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Additive Value of Right Ventricular Dyssynchrony Indexes in
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ABSTRACT

Background: The purpose of our study was to analyze the evolution of left and right ventricular (LV, RV)
parameters before and after cardiac resynchronization therapy (CRT) using speckle-tracking imaging
(STI).
Methods and Results: Eighty-one patients with dilated cardiomyopathy (New York Heart Association
functional class III or IV), left bundle branch block (QRS $120 ms), and LV ejection fraction #35%
were studied with STI echocardiography before and after CRT. LV longitudinal (LV-SD12-l), radial
(LV-SD6-r), and circumferential (LV-SD6-c) intraventricular dyssynchrony and LV twist (LV-t) were de-
termined. RV dyssynchrony (RV-SD6) was defined as the standard deviation of the 6 time to peak systolic
strain values. At 6 months’ follow-up after CRT, the degree of dyssynchrony correlated significantly with
LV ejection fraction improvement and end-systolic volume reduction. In receiver operating characteristic
curve analysis, the following variables predictive of successful CRTwere obtained: LV-SD12-l (area under
the curve [AUC] 0.69), LV-SD6-c (AUC 0.66), LV-SD6-r (AUC 0.79), LV-t (AUC 0.81), and RV-SD6þLV-
SD6-r (AUC 0.83). By combining LV and RV intraventricular dyssynchrony (LV-SD12-l þ LV-SD6-r þ
RV-SD6), the AUC was significantly improved to 0.89 (P ! .005 compared with RV-SD6þLV-SD6-r;
P ! .001 compared with LV-t).
Conclusions: Our data show that assessment of RV dyssynchrony parameters has an incremental value in
the evaluation of candidates for CRT and may supplement LV dyssynchrony information. (J Cardiac Fail
2011;17:392e402)
Key Words: Echocardiography, speckle-tracking imaging, right ventricular function, right ventricular
dyssynchrony, cardiac resynchronization therapy.
Cardiac resynchronization therapy (CRT) has been
proven to achieve reverse left ventricular (LV) remodeling
in patients with advanced heart failure, but w30%e40%
nonresponse has been reported.1 Complex mechanical al-
teration in a dyssynchronous ventricle is probably one
of the reasons for a lack of response to CRT. LV
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longitudinal contraction data detecting ventricular dyssyn-
chrony have been derived by Doppler echocardiographic
methods,2e4 and further alterations in the radial and rota-
tional mechanics as assessed by speckle-tracking imaging
(STI) have been shown to have potential for predicting re-
sponders to CRT.5e13 Right ventricular (RV) dysfunction
also has been reported to have a role in candidates for
CRT,14,15 and RV segmental heterogeneity and dyssyn-
chrony have been described in pulmonary arterial hyper-
tension,16,17 but studies of the relationships between LV
dyssynchrony and RV dysfunction and dyssynchrony in
patients with dilated cardiomyopathy are scant.18,19 The
aim of the present study was to analyze whether alter-
ations in longitudinal, radial and rotational mechanics as
assessed by STI could add new insights into LV as well
as RV dyssynchrony in heart failure patients.

mailto:vitar@tiscali.it
http://dx.doi.org/10.1016/j.cardfail.2010.12.004
http://dx.doi.org/10.1016/j.cardfail.2010.12.004
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Methods

Population

Eighty-one patients with dilated cardiomyopathy (New York
Heart Association [NYHA] functional class III or IV despite opti-
mal pharmacologic therapy), left bundle branch block (QRS $120
ms), and LV ejection fraction (LVEF) #35% were studied before
and after CRT. Mean LV dyssynchrony as assessed with tissue
Doppler imaging (TDI) was 156 6 74 ms. All patients had opti-
mized medical therapy at maximum tolerated dosages. Patients
with a recent myocardial infarction (!3 months), extensive ven-
tricular scars (O4 segments), no optimal medical therapy, and/
or atrial fibrillation were excluded. Study patients were examined
after 6 months to assess LV and RV function and mechanical syn-
chrony. Patients who had a percentage change in LV end-systolic
volume (LVESV) of $15% were defined as responders of LV re-
verse remodeling, whereas nonresponders were those with !15%
reduction in LVESV.20 Forty-nine patients had ischemic dilated
cardiomyopathy (multiple coronary artery stenoses or high-grade
stenoses of the left main or left anterior descending coronary ar-
teries), and 32 had nonischemic dilated cardiomyopathy (DCM)
(no coronary artery disease or a single and !70% coronary artery
stenosis).21 Sixty age- and gender-matched subjects with no clin-
ical and echocardiographic signs of heart disease were selected as
normal control subjects. Ethical approval and written informed
consent was obtained. Biventricular lead implantation was suc-
cessful in all patients without major complications.

Standard Echocardiography and Tissue Doppler
Imaging

All patients underwent transthoracic echocardiography with
a commercially available cardiovascular ultrasound system (Vivid
9; GE, Horten, Norway). Measurements of different LV cardiac
chambers were made according to established criteria.22 LV diam-
eters, fractional shortening, volumes, and ejection fraction by
modified Simpson method were obtained. The severity of mitral
and tricuspid regurgitation was graded semiquantitatively on
a 4-point scale on the basis of the farthest distance reached by
the regurgitant flow signal from the valve orifice.
Established criteria were used for measurements of right cham-

bers.23 RV end-diastolic area and end-systolic area (RVEDarea,
RVESarea) were assessed by manual planimetry, and RV frac-
tional area change (RVFAC) was derived using the formula
RVFAC 5 (RVEDarea � RVESarea)/RVEDarea � 100. RV
volumes were calculated24 and right ventricular ejection fraction
(RVEF) derived. In line with LV reverse remodeling, RV reverse
remodeling after CRT was defined as significant decrease in RV
dimensions and increase in RVFAC. Tricuspid annular plane sys-
tolic excursion (TAPSE) was measured in the apical 4-chamber
view.25 Pulmonary artery systolic pressure (PASP) was estimated
by continuous-wave Doppler.26 For the analysis of global RV
function, Doppler parameters were used to derive the Tei index.27

We also recorded apical 4-chamber views in 2-dimensional
grayscale and color TDI and stored 5 consecutive cardiac cycles
for further analysis. The image sector was w30�, as narrow as
possible to increase the frame rate to O60 frames/s for the gray-
scale imaging and O140 frames/s for color TDI. Cineloops in
color TDI and grayscale imaging were stored. Peak systolic
TDI velocity at the tricuspid annulus was used as a parameter
of RV function.28 The extent of LV dyssynchrony was calculated
by TDI as the maximum time delay between peak-systolic
velocities of basal septal, lateral, anterior, and inferior LV seg-
ments.3,29 The standard deviation of 12-site time from QRS on-
set to peak systolic velocity was also calculated.30,31

Interventricular dyssynchrony was assessed by comparing the de-
lay between peak systolic velocity of RV free wall and LV lat-
eral wall.29,30
Speckle-Tracking Imaging

The echocardiograms were analyzed by an echocardiologist
blinded to the clinical data, using dedicated software (EchoPAC,
version 9.0; GE Ultrasound). The general principles that underlie
the STI modalities have been previously described.32,33 In the
present study, speckle-tracking analysis was applied to evaluate
LV dyssynchrony (longitudinal, radial, circumferential), LV tor-
sion, and RV longitudinal dyssynchrony. Two different parameters
for dyssynchrony were obtained: the maximal time delay between
peak-systolic strain of 2 segments (most often observed between
anterior-septal and posterior-lateral walls), and the ventricular
dyssynchrony index calculated as the standard deviation of time
to peak-systolic strain.
After tracing the endocardial border at an end-systolic frame,

the operator could validate the tracking quality and adjust the en-
docardial border or modify the width of the region of interest. Aor-
tic valve opening and closure were selected on pulsed-wave
Doppler tracings recorded from the LV outflow tract. Frame rate
ranged from 60 to 100 frames/s, and 3 cardiac cycles were stored
in cineloop format for offline analysis.
For LV longitudinal strain (Figs. 1A and 2A and B), the apical

2-, 3-, and 4-chamber views were used to calculate the delay be-
tween time to peak-systolic strain of the basal-septal and basal-
lateral LV segment as well as the standard deviation of time to
peak-systolic strain for 12 LV segments (LV-SD12-l).
To assess LV radial dyssynchrony (Figs. 1B and 2B and C),

parasternal short-axis images were acquired at basal level (iden-
tified by the mitral valve), at papillary muscle level, and at apical
level (the smallest cavity obtainable distally to the papillary mus-
cles). Short-axis images were automatically divided into 6 stan-
dard segments: septal, anteroseptal, anterior, lateral, posterior,
and inferior. The time from the onset of QRS to the peak strain
value was measured for each segment (anteroseptal, anterior, lat-
eral, posterior, inferior, and septal) and the difference between
the earliest and the latest segments was calculated5 as well as
the standard deviation of time to peak-systolic strain for 6 LV
segments (LV-SD6-r).
Circumferential 2-dimensional (2D) strain (Figs. 1C and 2D and

E) was measured in the parasternal short axis at the level of the
papillary muscles. The 6 standard segments were analyzed and
the maximal delays in opposite segments (anterior-septal/poste-
rior, anterior/inferior, septal/lateral) then calculated. The maxi-
mum delay was used for further analyses. The standard
deviation of time to peak-systolic strain for 6 LV segments (LV-
SD6-c) was also obtained.
The assessment of LV rotation (Figs. 1D and 3A and B) by 2D

speckle-tracking strain imaging required the acquisition of the LV
short axis at the basal and apical level. The time-rotation curves
are displayed along the cardiac cycle. Counterclockwise rotation
was conventionally marked as positive value and clockwise rota-
tion as negative value when viewed from the LV apex. LV twist
was defined as the net difference (in degrees) of apical and basal
rotation at isochronal time points. LV torsion was defined as LV-t
divided by LV diastolic longitudinal length. The following



Fig. 1. Speckle-tracking analysis in a normal subject showing synchronous LV and RV contraction during sinus rhythm. The strain-time
curves show similar time to peak strain values for all of the segments. (A) LV longitudinal strain. (B) LV radial strain. (C) LV circumfer-
ential strain. (D) LV torsion. (E) RV longitudinal strain.
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measurements were derived: peak apical and basal rotation, peak
LV-t and torsion, and apical-basal delay.
To investigate longitudinal RV synchrony,17 apical 4-chamber

views were used (Figs. 1E and 3C and D), and special care was
taken to ensure an adequate field of view to image the entire RV
by narrowing the 2D sector width or positioning the transducer
down an intercostal space and laterally. To assess regional and
global RV systolic function in the longitudinal direction, we adop-
ted a 6-segment RV model (basal RV lateral wall, mid-RV lateral
wall, apical RV wall, apical septum, midseptum, and basal sep-
tum). Peak-systolic strain and time to peak-systolic strain from
the onset of QRS were recorded for the 6 RV myocardial segments
and for the entire RV myocardium. Global longitudinal strain was
calculated by averaging local strains along the entire right ventri-
cle by using machine software. RV dyssynchrony (RV-SD6) was
defined as the standard deviation of the 6 time to peak-systolic
strain values. Moreover, septal to free wall delay from the onset
of QRS to peak systolic strain was calculated.
Statistics

Data are presented as mean 6 SD. Linear regression analysis
was used for comparisons. Variables were compared between
groups by paired Student test, if appropriate, or unpaired Student
t test. Differences were considered to be statistically significant
when the P value was !.05. Multivariable analysis was used to
identify factors that predicted a lack of response to CRT. Receiver
operating characteristic curves of echocardiographic indexes were
tested with use of a maximum likelihood estimation approach for
differences and prediction of LV reverse remodeling and improve-
ment of ejection fraction after CRT. To analyze intraobserver
variability, measurements of 2D strain parameters were made at



Fig. 2. Examples of LV longitudinal, radial, and circumferential dyssynchrony parameters before and after CRT. (A, B) LV longitudinal
strain: significant delay between basal septal and LV basal lateral wall ( yellow and red arrows) before CRT (A) significantly reduced after
CRT (B). (C, D) LV radial strain: significant delay between LV anterior and posterior wall ( yellow and pink arrows) before CRT (C) sig-
nificantly reduced after CRT (D). (E, F) LV circumferential strain: significant delay between LV anterior and posterior wall ( yellow and
pink arrows) before CRT (E) significantly reduced after CRT (F).
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multiple sites in different patients on 2 different occasions. For in-
terobserver variability, a second investigator randomly made mea-
surements at the above different sites (same recorded loops)
without knowledge of other echocardiographic parameters. The
intraobserver and interobserver variabilities were determined as
the difference between the 2 sets of observations divided by the
mean of the observations and expressed as a percentage.
Results

Cardiac resynchronization therapy device and lead im-
plantation was successful in all patients without major
complications. Eighty-one out of 94 initially evaluated pa-
tients were included in the study. Although great care was
taken to ensure the quality of the data collected, 9.3% of
all wall segments had to be excluded from analysis because
the strain traces were defined to be noninterpretable. The
feasibility was 88% for LV radial dyssynchrony, 84% for
LV circumferential, 83% for LV longitudinal, 83% for LV
twist, and 84% for RV dyssynchrony. The intraobserver
and interobserver reproducibility of 2D strain parameters
was shown to be acceptable. The intraobserver and interob-
server variations were 3.1% and 4.9%, respectively,
for mean LV long-strain, 5.7% and 7.9% for mean LV



Fig. 3. Examples of LV twist and RV longitudinal dyssynchrony parameters before and after CRT. (A, B) LV twist. Before CRT (A), peak
apical and basal rotation degrees were low and temporally discoordinated (blue and pink arrows). Therefore, peak LV twist (white arrow)
was also low. After CRT (B), note that peak basal and apical rotations were increased and time aligned with AVC. As a consequence, there
was significant increase in peak LV twist. Furthermore, LV twist at AVC was very close to the peak of LV twist. (C, D) RV longitudinal
mechanical dyssynchrony. Note the significant delay of basal lateral RV wall compared with basal septum (yellow and red arrows) before
CRT (C) and significant delay reduction after CRT (D).

396 Journal of Cardiac Failure Vol. 17 No. 5 May 2011
radial-strain, 5.1% and 9.8% for mean LV circumferential-
strain, 7.3% and 10.8% for LV twist, and 3.2% and 4.8% for
mean RV long-strain.

Clinical and Standard Echocardiographic Data

Two patients died from worsening heart failure before
the 6-month follow-up evaluation after CRT. Fifty patients
(62%) were classified as responders to CRT, according to
the predefined criterion of a reduction in LVESV by
O15%. Conversely, 31 patients (38%) were nonresponders,
including the 2 patients who died before the 6-month
follow-up.

In the entire group, functional status improved by $1
NYHA functional class. A significant reduction in LVESV
and severity of mitral and tricuspid regurgitation and pul-
monary artery pressure and an increase in RVFAC, TAPSE,
and TV-Sa were observed in responders (Table 1).
Nonresponders showed no improvement in LVEF (from
22 6 8% to 25 6 7%; P 5 NS) and showed a trend toward
an increase in both LVESV (from 188 6 79 mL to 192 6
84 mL; P 5 NS) and LVend-diastolic volume (from 241 6
65 mL to 2496 72 mL; P5 NS) at 6-month follow-up. RV
reverse remodeling was only observed LVESin patients
with the highest degrees of LV dyssynchrony at baseline.
LV-RV Strain Echocardiographic Data

In Table 2, the different parameters for LV dyssynchrony
are reported at baseline and at 6-month follow-up. Both LV
r-delay and LV-SD6-r showed a significant reduction in
time delay at 6 months’ follow-up. In contrast, for the
same parameters assessed with circumferential strain,
only LV-SD6-c demonstrated a significant reduction after
CRT. LV l- delay, LV-SD12-l, LV-t, RV delay, and RV-
SD6 also showed a significant reduction at 6 months’
follow-up.

In the entire population, peak-systolic strain at basal RV
level and global RV strain increased, respectively, from
�19.7 6 6.2% to �27.8 6 7.1% and from �15.9 6
4.4% to �23.9 6 5.7% (P ! .001).

In nonresponders, none of the dyssynchrony parameters
showed a significant reduction.
STI Versus TDI Measurements

The time to peak strain by speckle tracking was com-
pared with tissue Doppler radial strain in the radial direc-
tion (anterior septum and posterior wall) and longitudinal
direction (septal wall and lateral wall). Data from the
same image and anatomic region were analyzed by both



Table 1. Baseline and 6-Month Follow-Up Characteristics of Responder/Nonresponder Patients Compared With Normal Control
Subjects

Responder (n 5 50) Nonresponder (n 5 31)

Baseline Follow-up Baseline Follow-up Control (n 5 60)

Age (y) 65 6 13 (22e79) 63 6 16 (30e81) 64 6 15 (24e79)
Gender (M/F) 32/18 21/10 34/16
NYHA functional class 3.2 6 0.7 1.5 6 0.8* 3.4 6 0.7 2.2 6 0.5y

6-min walk distance (m) 295 6 128 361 6 121y 278 6 125 295 6 127
Ischemic/Nonischemic 29/21 21/10
QRS duration, ms 189 6 24 158 6 27y 171 6 22 156 6 29y 91 6 8x

Diuretics (%) 86 74 83 83
ACE inhibitors (%) 93 93 86 88
Beta-blockers (%) 70 69 84 83
Anticoagulants/aspirin (%) 73 59 71 74
LVEF (%) 19 6 11 32 6 15* 22 6 8 25 6 7z 61 6 6x

LVEDV (mL) 281 6 77 227 6 67* 241 6 65 249 6 72z 143 6 22x

LVESV (mL) 219 6 68 142 6 51* 192 6 84 188 6 79z 94 6 12x

RVEF (%) 37 6 12 44 6 14y 37 6 18 39 6 15 46 6 11*
RVEDA (cm2) 24 6 5 17 6 6* 22 6 6 20 6 5 16 6 4*
RVEDS (cm2) 15 6 4 8 6 3* 13 6 3 12 6 2 7 6 2*
RVFAC (%) 40 6 13 48 6 10* 38 6 14 39 6 13 52 6 11*
RV MPI (Tei index) 0.52 6 0.14 0.37 6 0.10* 0.55 6 0.18 0.49 6 0.15 0.32 6 0.08*
TAPSE (mm) 15 6 2 19 6 2* 14 6 3 15 6 4 23 6 3*
TV-Sa (cm/s) 10.2 6 2.7 14.8 6 2.5* 10.3 6 2.4 10.1 6 2.1 15.2 6 3.4*
Mitral regurgitation (grade) 3.4 6 0.8 1.2 6 0.6* 2.2 6 0.4 1.4 6 0.7y

Tricuspid regurgitation (grade) 1.8 6 0.4 1.3 6 0.3* 1.9 6 0.9 1.6 6 0.6
PASP (mm Hg) 45 6 11 31 6 12* 46 6 14 39 6 11 25 6 8*

LV, left ventricle; LVEDV, left ventricular end-diastolic volume; LVEF, left ventricular ejection fraction; LVESV, left ventricular end-systolic volume;
MPI, myocardial performance index; PASP, pulmonary artery systolic pressure; RV, right ventricle; RVFAC, right ventricular fractional area change;
RVEF, right ventricular ejection fraction; TAPSE, tricuspid annular plane systolic excursion; TV-Sa, tricuspid valve annulus systolic velocity.
*P ! .001 vs baseline responders.
yP ! .05 vs baseline responders.
zP ! .01 vs follow-up responders.
xP ! .0001 vs baseline responders.
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methods. Dyssynchrony by speckle-tracking strain and tis-
sue Doppler strain, defined as the time difference between
opposing walls peak strain, were highly correlated in both
the radial (r 5 0.87; P ! .001) and the longitudinal direc-
tion (r 5 0.71; P ! .005).
Table 2. STI Variables in Patients Bef

Responder (n 5 50)

Baseline Follow-Up

LV l-delay (ms) 162 6 119 118 6 74
LV-SD12-l (ms) 91 6 29 67 6 32
LV r-delay (ms) 231 6 119 104 6 89
LV-SD6-r (ms) 131 6 52 58 6 35
LV c-delay (ms) 192 6 123 157 6 76
LV-SD6-c (ms) 158 6 48 121 6 44
Peak apical rotation (degrees) 2.4 6 1.5 5.1 6 2.9
Peak basal rotation (degrees) �2.8 6 2.1 �4.3 6 2.5
Peak twist (degrees) 3.3 6 1.7 7.6 6 2.5
Peak torsion (degrees/cm) 0.61 6 0.31 1.51 6 0.47
Time to peak twist (ms) 411 6 109 391 6 101
Apical-basal delay (ms) 131 6 81 89 6 59
RV delay (ms) 81 6 53 34 6 42
RV-SD6 (ms) 68 6 26 30 6 14
RV-SD6 þ LV-SD6-r (ms) 151 6 33 72 6 21
RV-SD6 þ LV-SD6-r
þ LV-SD12-l (ms)

218 6 85 105 6 39

c-delay, maximum delay in circumferential strain; l-delay, maximum delay in
strain; RV, right ventricular; SD6-c, standard deviation of time to peak-systolic s
time to peak-systolic strain for 6 segments (radial strain); SD6, standard deviation
time to peak-systolic strain for 12 segments (longitudinal strain).
Prediction of Response to CRT

After selecting those parameters that displayed the most
important differences between responders and nonre-
sponders at baseline, we investigated their predictive value
ore and After 6 Months of CRT

Nonresponder (n 5 31)

P Value Baseline Follow-Up P Value

!.05 151 6 107 137 6 84 NS
!.05 64 6 34 61 6 37 NS
!.001 159 6 63 151 6 68 NS
!.001 67 6 18 55 6 16 NS
NS 169 6 109 158 6 91 NS

!.05 137 6 39 122 6 31 NS
!.001 2.8 6 1.7 3.3 6 1.3 NS
!.01 �3.2 6 2.1 �3.4 6 1.5 NS
!.001 4.7 6 1.8 3.9 6 2.1 NS
!.01 0.55 6 0.32 0.51 6 0.36 NS
NS 391 6 107 379 6 103 NS

!.01 125 6 84 119 6 69 NS
!.01 65 6 36 59 6 38 NS
!.01 47 6 24 41 6 15 NS
!.005 98 6 25 94 6 18 NS
!.001 121 6 31 128 6 25 NS

longitudinal strain; LV, left ventricular; r-delay, maximum delay in radial
train for 6 segments (circumferential strain); SD6-r, standard deviation of
of time to peak-systolic strain for 6 segments; S12-l, standard deviation of



Table 3. Results of Receiver Operating Characteristic Curves Comparing Different STI Parameters for Their Accuracy to Predict
Responders

Parameter AUC 95% CI P Value Cutoff Sensitivity Specificity

LV-SD12-l 0.69 0.52e0.89 .07 72 ms 77% 65%
LV-SD6-c 0.66 0.56e0.91 .08 66 ms 71% 59%
LV-SD6-r 0.79 0.57e0.98 .03 75 ms 83% 66%
LV-t 0.81 0.68e0.87 .03 2.5 � 84% 72%
RV-SD6 0.72 0.58e0.96 .07 55 ms 75% 64%
RV-SD6þ LV-SD6-r 0.83 0.66e0.88 .03 107 ms 86% 71%
RV-SD6 þ LV-SD6-r þ LV-SD12-l 0.89* 0.76e0.97 .01 165 ms 91% 80%

AUC, area under the curve; CI, confidence interval; LV, left ventricular; SD6-c, standard deviation of time to peak-systolic strain for 6 segments (circum-
ferential strain); SD6-r, standard deviation of time to peak-systolic strain for 6 segments (radial strain); S12-l, standard deviation of time to peak-systolic
strain for 12 segments (longitudinal strain); t, twist.

*P ! .005 compared with RV-SD6 þ LV-SD6-r; P ! .001 compared with LV-t.

Fig. 4. Relationship between relative decrease in LV end-systolic
volume (DLVESV) at follow-up and global biventricular dyssyn-
chrony index (GDI) at baseline.
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for response to CRT and performed receiver operating
characteristic curve analysis to define the optimal cutoff
value (Table 3). The area under the curve (AUC) for
LV-SD6-r was 0.79, and the optimal cutoff value to pre-
dict response was 75 ms, yielding a sensitivity and spec-
ificity of, respectively, 83% and 66%. The AUC for LV-t
was 0.81, and the optimal cutoff value to predict response
was 2.5�, yielding a sensitivity and specificity of, respec-
tively, 84% and 72%. The AUC for RV-SD6 was 0.72, and
the optimal cutoff value to predict response was 55 ms.
By combining RV-SD6 and LV-SD6-r, the AUC was
0.83, and the optimal cutoff value to predict response
was 107 ms. By adding LV-SD12-l in the index (RV-
SD6 þ LV-SD6-r þ LV-SD12-l 5 global dyssynchrony
index [GDI]), the AUC was significantly improved to
0.89 (P ! .005 compared with RV-SD6 þ LV-SD6-r;
P ! .001 compared with LV-t) and the optimal cutoff
value to predict response was 165 ms. When this cutoff
value was used, patients were correctly identified with
a sensitivity and specificity of 91% and 80%, respectively.
Linear regression analysis showed a significant relation-
ship between GDI at baseline and relative decrease in
LVESV at follow-up (Fig. 4).

The optimal cutoff value for LV dyssynchrony as as-
sessed by TDI was also calculated. The AUC for TDI-
derived LV dyssynchrony was 0.76, and the accepted cutoff
value of 65 ms to predict response to CRT yielded a sensi-
tivity and specificity of 79% and 67%, respectively. The
AUC for interventricular dyssynchrony was 0.61, and the
accepted cutoff value to predict response to CRT was 40
ms, leading to a sensitivity and specificity of 72% and
60%, respectively. The AUC for intra- þ interventricular
dyssynchrony was 0.69, and the accepted cutoff value of
95 ms to predict response to CRT yielded a sensitivity
and specificity of 75% and 64%, respectively.

RV-SD6 correlated with interventricular dyssynchrony
(r 5 0.57; P ! .05). An incremental predictive value was
shown by comparing the dyssynchrony index including
RV-SD6 with intra- þ interventricular dyssynchrony
(AUC 0.89 vs 0.69; P ! .001). Baseline QRS duration
did not correlate with ventricular dyssynchrony and was
not predictive of response to CRT.
Correlation of RV Dyssynchrony With RV and LV
Function

A reliable tricuspid regurgitation signal to estimate peak
PASP was obtained in 75 of 81 patients. A cutoff point of
O55 ms was defined as a criterion for RV intraventricular
dyssynchrony by the RV-SD6 parameter on the basis of
the upper 95% limit of normal subjects as previously re-
ported.17 RV dyssynchrony was present in 67 out of 75 pa-
tients (89%). We found a significant correlation between
RV dyssynchrony and pulmonary artery systolic pressure
in HF patients with measurable pulmonary artery pressures
(r 5 0.74; P ! .001). A negative correlation was shown
between RV dyssynchrony and RV fractional area change
(r 5 �0.46; P ! .05). Patients with worse RV function
(fractional area change !35%, TAPSE !14 cm, global
strain !�15%) had significantly greater RV dyssynchrony
compared with the remaining patients (all P ! .05).
Among LV dyssynchrony parameters, only LV-SD6-r and
LV-t had a negative correlation with RV dyssynchrony
(r 5 �0.58; P ! .05; and r 5 �0.62; P ! .01; respec-
tively). There was no significant correlation between RV
dyssynchrony and QRS duration. None of our patients
had right bundle branch block. Indices of RV function
and RV dyssynchrony were found at univariate analysis to
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significantly predict LV reverse remodeling after CRT.
When adjusted for potential confounding variables (ische-
mic etiology, age, LV EF, indices of RV function, and
QRS duration), RV dyssynchrony remained a significant
predictor of LV reverse remodeling after CRT (F 5 69.7;
P ! .005).

Discussion

Our report shows that CRT has a positive hemodynamic
impact on LV as well as RV function by improving tempo-
ral LV and RV asynchrony, and that additive assessment of
RV dyssynchrony parameters is more predictive of success-
ful results. This is the first study to analyze by use of STI
RV dyssynchrony as well as global LV dyssynchrony in
patients with DCM at baseline and after CRT.
Few data are available regarding the effects of CRT on

RV function. Our study confirms earlier reports14,15 that
CRT not only induced LV reverse remodeling, but also re-
sulted in a significant RV reverse remodeling that was asso-
ciated with a reduction in the severity of tricuspid
regurgitation and a significant decrease in pulmonary artery
pressure. Actually, the assessment of RVEF has important
prognostic implications in patients with congestive heart
failure and is more predictive than LVEF of exercise capac-
ity. The value of RV functional assessment in predicting
success of CRT has been demonstrated by RVEF, TAPSE,
and annular tissue velocity.34e36 Recent data from CARE-
HF and REVERSE trials have also shown that RV function
before implantation is linked to the response to the CRT.37

To optimize the device programming, it is conceivable to
study separately the effects of CRT on RV versus LV
function.
The pathophysiology of LV dyssynchrony has been ex-

tensively explored. LV dyssynchrony can be assessed by
STI by calculating the difference in timings of the various
LV segments.5 Different strategies and cutoff values for
the definition of LV dyssynchrony have been proposed us-
ing the absolute difference in time to peak radial strain of
2 segments,or the standard deviation of time to peak longi-
tudinal strain of 6e12 segments.6e13 Differences in base-
line LV dyssynchrony between responders and
nonresponders to CRT were noted for radial, circumferen-
tial, and longitudinal strain8e10 and LV twist.12,13 The re-
sults of the present study are in agreement with those
earlier findings. LV twist was significantly reduced in heart
failure patients, and it improved in responders to CRT and
worsened in nonresponders (Table 2). A cutoff value of 2.5�

for LV twist was able to predict response with good sensi-
tivity and specificity (Table 3). In addition, radial dyssyn-
chrony, expressed as standard deviation of time to peak-
systolic strain for 6 segments (LV-SD6-r), was also a useful
parameter to predict long-term response to CRT.
RV dyssynchrony, represented as the time difference

from interventricular septal to RV wall activation,16,17 oc-
curs in patients with chronic pulmonary hypertension and
is correlated with markers of RV size and function and
markers of disease severity, including pulmonary hyperten-
sion severity index. Furthermore, RV dyssynchrony was ev-
ident with mild elevations in the pulmonary artery systolic
pressure, even when standard echocardiographic indices of
RV size and function were still within normal limits.38

RV dyssynchrony has also been described in the presence
of a normal electrocardiographic QRS interval duration.16

This finding is in agreement with earlier data stating that
an abnormal electrical conduction is not necessarily needed
to produce LV mechanical dyssynchrony, because LV dys-
synchrony has been described in the failing myocardium
with a normal QRS duration. RV dyssynchrony has been re-
lated to delayed RV wall peak strain rather than to a septal
motion abnormality. It has been speculated16 that either is-
chemia with consequent tethering (postsystolic shortening)
of the RV wall or differences in afterload dependency of RV
free wall compared with ventricular septum might be
considered to be possible mechanisms.

The novelty in the present study is that in patients with
heart failure who are candidates for CRT, a dyssynchrony
index enclosing LV and RV parameters was able to predict
more favorable results. It has been reported34 that patients
with baseline severe RV dysfunction had poor response to
CRT, even if mechanical resynchronization was achieved,
and were less likely to show LV reverse remodeling after
pacemaker implantation. It has also been shown18 that, in
addition to the presence of LV dyssynchrony, in heart fail-
ure patients there is a disturbance of electromechanical cou-
pling within the RV that may contribute to the overall
mechanical dyssynchrony and may be a possible explana-
tion to account for a significant number of nonresponders
to CRT. We had a significant correlation between RV-SD6
and PASP as well as between RV-SD6 and LV-t, suggesting
a correlation between LV dysfunction, pulmonary hyperten-
sion, RV afterload, and RV dyssynchrony. We found RV
dyssynchrony also in the presence of mild pulmonary hy-
pertension. Furthermore, RV dyssynchrony was a predictor
of success of resynchronization independently of RV func-
tion indices. Thus it may be reasonable to include RV dys-
synchrony parameters in a plan of selection of candidates
for CRT. In fact, the significant relationship between our
dyssynchrony index and decrease in LVESVafter CRT sug-
gests that RV dyssynschrony inclusion into a global ventric-
ular index has an additive effect in predicting successful
results.

The dyssynchrony index we describe is different in many
respects from the sum asynchrony index reported by
Penicka et al.4 The sum asynchrony index is the combined
index of intraventricular and interventricular mechanical
asynchrony determined by using TDI as the difference be-
tween the longest and shortest electromechanical coupling
times in LV segments (intraventricular asynchrony) plus
the difference between electromechanical coupling times
in the RV basal lateral segment and the most delayed LV
segment (interventricular asynchrony). We have shown
that RV dyssynchrony adds incremental predictive value
to intra- þ interventricular dyssynchrony. Our index derives
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from the combination of LV and RV intraventricular asyn-
chrony determined by using STI. This allows avoiding lim-
itations inherent in TDI technology8 as well as analyzing
a higher number of ventricular segments. Moreover, con-
textual assessment of LV and RV intraventricular dyssyn-
chrony could help in selecting the optimal site for
pacemaker implantation (multisite pacing), but these data
should be regarded as preliminary.

The role of echocardiography in the patient selection for
CRT is not yet resolved. Recently published guidelines of
the American Society of Echocardiography recommend
that echocardiographic selection should be performed
only in borderline cases with difficult decision making.39

The results of the present study are in keeping with the con-
cept that not single parameters of myocardial dyssynchrony
but the integration of multiple echocardiographic (possibly
biventricular) parameters can help in the selection of CRT
candidates.

Some limitations should be pointed out. A technical lim-
itation is that speckle-tracking echocardiography is depen-
dent on both frame rate and image resolution.32,33 In
addition, the endocardial border tracing must be manually
optimized. Speckle pattern changes too much from frame
to frame because of low frame rates, and this prevents the
precise characterization of regional myocardial motion
and impairs the overall temporal resolution of the regional
strain map. In contrast, increasing the frame rate reduces
scan line density, which reduces image resolution. We
found frame rates in the range of 60e100 Hz to be suitable
for speckle-tracking analysis, which is a lower value than
the frame rate available with Doppler strain. However,
STI may assess myocardial thickening in a manner less af-
fected by passive translational motion or tethering and may
overcome TDI limitations in patients with complex dyssyn-
chrony where motion along the longitudinal axis does not
completely describe LV mechanics.

Another potential limitation is that the right ventricle is
represented only by its inflow portion in the apical 4-cham-
ber view, and the RV free wall is not completely seen in its
extent. However, because the inflow region of the right
ventricle performs most of the pump function and the out-
flow tract serves mostly as a pulsatile conduit, this ap-
proach provides a clinically adequate model to evaluate
RV dyssynchrony.17

Furthermore, we did not explore systematically the rela-
tionship between dyssynchrony parameters and RV-LV lead
position as well as the optimal position of the LV lead in-
side the target vein. However, the typical recommended po-
sitions for the LV lead are the basal or middle segments of
the lateral or posterior segments, which correspond to the
lateral or posterolateral cardiac veins.12,20

We did not analyze separately the underlying cause of
heart failure (ischemic, nonischemic) nor did we we test
other diagnostic modalities or viability testing that can be
useful in patient selection for CRT in ischemic cardiomyop-
athy. However, patients with extensive ventricular scars
were excluded from this study.
The mechanical discoordination (opposite strain within
the LV wall) and recoordination (acute reduction in radial
discoordination index) have been recently reported as alter-
native approachs to classic dyssynchrony metrics to predict
LV reverse remodeling after cardiac resynchronization ther-
apy.40,41 However, a comparison between dyssynchrony
and discoordination was beyond the aim of the present
study.

A final limitation was the relatively small population.
Sample size limited our ability to draw definitive conclu-
sions regarding the benefit of CRT in selected patient sub-
sets, and a larger study is needed to corroborate our data.
However, we succeeded in testing our hypothesis, which
showed significant dyssynchrony information from RV
parameters in heart failure patients.

In conclusion, we have shown that longitudinal, radial,
and rotation STI parameters can be used in the evaluation
of candidates for CRT, and that assessment of RV dyssyn-
chrony may supplement LV dyssynchrony information. It
is desirable that future studies with longer follow-up in
heterogeneous classes of patients would ascertain their
role in selecting, planning, and assessing resynchronization
procedures.
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