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Although cardiac resynchronization therapy (CRT) has 
been of unquestioned therapeutic benefit to many 
patients with heart failure identified by a widened 
QRS complex on an electrocardiogram, many patients 
do not respond favorably. Several studies using echo-
cardiographic methods to measure abnormalities of 
mechanical activation, known as dyssynchrony, have 
been proposed to improve patient selection for CRT. 
Many single-center studies from institutions with spe-
cial expertise have demonstrated the feasibility of 
echocardiographic dyssynchrony to potentially assist 
with patient selection. However, the PROSPECT trial, a 
recent large multicenter study, highlighted the technical 
challenges in echocardiographic dyssynchrony analysis 
in mainstream clinical practice. Accordingly, a uniform 
clinical approach has not been established, and refine-
ments of echocardiographic approaches and methods 
are constantly evolving. This article reviews current 
echocardiographic methods to quantify ventricular 
dyssynchrony, their strengths and limitations, and the 
proposed and potential expanding clinical applications.

Introduction
Currently accepted clinical criteria for cardiac resynchro-
nization therapy (CRT) for patients with symptomatic 
heart failure include New York Heart Association func-
tional class III-IV, widened QRS duration (> 120 ms on 
an electrocardiogram), and low left ventricular (LV) ejec-
tion fraction (  35%) [1,2]. The widened QRS complex 
of the patient’s electrocardiogram, which is a marker of 
delayed electrical activation, is thought to be a surrogate 
for delayed mechanical activation, known as dyssyn-
chrony. CRT typically consists of multisite pacing of the 
left ventricle from septal and free-wall lead sites. It has 

been shown to correct mechanical dyssynchrony, result in 
immediate improvements in LV function, and have favor-
able biologic effects known as reverse remodeling [2,3]. 
Wide clinical experience with CRT has shown that not 
all patients respond favorably clinically or by measures 
of LV function. The nonresponder rate appears to be 
25% to 30%, depending on the definition of response 
used [4–8]. Several clinical studies have demonstrated 
that some patients do not have significant degrees of 
mechanical dyssychrony despite having a widened QRS 
[9–13]. Accordingly, these patients without mechanical 
dyssynchrony do not appear to benefit from CRT, and 
echocardiographic methods designed to quantify dyssyn-
chrony have been proposed as a way to more accurately 
identify patients likely to respond to CRT. More recent 
studies, however, have highlighted the complexity of 
echocardiographic dyssynchrony analysis [14••]. This 
article reviews the current and most promising echocar-
diographic approaches, explores their limitations, and 
discusses potential applications.

Overview of Echocardiographic 
Dyssynchrony
Dyssynchrony may be manifested as delays in atrioventric-
ular activation, right ventricular (RV) to LV activation, or 
intraventricular activation within the segments of the left 
ventricle [4,6,15–18]. Several echocardiographic methods 
to measure mechanical dyssynchrony have been suggested. 
These can be grouped into the principal echocardiographic 
formats of M-mode echocardiography, pulsed Doppler, and 
tissue Doppler imaging (TDI). TDI may be further used as 
a post-processing approach to calculate displacement and 
strain. Studies of a more recent method, speckle tracking, 
are just beginning to emerge. The PROSPECT study is a 
recent observational multicenter, prospective study from 
Europe, the United States, and Hong Kong that attempted 
to examine the relative predictive value of a large series of 
echocardiographic variables [19,20••]. Clinical outcome 
and reduction of LV end-systolic volume were used as deter-
minants of response to CRT. Although only preliminary 
results of this study have been presented, PROSPECT rep-
resents a test of the implementation of echocardiographic 
measures of dyssynchrony in a large patient population. 
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It showed that no single echocardiographic means to 
determine dyssynchrony is ideal, and it highlighted the 
importance of technical factors such as feasibility and 
reproducibility in dyssynchrony analysis. Accordingly, this 
article addresses specific measures of dyssynchrony in light 
of the strengths and limitations of each.

Global Measures of Dyssynchrony: 
Pulsed Doppler
Cazeau et al. [21–23] proposed several measures of dyssyn-
chrony using routine pulsed Doppler echocardiography. 
These include the pre-ejection delay, interventricular 
mechanical delay (IVMD), and the LV filling time as a 
percentage of the R-R interval. The pre-ejection delay is 
recorded from the apical five-chamber or apical long-axis 
views where the pulsed Doppler sample volume is placed 
in the LV outflow tract, proximal to the aortic valve. 
Time-velocity recordings of LV ejections are made, and 
the pre-ejection delay is determined as the time from the 
onset of the electrocardiographic QRS to the onset of LV 
ejection velocity. A delay in LV ejection is thought to result 
from the summation of regional segmental delays. In a 
normal left ventricle, this interval is short and reflects the 
sum of electrical depolarization and isovolumic contrac-
tion. A pre-ejection delay of more than 140 ms is usually 
considered as consistent with significant dyssynchrony. A 
limitation is that a delayed pre-ejection interval is a non-
specific marker for global poor LV function and may not 
reflect segmental LV dyssynchrony.

A related measure, IVMD, requires an additional mea-
sure of the RV ejection interval (Fig. 1). Accordingly, IVMD 
is the difference between the LV pre-ejection delay and the 
RV ejection delay. The RV ejection interval is determined 
from the parasternal window at the level of the base of the 
heart and in short axis. The transducer is positioned so that 
the pulmonic valve and RV outflow tract are imaged. The 
pulsed Doppler sample volume is placed in the RV outflow 
tract immediately proximal to the pulmonic valve. Time-
velocity analysis is similarly determined from the onset of 
the QRS complex to the onset of RV flow velocity. An IVMD 
of more than 40 ms is usually considered as resulting from 
significant dyssynchrony. It is important that similar heart 
rates occur for the LV and RV ejection intervals, and varia-
tions in heart rate represent a limitation. Another limitation 
of IVMD is that RV ejection is affected by global RV func-
tion, which may be a confounding variable in dyssynchrony 
analysis. Achilli et al. [24] tested IVMD prospectively in 
the SCART study. They followed 133 patients after CRT 
and found that an IVMD of longer than 44 ms predicted a 
response, with a sensitivity of 66% and a specificity of 55%. 
This study illustrated the positive predictive value but sug-
gested that other factors may influence the response to CRT. 
Richardson et al. [25] recently showed the predictive value of 
IVMD in the CARE-HF study, which randomized patients 
to receive CRT or to a control group.

Another pulsed Doppler measure of dyssynchrony 
can be assessed using mitral inflow velocities [22]. This 
index is determined using pulsed Doppler from the api-
cal four-chamber view with the sample volume placed at 
the tips of the mitral leaflets. The duration of LV filling 
from the onset of the mitral inflow E wave to the end of 
the mitral inflow A wave is first measured. This dura-
tion is then corrected for heart rate by dividing by the 
R-R interval and is expressed as a percentage. Cazeau 
et al. [21,22] also demonstrated that an LV filling time 
that is 40% or less of the R-R interval is consistent with 
significant dyssynchrony and predicts response to CRT. 
In general, pre-ejection delay, IVMD, and the ratio of 
filling time to R-R have high yield and high reproduc-
ibility. The preliminary results of PROSPECT suggested 
that these simple, routine pulsed Doppler means are use-
ful because of their technical ease. However, they have 
overall modest predictive value. Because these indices 
have been well tested, it appears that their true value and 
limitations are known.

Figure 1. An example of pulsed Doppler interventricular mechanical 
delay (IVMD) before cardiac resynchronization therapy. The top 
panel demonstrates the time to onset of right ventricular (RV) ejec-
tion (arrow), taken from the parasternal short-axis view proximal 
to the pulmonic valve. The bottom panel demonstrates the time to 
onset of left ventricular (LV) ejection (arrow), taken from an apical 
five-chamber view proximal to the aortic valve. The difference 
in time from RV to LV ejection (IVMD) is usually considered to 
represent significant dyssynchrony if it is 40 ms or longer.



Echocardiographic Assessment of Ventricular Dyssynchrony Gorcsan 33

Regional Measures of Dyssynchrony: 
M-mode and Tissue Doppler
Most of the studies of echocardiography that examine LV 
dyssynchrony have focused on determining the delay in 
regional segments. This is because the principal cause of a 
widened QRS complex in CRT candidates is the left bundle 
branch block (LBBB) pattern [26,27]. The classic mechani-
cal activation of LBBB is that of early septal activation and 
delayed posterior and lateral segmental activation. One of 
the first methods to determine LV dyssynchrony was by M-
mode echocardiography. This can be achieved by placing 
the M-mode cursor through the septum and the posterior 
wall. Pitzalis et al. [28] demonstrated in patients with 
nonischemic cardiomyopathy that a delay of peak inward 
motion from the septum to the posterior wall of 130 ms or 
longer predicted a favorable response to CRT, as defined 
by a reduction in LV end-systolic volume. The M-mode 
approach becomes problematic, however, when applied to 
a large series of CRT patients, most of whom have isch-
emic heart disease and wall motion abnormalities. This 
is because the low amplitude of wall motion often makes 
it difficult to confidently determine peak inward motion. 
Furthermore, M mode cannot differentiate between active 
and passive motion, which is an important confounding 
variable. Marcus et al. [29] illustrated these limitations in a 
substudy from the Contak-CD trial. They found the repro-
ducibility of M-mode measurements and their predictive 
value to be unsatisfactory. The M-mode approach has a 
physiologically sound basis and may be potentially useful in 
some patients, particularly those with nonischemic disease, 
to complement other approaches, such as TDI. However, 
technical limitations are often encountered, and M mode 
is currently not advocated as reliable means to assess LV 
dyssynchrony in isolation.

Most studies of echocardiographic assessment of LV 
dyssynchrony have involved TDI and its related post-
processing methods [4,10,15,16,30–33]. TDI has been 
attractive because it provides the ability to determine the 
mechanical timing of an event within a specified region of 
the left ventricle. Although a pulsed TDI approach has been 
described as useful [34], most investigators have favored 
the color-coded TDI for dyssynchrony analysis. Color-
coded TDI is preferred principally because the analysis 
may be done offline, whereas the adjustment of the pulsed 
TDI must be done online, requiring a lengthy process that 
may be difficult to execute in a patient with a complex pat-
tern of dyssynchrony. The principal TDI format is velocity 
data, and the post-processing formats, displacement and 
strain, are derived from the velocity data. The advantage 
of velocity data is the strong signal-to-noise ratio and its 
application to many patients. A principal disadvantage of 
velocity is that it cannot differentiate active motion from 
passive motion. Strain imaging has the advantage of iso-
lating the important active motion information; however, 
strain and strain rate by TDI are often affected by signal 
noise and appear more difficult to master [33].

TDI data usually are acquired from the apical views, 
principally the apical four-chamber view, the apical two-
chamber view, and the apical long-axis view. The simplest 
approach is to determine the time difference between the 
peak TDI velocities of the two basal sites using the api-
cal four-chamber view (Fig. 2). Bax et al. [6] introduced 
this method, which has been shown to predict response 
to CRT. An opposing wall delay of 65 ms or longer has 
been most widely used as a cutoff value [6,14••,15]. In 
general, the peak systolic velocity waves, or S waves, are 
determined during the LV ejection interval. Accordingly, 
the time from the beginning of ejection to the end of ejec-
tion is marked on the TDI time-velocity tracing using 
pulsed Doppler from the LV outflow as a guide for ejection. 
The advantage of limiting analysis to the ejection interval 
is that it will exclude post-systolic velocities, which may 
be confounding variables that decrease sensitivity [17]. 
Furthermore, the early isovolumic contraction velocity is 
excluded by marking the ejection interval. A disadvantage 
of using the Doppler markers of ejection from a different 
beat than the TDI velocity data is that variations in heart 
rate may interfere with the accuracy of analysis. Accord-
ingly, special attention must be paid to the cardiac cycle 
length for these comparative measurements. The Yu index, 
a more complete and highly sensitive means of TDI velocity 
analysis, involves calculating the SD from 12 different sites 
[8,11,12,16,17,32]. This is done by recording color-coded 
TDI data from apical four-chamber, apical two-chamber, 
and apical long-axis views and measuring the time to peak 
S waves from the onset of the QRS complex in basal and 
mid segments. For each time-to-peak measurement, it is 
important to move the region of interest within the seg-
ment along the longitudinal axis and in the endocardial to 
epicardial plane to determine the most reproducible peak 
velocity. This form of manual spatial averaging enhances 
reproducibility of peak velocity data. A cutoff of more than 
33 ms of SD units has been shown to be associated with 
response to CRT [32]. Other regional TDI methods, such 
as strain imaging or displacement, have been successful in 
some laboratories but less successful in others. Although 
the advantage of strain is to separate active mechanical 
activation from passive motion, difficulties with signal 
noise using TDI strain may be encountered [11,32]. Cur-
rently, the robust signal-to-noise ratio of the TDI velocity 
data appears to favor its application.

Promising Future Applications: Speckle 
Tracking and Three-dimensional Imaging
Recent data have emerged using speckle-tracking echo-
cardiographic analysis to determine regional strain. This 
method can be applied to routine gray-scale echocardio-
gram images and can determine strain as myocardial 
thickening and thinning vectors independent of the Dop-
pler angle of incidence. Suffoletto et al. [35] have described 
the initial approach as applied to the mid-LV short-axis 
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image. This method can determine LV segmental strain 
toward the center of the LV cavity. This allows for cal-
culation of radial septal and posterior wall time to peak 
thickening, which appears to be an important marker of 
mechanical dyssynchrony. In an initial experience, the 
septal to posterior wall delay, with a similar cutoff as M 
mode of at least 130 ms, was associated with response to 
CRT. More recently, a combined approach using longitu-
dinal TDI velocities to assess longitudinal dyssynchrony 
and speckle-tracking radial strain to assess radial dys-
synchrony has been shown to be of additive value [14]. 
Specifically, if both methods were in agreement on lon-
gitudinal and radial dyssynchrony, an ejection fraction 
response could more confidently be anticipated follow-
ing CRT. On the other hand, a heterogeneous pattern in 
which longitudinal or radial dyssynchrony (but not both) 
was present  was associated with a mixed response. This 
study illustrated the complexity of dyssynchrony patterns 
in patients referred for CRT and demonstrated the poten-
tial pitfalls of singular dyssynchrony approaches. The 
advantages of speckle tracking are that the data do not 
depend on Doppler angle of incidence and that no activa-
tion of TDI is required. In other words, offline analysis 

may be done on routine images, which enhances applica-
bility. The disadvantages are that adequate image quality 
is needed; the speckle-tracking algorithm will not work 
on suboptimal images. In addition, the performance of 
speckle tracking appears to be related to frame rate. The 
optimal frame rates appear to be 30 to 90 Hz with a mean 
of 65 Hz in the initial experience.

Another promising approach is three-dimensional 
echocardiographic analysis. Kapetanakis et al. [36] 
and Horstman et al. [37] have presented data using an 
approach of segmental volume displacement in a model 
of real-time three-dimensional echocardiography for 
dyssynchrony analysis. They demonstrated the feasi-
bility of extracting mechanical activation information 
from the whole left ventricle rather than a single tomo-
graphic plane, as in two-dimensional echocardiography. 
They measured the time to maximum displacement of 
each segment and calculated the SD as a marker of dys-
synchrony. The advantage of this method is that a more 
complete analysis of LV dyssynchrony may be made in 
the individual patient, particularly because dyssynchrony 
patterns may be complex. The disadvantages include 
the inability to differentiate active from passive motion, 

Figure 2. Tissue Doppler image of the apical four-chamber view prior to resynchronization therapy. Regions of interest (7 × 15 mm) were 
placed on the basal septum and basal lateral wall. The vertical lines indicate the timing of aortic valve opening (AVO) and aortic valve closure 
(AVC) and demarcate the ejection interval. The vertical arrows demonstrate the respective peak velocities during ejection, and their time dif-
ference is the opposing wall delay. An opposing wall delay is usually considered to represent significant dyssynchrony if it is 65 ms or longer.
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frame rates that are still relatively slow, and the need for 
adequate image quality for proper operation of the analy-
sis software. However, continued advances in computer 
technology make this approach particularly promising.

CRT in Patients with a Narrow QRS 
In an effort to refine patient selection, the studies dis-
cussed in this article focused on using imaging techniques 
to identify the subset of patients with a wide QRS who 
do not have significant mechanical dyssynchrony and 
who may not benefit from CRT. Several authors have 
demonstrated that mechanical dyssynchrony may exist in 
patients with heart failure who have a narrow QRS com-
plex [38,39]. The precise reason for this dissociation of 
electrical from mechanical activation remains unknown, 
but it provides a potential opportunity for echocardiog-
raphy to identify patients with mechanical dyssynchrony 
who would not be identified otherwise. Two observa-
tional pilot studies showed the benefit of CRT to patients 
with a narrow QRS who have mechanical dyssynchrony 
identified by TDI [40,41]. These studies have provided 
proof of the concept that CRT has potential to benefit 
this group of patients with heart failure. More recently, 
the RethinQ study, the first randomized trial of CRT in 
patients with a narrow QRS population, showed mixed 
results [42••]. This study randomized 172 patients who 
met inclusion criteria for mechanical dyssynchrony (a low 
ejection fraction and a narrow QRS complex) to a con-
trol group or to receive CRT. The primary end point of 
peak myocardial oxygen consumption was not different 
between groups, and this study was considered negative 
in this respect. However, all results were not negative; sig-
nificant improvements were observed in New York Heart 
Association functional class and 6-minute walking dis-
tance in a subgroup of patients with nonischemic disease. 
In addition, only 14 heart failure events (16%) occurred 
in the group receiving CRT, versus 41 heart failure events 
(22%) in controls. This event rate difference did not reach 
statistical significance, perhaps due to a small sample 
size. Accordingly, whether CRT is beneficial to patients 
with echocardiographic dyssynchrony and a narrow QRS 
complex remains unclear. Limitations of the RethinQ 
study included using myocardial oxygen consumption as 
a primary end point because of its variability, a sample 
size that was underpowered to show therapeutic benefit, 
and perhaps patient selection factors. Future randomized 
trials are needed to clearly define whether patients with 
a narrow QRS and mechanical dyssynchrony can benefit 
from CRT with refined patient selection.

Conclusions
The echocardiographic evaluation of mechanical dyssyn-
chrony is an evolving field in which new data are being 
released often. Although an enormous amount of data 

supports the hypothesis that mechanical dyssynchrony is 
the principal pathophysiologic feature that is corrected by 
CRT, the optimal means to quantify it remain uncertain. 
The more complex echocardiographic methods, such as 
TDI, which have shown the most promise for predicting 
response in single-center studies, have performed less well 
in a multicenter setting. It appears that difficulties with 
technical factors play a major role. On the other hand, 
the technically simpler pulsed Doppler methods, such as 
IVMD, have performed well in a multicenter setting but 
have a lesser predictive value. Furthermore, factors oth-
ers than lack of dyssynchrony, such as global scar burden, 
scar location, or too advanced disease, are associated 
with nonresponse to CRT [18,43–45]. In summary, no 
single echocardiographic method has replaced the current 
clinical selection criteria for CRT using the wide QRS. 
Furthermore, the benefit of CRT to patients with a narrow 
QRS who were selected for CRT by echocardiographic 
dyssynchrony is controversial and unclear. Current efforts 
to improve dyssynchrony analysis continue to intensify, 
and future refinements for clinical applications are likely 
to be forthcoming.

Clinical Trial Acronyms
CARE-HF—Cardiac Resynchronization in Heart Failure; 
Contak-CD—Contak–Cardiac Defibrillator; PROSPECT—
Predictors of Response to Cardiac Resynchronization Therapy; 
RethinQ—Resynchronization Therapy in Patients with Nar-
row QRS; SCART—Selection of Candidates for CRT.
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