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chocardiographic Evaluation
f Cardiac Resynchronization
herapy: Ready for Routine Clinical Use?
Critical Appraisal

eroen J. Bax, MD, PHD,* Gerardo Ansalone, MD,† Ole A. Breithardt, MD,‡
enevieve Derumeaux, MD,§ Christophe Leclercq, MD,� Martin J. Schalij, MD, PHD,*
eter Sogaard, MD,¶ Martin St. John Sutton, MD,# Petros Nihoyannopoulos, MD, FRCP, FACC**
eiden, the Netherlands; Rome, Italy; Aachen, Germany; Rouen and Rennes, France; Aarhus, Denmark;
hiladelphia, Pennsylvania; and London, United Kingdom

Cardiac resynchronization therapy (CRT) has been proposed as an alternative treatment in
patients with severe, drug-refractory heart failure. The clinical results are promising, and
improvement in symptoms, exercise capacity, and systolic left ventricular (LV) function have
been demonstrated after CRT, accompanied by a reduction in hospitalization and a superior
survival as compared with optimized medical therapy alone. However, 20% to 30% of patients
do not respond to CRT. Currently, patients are selected mainly on electrocardiogram criteria
(wide QRS complex, left bundle branch block configuration). In view of the 20% to 30% of
nonresponders, additional selection criteria are needed. Echocardiography (and, in particular,
tissue Doppler imaging) may allow further identification of potential responders to CRT,
based on assessment of inter- and intraventricular dyssynchrony. In addition, echocardiog-
raphy may allow optimal LV lead positioning and follow-up after CRT. In the current review,
the different echocardiographic approaches to predict response to CRT are discussed. In
addition, the use of echocardiography to guide LV lead positioning and follow-up after CRT
are addressed. (J Am Coll Cardiol 2004;44:1–9) © 2004 by the American College of
Cardiology Foundation
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eart failure is the major cause of mortality, morbidity, and
ospitalization in patients age �60 years, and its costs
epresent 1% to 2% of the global health expenses ($20
illion in the U.S.) (1,2). Despite major advances in medical
herapy, morbidity and mortality remain high (3). Cardiac
esynchronization therapy (CRT) was introduced in the
arly 1990s, and developed dramatically over time (4).
ardiac resynchronization therapy was approved by the
ood and Drug Administration in 2001 and was classified

n the American College of Cardiology/American Heart
ssociation/North American Society of Pacing and Elec-

rophysiology Heart Rhythm Society 2002 guideline update
or implantation of pacemakers and antiarrhythmic devices
ith the level of evidence IIA (5). These guidelines were
ased on two controlled trials: Multisite Stimulation in
ardiomyopathy (MUSTIC) with a crossover design (6),

nd Multicenter InSync Randomized Clinical Evaluation
MIRACLE) a parallel placebo trial (7). In these trials, the
nclusion criteria were very similar: 1) severe heart failure

From the *Leiden University Medical Center, Leiden, the Netherlands; †San
ilippo Neri Hospital Rome, Rome, Italy; ‡University Hospital Aachen, Aachen,
ermany; §Rouen University, Rouen, France; �Hopital Pontchaillou, Rennes,
rance; ¶Skejby Hospital, Aarhus, Denmark; #University of Pennsylvania Medical
enter, Philadelphia, Pennsylvania; and **Imperial College, NHLI, Hammersmith
ospital, London, United Kingdom.
Manuscript received November 28, 2003; revised manuscript received January 28,
d004, accepted February 10, 2004.
espite optimized medical therapy; 2) depressed left ven-
ricular ejection fraction (LVEF); and 3) wide QRS com-
lex (duration �120 ms) with left bundle branch block
orphology. Both trials demonstrated that CRT signifi-

antly improved symptoms, exercise tolerance, and quality
f life (6,7). Still, 20% to 30% of patients did not respond to
RT (8), emphasizing the need for additional selection

riteria to identify potential responders.
Recent data have demonstrated that mechanical dyssyn-

hrony is not necessarily related to electrical dyssynchrony
9,10), and that the presence of substantial left ventricular
LV) dyssynchrony is a major predictor of response to CRT.
ndeed, some patients with a wide QRS complex do not
xhibit LV dyssynchrony, whereas some patients with a
arrow QRS complex may demonstrate LV dyssynchrony
11–13). These considerations suggest that the surface
lectrocardiogram may not be the optimal marker to select
andidates for CRT. New imaging techniques, in particular
arious echocardiographic approaches, may be superior to
elect potential responders to CRT. In this manuscript, the
ublished echocardiographic approaches to evaluate me-
hanical dyssynchrony will be discussed. In addition, the
alue of echocardiography for evaluation of benefit from
RT and to optimize LV lead positioning will be ad-

ressed. However, before discussing the various echocardio-
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raphic approaches, the different forms of dyssynchrony are
efined briefly.

ECHANICAL DYSSYNCHRONY
ELECTROMECHANICAL DELAY): DEFINITIONS

trioventricular (AV) dyssynchrony. Atrioventricular
yssynchrony may be related to the dysfunction of both the
inus node and the AV node. While sinus node dysfunction
nduces chronotropic incompetence, abnormal conduction
f the AV node results in:

a delay between atrial and ventricular contraction (“AV
dyssynchrony”);
mitral valve incompetence with occurrence of late dia-
stolic regurgitation;
shortened ventricular filling time, limiting net diastolic
stroke volume (14);
atrial systole often occurs simultaneously with early pas-
sive filling, hence reducing LV filling (15).

nterventricular dyssynchrony. Dyssynchronous electrical
ctivation of the ventricles, as during left bundle branch
lock, is associated with the right ventricular events preced-
ng those of the LV, locally different contraction patterns,
bnormal distribution of mechanical work in the LV,
eficiencies in regional perfusion, and, therefore, decreased
echanical performance. The delay in onset of LV contrac-

ion and relaxation produces interventricular dyssynchrony
nd affects mainly the interventricular septal motion and its
ontribution to LV ejection. Earlier onset of right ventric-
lar contraction results in right ventricular ejection occur-
ing during LV end-diastolic period. The higher pressure
ithin the right ventricle reverses the transseptal pressure
radient and, therefore, displaces the septum into the LV
16).
ntraventricular dyssynchrony. Coordinate LV contrac-
ion depends on normal ventricular activation. When a
ortion of the LV is prematurely activated, it generates
egions of both early and delayed contraction that will
ontribute to altered LV performance (17). Early shortening
r late shortening results in wasted work (18). The early
ontraction occurs when pressure is low and does not lead to
jection. The late contraction occurs at higher stress and
esults in paradoxical stretch of early contracting segments.

Abbreviations and Acronyms
AV � atrioventricular
CRT � cardiac resynchronization therapy
IVMD � interventricular mechanical delay
LV � left ventricle/ventricular
LVEF � left ventricular ejection fraction
NYHA � New York Heart Association
SPWMD � septal-to-posterior wall motion delay
TDI � tissue Doppler imaging
TT � tissue tracking
he net result is a decline in systolic performance, an i
ncrease in end-systolic volume and wall stress, a delayed
elaxation, and a decline in efficiency (19,20).

It is currently unclear to what extent each of these
ifferent forms of dyssynchrony contributes to the severity
f heart failure. Crucial, however, is that all different
yssynchronies are assessed to identify patients with a high

ikelihood of response to CRT. As stated earlier, the
raditional selection parameters are insufficient, and addi-
ional measurements are needed. Echocardiography may
ermit the assessment of all forms of dyssynchrony. In the
ollowing paragraphs, the conventional and more advanced
chocardiographic measurements are summarized.

CHOCARDIOGRAPHIC ASSESSMENT
ND QUANTIFICATION OF DYSSYNCHRONY

onventional echocardiography. The AV dyssynchrony
an be assessed from conventional echocardiography by
valuating the mitral inflow duration; to date, there are no
pecific criteria for AV dyssynchrony in the literature.

Interventricular dyssynchrony can be evaluated by assess-
ng the extent of interventricular mechanical delay (IVMD),
efined as the time difference between left and right
entricular pre-ejection intervals (Fig. 1). An IVMD �40
s is considered indicative of interventricular dyssynchrony

21,22).
M-mode echocardiography may be useful for assessing

ntraventricular dyssynchrony (23). Using an M-mode re-
ording from the parasternal short-axis view (at the papillary
uscle level), the septal-to-posterior wall motion delay

SPWMD) can be obtained (Fig. 2), and a cut-off value
130 ms was proposed as a marker of intraventricular

yssynchrony. However, frequently the SPWMD cannot be
btained, either because the septum is akinetic after exten-
ive anterior infarction or because the maximal posterior
otion is ill-defined. In addition, it is often not possible to

btain perpendicular M-mode sections of the proximal LV.
ewer echocardiographic methods. Two newer methods

ave been described, both addressing intraventricular dys-
ynchrony. Breithardt et al. (24) evaluated 34 patients
ndergoing CRT using a semiautomatic method for endo-
ardial border delineation. The degree of LV dyssynchrony
as quantified in two-dimensional echocardiographic se-
uences from the apical four-chamber view, focusing on the
eptal-lateral relationships. Computer-generated regional
all movement curves were compared by a mathematical
hase analysis, based on Fourier transformation (Fig. 3).
he resulting septal-lateral phase angle difference is a
uantitative measure for intraventricular (dys)synchrony.
Kawaguchi et al. (25) studied 10 patients with and

ithout CRT, and, to optimize endocardial LV border
etection, echocardiography contrast (Optison, Mallinck-
odt, Hazelwood, Missouri) was used; the contrast-
nhanced images were processed using a technique referred
o as cardiac variability imaging (26). On the four-chamber

mages, the endocardial border was outlined manually and
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egional fractional area changes were determined and plot-
ed versus time, yielding displacement maps. From these
aps, the dyssynchrony between the septum and lateral wall
as determined.
Both methods are restricted by the use of a single imaging

lane. Any dyssynchrony in other walls will be overlooked,
nd, thus, the precise extent of dyssynchrony cannot be
easured. Three-dimensional echocardiography, with the

etter spatial resolution, may potentially overcome this
imitation. An example of this approach is shown in Figure

igure 1. Measurement of the interventricular mechanical delay (IVMD)
reejection intervals are measured from the onset of the QRS on the electro
LV-PEI) outflow; IVMD is calculated by subtracting the RV-PEI from

igure 2. Parasternal M-mode recording in a heart failure patient with left
undle branch block. The left ventricular cavity is dilated and shows
everely reduced systolic function. A clear delay between peak systolic
teptal and posterior wall inward motion is observed (skewed white line).
. However, the clinical feasibility of real-time three-
imensional echocardiography still has to be proven.
issue Doppler imaging (TDI), strain and strain rate,

issue tracking (TT). Tissue Doppler imaging allows mea-
urement of peak systolic velocity of different regions of the
yocardium, and timing of peak systolic velocity in relation

o electrical activity (QRS complex) (27,28). Based on these
ariables, TDI can provide accurate information on electro-
echanical coupling, and also assess interventricular and

ntraventricular dyssynchrony (Fig. 5). In addition, infor-
ation on diastolic function can be obtained. Different

roups have subsequently used TDI to assess dyssynchrony
efore CRT. Interventricular dyssynchrony was evaluated
y Rouleau et al. (22) who studied 35 patients with dilated
ardiomyopathy. Using TDI, the authors demonstrated an
xcellent agreement between QRS duration and interven-
ricular dyssynchrony. Yu et al. (11) used TDI to assess
ntraventricular dyssynchrony in 88 normal individuals, 67
atients with heart failure and a narrow QRS complex
�120 ms), and 45 with a wide QRS complex (�120 ms).
n this study, 12 sample volumes were placed in the
yocardium, and for each sample the time from onset of
RS complex to peak systolic velocity was measured. From

hese data, two parameters indicating intraventricular dys-
ynchrony were derived:

. The maximal difference between peak systolic velocities
of any 2 of the 12 segments (intraventricular dyssyn-
chrony defined as a difference �100 ms); and

. The SD of all 12 time intervals measuring time to peak
systolic velocity (intraventricular dyssynchrony defined as
a standard deviation of 33 ms, also referred to as
dyssynchrony index).

The authors demonstrated absence of substantial intra-
entricular dyssynchrony in normal individuals, whereas
3% of the patients with a wide QRS complex had substan-

oppler echocardiography: the right ventricular and left ventricular (LV)
gram (ECG) to the onset of pulmonary (Pulm) (RV-PEI) and aortic (Ao)
V-PEI.
by D
cardio
the L
ial intraventricular dyssynchrony. Of interest, 51% of the
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atients with a narrow QRS complex also exhibited sub-
tantial intraventricular dyssynchrony.

In other studies, intraventricular dyssynchrony was mea-
ured by placing two sample volumes (on the basal parts of
he septum and lateral wall), and a delay �60 ms between
eak systolic velocities of the septum versus lateral wall
referred to as “septal-to-lateral delay”) was used as an
ndicator of the substantial intraventricular dyssynchrony
27,29).

All these studies used color TDI images, and TDI
racings were derived by postprocessing of the data. Other
tudies have used pulsed-wave TDI and demonstrated
omparable results (30,31). Single point measurements of
yocardial velocities using pulsed-wave TDI can only be

erformed once in the same heart beat, and information
btained is, thus, influenced by heart rate differences,
hanges in loading conditions, and breathing. Due to this,
ollection of sufficient data information covering multiple
yocardial segments becomes time consuming.
Using the digitally stored color-coded tissue Doppler

mages, further extended off-line analysis can be performed
i.e., strain and strain-rate analysis). Strain analysis allows
irect assessment of the degree of myocardial deformation
uring systole and is expressed as the percentage of segmen-
al shortening or lengthening in relation to its original

igure 3. (A) End-diastolic still frame image in the apical four-chamber vi
B) Left ventricular wall motion displacement (between end-diastole and en
C) Averaged septal (dashed line) and lateral (solid line) wall motion from 4
s displacement (mm) over time (s). The “shift” between the curves indic
he regional phase angle difference (based on reference 24).
ength (32,33); it provides important information on the b
iming of onset and peak of myocardial contraction, per-
itting measurement of (dys)synchrony (Fig. 6). Compared
ith TDI, the main advantage of strain rate imaging resides

n the better differentiation between active systolic contrac-
ion and passive displacement, which is of particular impor-
ance in ischemic patients with scar tissue (34).

The degree of systolic segmental shortening can be
btained with color-coded TDI by calculating the instan-
aneous regional velocity gradient (i.e., the strain rate, s�1)
nd integrating this information over time (strain, %) (32).
ecent studies (35–37) have focused on the application of

train and TT for the detection of mechanical intraventric-
lar dyssynchrony in patients considered for CRT, and
articular attention was paid to events that occurred late in
ystole extending into the isovolumetric relaxation phase
nd diastole. In a typical patient with left bundle branch
lock and delayed lateral wall activation, a delay in the onset
f lateral wall shortening (as compared with the septum) can
e observed (Fig. 6). However, the clinical applicability of
train rate imaging is still limited by artefacts and a poor
ignal-to-clutter ratio, which renders the image acquisition
nd analysis process time-consuming and tedious. More-
ver, the technique is operator-dependent, which limits
eproducibility and widespread use.

Similar information about LV contractile synchrony can

ith a semiautomatically drawn left ventricular endocardial contour tracing.
tole) for 100 endocardial segments determined with the centerline method.
acent septal and lateral segments and three to seven cardiac cycles displayed
he degree of regional dyssynchrony and can be expressed quantitatively by
ew w
d-sys
0 adj

ates t
e obtained more easily with the use of a color-coded
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isplay of myocardial displacement (Tissue Tracking, GE
ingmed, Horten, Norway) (38). Regional and global

ystolic performance can be quickly visualized, and rough
nformation on regional strain distribution can be derived
rom the width of the LV color bands. Applying TT in
atients with failing LV function allows rapid assessment of
egional differences in both myocardial performance and
iming (Fig. 7). Tissue tracking is a parametric imaging
odality that requires correct timing of LV mechanical

vents, such as LV ejection, filling, and isovolumic contrac-
ion and relaxation. This information can be derived from
he timing of valvular opening and closure, identified either
y Doppler echocardiography or by M-mode techniques.

CHOCARDIOGRAPHIC MARKERS
O ASSESS BENEFIT FROM CRT

n the following section, the echocardiographic approaches
nd markers used to demonstrate benefit from CRT will be
iscussed.
mprovement in LV function, mitral regurgitation, and
everse remodeling. Most studies have used the biplane
impson’s approach to determine LVEF and volumes. In
ddition, three-dimensional approaches have also been used
o assess these parameters (39). Various studies have dem-
nstrated improvement in LVEF after CRT. Yu et al. (38)
howed an improvement in LVEF from 28 � 10% to 34 �

igure 4. Quantification of regional wall motion from real-time three-dim
entricular chamber (upper left), the extent and timing of regional wall mot
s regional ejection fraction over time. There is clear regional dyssynchro
ranch block (LBBB) (lower middle), which improves immediately after
f A. Franke, University Hospital Aachen, Germany.)
3% directly after CRT, with a further improvement (to 40 i
15%) during three months of CRT. Interestingly, when
he pacemaker was turned off, LVEF deteriorated immedi-
tely to 34 � 13% with a further reduction to 30 � 12%
nonsignificant vs. baseline) after four weeks without pac-
ng. Large clinical trials have suggested a more modest
mprovement in LVEF (e.g., in the MIRACLE trial, the

edian increase in LVEF was 4.6%) (7).
Systolic and diastolic parameters can also be obtained

ith conventional Doppler echocardiography and include:
ortic velocity-time-integral, diastolic filling time, myocar-
ial performance index (Tei), E/A ratio, E-deceleration
ime, isovolumetric relaxation, and pulmonary vein flow.
ome of these parameters showed improvement after CRT
40,41), although interpretation is hampered by AV delay
ptimization (see the following text), as frequently per-
ormed with CRT.

Several studies using color Doppler imaging have shown
reduction in mitral regurgitation after CRT (7,40,41). In
articular, Breithardt et al. (42) have elegantly demonstrated
hat the effective regurgitant orifice area decreased immedi-
tely after CRT.

Additional studies demonstrated significant reverse remod-
ling after CRT (35,40,41,43). Data from the MIRACLE
rial (172 patients) showed a 30% reduction in LV end-
iastolic volume and end-systolic volume after six months of
RT (41). Data on improvement in geometry (sphericity

nal echocardiographic data. After semiautomatic segmentation of the left
analyzed in a 16-segment model (lower left) and in this example expressed
tween the inferoseptal and the anterolateral segments during left bundle
ion of cardiac resynchronization therapy (CRT) (lower right). (Courtesy
ensio
ion is
ny be
initiat
ndex) and reduction in LV mass are contradictory (40,41).
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mprovement of AV dyssynchrony (or optimization of
V delay). Restoration of optimal AV timing may improve

ystolic performance by optimizing LV preload. The acute
emodynamic benefits can be monitored noninvasively by
oppler echocardiography. An increase in the aortic veloc-

ty time integral (�stroke volume) and a prolongation of the
iastolic filling time at the mitral valve by at least 10% to

igure 5. (A) The typical tissue Doppler imaging tracings (peak systolic vel
ndividual. (B) Illustration of assessment of timing from onset of QRS to pe
ample volumes on the septum (yellow curve) and lateral wall (green curve
D) Severe intraventricular dyssynchrony between the septum (yellow cur

igure 6. Myocardial deformation as assessed by strain rate imaging. Nega
nd-diastolic length (%). Strain curves obtained from six segments show sy
anel). In contrast, a delay in the onset and the peak of lateral wall short

ranch block (right panel). Postsystolic shortening is present in the late activat
0% from baseline documents systolic improvement. In
995, an echocardiographic algorithm was proposed for the
ptimization of AV delay in patients with high degree AV
lock who underwent pacemaker implantation (44). The
uthors proposed that the optimal AV delay should provide
he longest LV filling time without premature truncation of
he A-wave by mitral valve closure. This approach is widely

[PSV], diastolic velocities [E’ and A’]) obtained in the septum of a normal
tolic velocity. (C) Evaluation of intraventricular (dys)synchrony by placing
ta from a normal individual showing complete intraventricular synchrony.
d lateral wall (green curve).

rain indicates shortening and is expressed as the percentage from its initial
nous onset of shortening and peak shortening in a normal individual (left
(yellow curve) is observed in a patient with heart failure and left bundle
ocity
ak sys
). Da

ve) an
tive st
nchro
ening
ed lateral wall, as indicated by the late negative peak (arrow).
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ccepted as an easy method for AV optimization, although
t has not yet been validated in patients with left-
entricular-based pacing. It is currently not clear whether
V delay optimization is needed, or whether an AV delay of
00 to 120 ms would be sufficient for all patients.
nterventricular resynchronization. Interventricular dys-
ynchrony, as measured by IVMD, was reduced by 19%
fter CRT in the MIRACLE trial (41). Tissue Doppler
maging was also used to demonstrate interventricular re-
ynchronization; Yu et al. (28) showed a large mechanical
elay between the free right ventricular wall and the lateral
all of the LV, which was completely reversed after CRT.

ntraventricular resynchronization. Pitzalis et al. (23)
emonstrated substantial intraventricular resynchronization,
ith a reduction in SPWMD from 192 � 92 ms to 14 � 67
s (p � 0.001); moreover, using a cutoff value �130 ms, a
RS duration �150 ms, and a PQ interval �180 ms,

everse remodeling could be predicted with an accuracy of
5%.
Using the phase analysis (see the preceding text regarding

dvanced echocardiographic methods) as described by
reithardt et al. (24), intraventricular resynchronization was
emonstrated acutely after CRT and was associated with an
cute improvement in systolic function. In addition, the
xtent of dyssynchrony before CRT was related to the
xtent of improvement of systolic function (Fig. 8). Using
he contrast-enhanced echocardiographic approach from
awaguchi et al. (25), a reduction of 40% in intraventricular
yssynchrony was shown immediately after CRT.
Using pulsed-wave TDI (and a five-segment model),

nsalone et al. (30) have demonstrated intraventricular
esynchronization after CRT accompanied by reverse re-
odeling and improvement in clinical parameters (New
ork Heart Association [NYHA] functional class, 6-min
alking distance). The magnitude of benefit was related to

he pre-CRT intraventricular dysynchrony. Similarly, Gar-
igue et al. (31) demonstrated intraventricular resynchroni-

igure 7. Tissue tracking (TT) in a patient with heart failure and left bun
left panel), indicating poor systolic performance of the lateral wall. Systo
he remaining parts of the lateral wall show no net apical displacement dur
iastole (identified by aortic valve closure and mitral valve closure), the de
isplacement during diastole (right panel).
ation using pulsed-wave TDI, even in patients with right T
undle branch block. Two studies using color TDI images
emonstrated substantial resynchronization after CRT
27,28). The observed resynchronization was accompanied
y an improvement in systolic function, NYHA functional
lass, and 6-min walking distance. Using the 12-segment
odel proposed by Yu et al. (45), prediction of reverse

emodeling after CRT was demonstrated. Multivariate
egression analysis demonstrated that the extent of intra-
entricular dyssynchrony was the only predictor of reverse
emodeling, and a dyssynchrony index �33 ms (see the
receding text) allowed complete separation of patients with
nd without reverse remodeling after CRT; only patients
ith an index �33 ms demonstrated reverse remodeling.
Tissue tracking and strain rate imaging (35,36) have also

roved useful in assessing longitudinal resynchronization.
hen the latter is interpreted as a decrease in percentage of

anch block. An irregular distribution of color-bands is seen during systole
ical displacement occurs only in the basal part of the lateral wall, whereas
stole (gray color). After adjusting the TT time interval to left ventricular
longitudinal shortening of the lateral wall can be visualized by the apical

igure 8. Relationship between the septal-lateral phase angle (�LS) at
aseline and the best achievable hemodynamic improvement, measured as
he percent increase in left ventricular (LV) peak positive dP/dt. Type I:
ear synchronous wall motion; Type II: delayed lateral wall movement;
dle br
lic ap
ing sy
layed
ype III: biphasic septal motion (based on reference 24).
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he extent of LV basal segments displaying delayed longi-
udinal contraction (an active contraction after closure of the
ortic valve), it has been documented that CRT immedi-
tely reduced the extent of such diastolic contraction from
9 � 16% to 23 � 13% (p � 0.01) (35). Another study used
train rate imaging to quantify the acute effects of CRT on
yocardial deformation (37). In this study, CRT reversed

he pathologic septal-lateral strain relationships and reduced
he incidence of early systolic prestretch in the late activated
all and of postsystolic shortening.

CHOCARDIOGRAPHY TO
PTIMIZE LEAD POSITIONING

tudies using TDI have shown that the latest mechanical
ctivity is frequently located in the lateral wall (35%),
ollowed by the anterior and posterior regions (26% and
3%), whereas the inferior wall/septum infrequently show
he latest mechanical activity (16%) (46). Because the aim of
esynchronization is to actively pace the most delayed site(s)
f the LV, the selection of the pacing site(s) is needed to
aximize the effect of CRT. Accordingly, Ansalone et al.

46) have demonstrated that optimal resynchronization was
btained when the (echocardiographically determined) re-
ion with the latest activity was paced; in addition, clinical
esponse was superior in these patients. From this perspec-
ive, three-dimensional echocardiography may potentially
llow optimal identification of the location with the latest
ctivity.

NRESOLVED ISSUES

number of issues need to be resolved, as summarized
elow.

. At present, several echocardiographic methods to assess
dyssynchrony have been proposed, varying from conven-
tional to advanced approaches, primarily involving TDI,
strain, strain rate, and TT. It is currently unclear which
of these parameters provides optimal information on
dyssynchrony and which parameters may actually allow
prospective identification of responders to CRT. Fur-
thermore, various forms of dyssynchrony are present, and
it is unclear which form contributes most to heart failure.
Accordingly, it is uncertain whether optimization of AV
delay, interventricular or intraventricular resynchroniza-
tion should be the principal goal of CRT.

. The underlying etiology of heart failure may be impor-
tant. Patients with ischemic cardiomyopathy frequently
have large areas of scar tissue, and not infrequently these
are the areas of latest activity. It is unclear whether
pacing of nonviable (scar) tissue results in clinical im-
provement.

. The new generation of biventricular pacemakers has the
possibility of sequential ventricular pacing. Sogaard et al.
(36) have recently proposed that echocardiographic op-

timization (using TT) of the V-V delay may further
enhance benefit from CRT. The authors demonstrated
that V-V optimization resulted in a further reduction in
the active diastolic contraction from 23 � 13% to 11 �
7% (p � 0.01) with a simultaneous increase in LVEF
from 30 � 5% to 34 � 6% (p � 0.01). More studies are
needed to clarify this issue.

onclusions. Cardiac resynchronization therapy is now
onsidered an established therapy for patients with severe
eart failure, with good clinical results, although 20% to
0% of patients do not respond to CRT. At present, patient
election is mainly based on QRS duration. Evidence is
ccumulating that echocardiography may be the ideal tech-
ique to identify responders to CRT. Based on assessment
f AV dyssynchrony, interventricular and intraventricular
yssynchrony, accurate prediction of response to CRT will
e feasible. In particular, TDI may allow precise assessment
f interventricular and intraventricular dyssynchrony. In this
espect, we suggest expanding the current guidelines on
election of candidates for CRT by including assessment of
yssynchrony by echocardiography.
Moreover, based on assessment of the site of latest

ctivation in the LV, echocardiography can guide LV lead
ositioning and may be used to optimize AV delay and V-V
elay. Finally, echocardiography allows assessment of resyn-
hronization and follow-up after CRT.
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