable 5 Univariable and Multivariable Deter

Univariable An

p Value OR

Age 0.707 0.995

HF etiology 0.704 0.908

Serum creatinine 0.379 1.002

QRS duration 0.113 1.010

Left atrial indexed volume 0.439 0.993

LVEF 0.086 0.969

Systolic dyssynchrony �0.001 7.085

Diastolic dyssynchrony �0.001 5.776

CI � confidence interval; CRT � cardiac resynchronization therapy; HF
avorably on diastolic ventricular interaction (31). Up to
l

ne-half of the chronic HF patients have impaired LV
iastolic filling due to abnormal interventricular septum
echanics. The increased RV diastolic pressure induces

hanges in the RV geometry, with a leftward shift and
bnormal motion of the interventricular septum. In addi-
ion, dilation of the RV and LV chambers increases the
xternal constraint from the pericardium. This diastolic
entricular interdependence may explain the delayed onset
f mechanical diastolic motion of the LV, even in patients
ithout systolic dyssynchrony. Acute benefit of CRT on LV
lling pressures has been demonstrated, particularly in
atients with elevated filling pressures prior to CRT, irre-
pective of left bundle branch block (32). LV pacing may
esult in LV filling before RV filling, thus reducing the
entricular interaction from the elevated RV diastolic pres-
ure, and therefore permitting greater LV filling prior to the
evelopment of external constraint (32). This could also be
ranslated into a more synchronous relaxation pattern of the
V. Therefore, CRT seems to exert beneficial effects also on
V diastolic performance that may be of importance for the
linical and echocardiographic response at long-term
ollow-up.

onclusions

igh incidence of the baseline intraventricular diastolic
yssynchrony in the responders to CRT, and its immediate
nd sustained improvement with biventricular pacing irre-
pective of the changes in QRS duration are suggestive of a
athophysiology independent of the electromechanical cou-
ling. More comprehensive evaluation of the electrical and
echanical interactions of the LV myocardium throughout

he cardiac cycle may provide further information on the
ore patient-specific therapeutic strategies in HF patients.
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