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Introduction

Cardiac resynchronization therapy (CRT) is an
established therapy for heart failure patients with
depressed left ventricular ejection fraction
(LVEF) <35%, prolonged QRS >120 ms and
mild-to-severe heart failure (HF) symptoms
despite optimal pharmacological therapy [1].
Improvements in clinical symptoms, left ventric-
ular (LV) function and mitral regurgitation as
well as significant reductions in all-cause and
cardiac mortality rates and heart failure rehospi-
talizations have been reported [2—-8]. However,
between 30% and 40% of patients do not improve
after CRT and the reasons for these relatively
high non-response rates to CRT remain still
unclear [9, 10].

LV dyssynchrony is an independent determi-
nant of response to CRT [11, 12]. However, defi-
nition of LV dyssynchrony is still highly debated.
Recent guidelines have included QRS morphol-
ogy as a criterion for CRT indication [1]. Based on
previous studies, patients with left bundle branch
block (LBBB) QRS morphology have benefited of
CRT at larger extent than patients with right bundle
branch block morphology [3, 8, 12, 13]. However,
among patients with LBBB QRS morphology,
LV activation may change considerably [14]. The
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presence of fixed or functional lines of block as
assessed with 3-dimensional LV mapping may
lead to distinct patterns of LV dyssynchrony that
may also influence response to CRT [14]. Non-
invasive imaging techniques permit characteriza-
tion of LV activation pattern and quantification
of LV dyssynchrony in heart failure patients with
wide QRS and have provided several indices of
LV dyssynchrony to predict response to CRT. The
Predictors of Response to CRT (PROSPECT)
trial was the first multicenter prospective trial to
explore the role several echocardiographic dys-
synchrony parameters to predict response to CRT
[15]. With 498 enrolled patients, the trial demon-
strated the modest accuracy of a dozen of echo-
cardiographic LV dyssynchrony parameters to
predict response to CRT [15]. However, the obser-
vational study design, the inclusion of patients
with LVEF>35% or LV end-diastolic dimensions
<65 mm, and technical related issues (different
vendors, poor acoustic window) may have had
significant impact on the results. Furthermore,
several pathophysiological factors, such as myo-
cardial scar and LV lead position were not con-
sidered in the interpretation of the results of the
PROSPECT trial [16]. Subsequent studies have in
fact shown that an integrative approach, includ-
ing assessment of LV dyssynchrony, site of latest
activation and presence of transmural scar at the
segments targeted by the LV or amount of myocar-
dial scar, may provide a more accurate selection
of patients that will benefit from CRT [17-19].
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Two-dimensional and 3-dimensional echocardio-
graphic deformation imaging, cardiac magnetic
resonance (CMR) and nuclear imaging are valu-
able tools to assess all these pathophysiological
determinants of response to CRT. Furthermore,
fusion imaging of positron emission tomography
(PET) and computed tomography or CMR and flu-
oroscopy have permitted accurate visualization of
cardiac vein anatomy overlaid on myocardial scar
tissue providing an accurate guidance for LV lead
delivery [20, 21].

Furthermore, after CRT implantation, the role
of optimization of the device settings to improve
clinical outcomes remains debatable [22]. Several
echocardiographic approaches have been evalu-
ated to optimize CRT settings.

The present chapter reviews the role of echo-
cardiography to select heart failure patients who
are candidate for CRT and the latest advances
achieved after PROSPECT trial on multimodality
imaging.

LV Dyssynchrony Assessment

Previous meta-analysis pooling data of more than
5000 heart failure patients included in CRT ran-
domized controlled trials has shown that patients
with a QRS duration >150 ms clearly benefit
from CRT, whereas this benefit is more ques-
tioned in patients with a QRS duration between
120 and 149 ms [23]. Furthermore, the sub-
analysis of the MADIT-CRT trial showed that the
outcomes were significantly superior in patients
treated with CRT who had LBBB QRS morphol-
ogy than patients with other types of intraven-
tricular conduction defects [12]. Accordingly,
current European Society of Cardiology guide-
lines for diagnosis and management of heart fail-
ure patients have modified the inclusion criteria
for CRT indication [1]. One quarter of heart fail-
ure patients have LBBB QRS morphology [24].
The delayed activation of the left ventricle due to
LBBB is characterized by contraction of the
interventricular septum against a lateral wall that
is passively stretched and followed by late con-
traction of the lateral wall against the stretched
interventricular septum leading to inefficient LV

global contraction. However, this mechanical
pattern may change depending on the LV sub-
strate (i.e. areas of scar) and the effect of CRT
may vary accordingly [14].

Several imaging techniques have provided
multiple LV dyssynchrony indices that try to
characterize the LV mechanical activation dis-
persion and to predict response to CRT. Table 26.1
summarizes the echocardiographic LV dyssyn-
chrony parameters that were evaluated in the
PROSPECT trial [15]. Although the results of
the PROSPECT trial showed a modest accuracy
of a dozen of M-mode and Doppler echocardiog-
raphy and tissue Doppler imaging derived LV
dyssynchrony parameters to predict response to
CRT [15], subsequent analyses have shown that
the presence of significant LV dyssynchrony
assessed with tissue Doppler imaging for exam-
ple is associated with increased likelihood of
response to CRT and improved outcome [11,
25]. Therefore, analysis of LV dyssynchrony
with imaging techniques provides incremental
information in the selection of patients for CRT
implantation.

However, in the last years the focus has been
shifted towards evaluation of active mechanical
deformation with speckle tracking echocardiog-
raphy or tagged-CMR and towards global evalu-
ation with 3-dimensional imaging techniques to
characterize LV mechanical dispersion or
dyssynchrony.

2D Speckle Tracking
Echocardiography

Two-dimensional speckle tracking echocardiog-
raphy analyzes multidirectional active myocar-
dial deformation by tracking frame to frame the
movement of the speckles (natural acoustic
markers equally distributed within the myocar-
dium) along the cardiac cycle. Applied to the LV
short-axis view, LV dyssynchrony is frequently
measured as the time difference between peak
radial strain of the (antero)septal and (postero)
lateral walls (Fig. 26.1) [26]. A time differ-
ence > 130 ms has demonstrated to predict
response to CRT with relative high accuracy
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Table 26.1 Echocardiographic parameters of cardiac dyssynchrony evaluated in the PROSPECT trial

Echocardiographic Echocardiographic Cut-off value of
parameter technique Description of the method LV dyssynchrony
Septal-to-posterior M-mode Time difference between the inward motion of the | >130 ms
wall motion delay septum and the posterior wall measured on
parasternal long-axis view of the LV
Interventricular Pulsed wave Time difference between the onset of the >40 ms
mechanical Doppler pulmonary flow and the aortic flow measured on
dyssynchrony parasternal short-axis view at the level of the
aortic valve and LV apical long-axis view,
respectively
LV filling time/RR Pulsed wave Duration of LV filling time measured on pulsed <40%
interval Doppler wave Doppler recordings of the mitral inflow
(from onset of E wave to end of A wave)
corrected for the RR interval
LV pre-ejection Pulsed wave Time interval between the beginning of the QRS >140 ms
interval Doppler and the onset of the LV ejection measured on LV
apical long-axis view
Left lateral wall M-mode Presence of overlap between the end of the lateral | Any overlap
contraction Pulsed wave wall contraction (on M-mode recordings) and
Doppler onset of LV filling (on pulsed wave Doppler
recordings of the mitral inflow)
Ts-(lateral-septal) TDI Time delay between the peak systolic velocity of | >60 ms
the basal septal and lateral walls measured on the
LV apical 4-chamber view
Ts-SD TDI Standard deviation of time from onset of QRS to >32 ms
peak systolic velocity of 12 LV segments (6 basal
and 6 mid-ventricular)
Peak velocity TDI Maximal time delay between the earliest and the | >110 ms
difference latest peak systolic velocity of 6 LV basal
segments
Delayed longitudinal | TDI Number of LV basal segments with delayed >2 basal
contraction Strain rate imaging | longitudinal contraction with a systolic segments
contraction component in early diastole on TDI
and confirmed with strain rate imaging
Ts-peak displacement | TDI Maximal time delay between peak systolic >Median
displacement of 4 segments
Ts-peak (basal) TDI Maximal time delay between peak systolic >Median
velocities of 6 LV basal segments
Ts-onset (basal) TDI Maximal difference of time to onset of systolic >Median
velocity of 6 LV basal segments

A late diastolic velocity, E early diastolic velocity, LV, left ventricular, 7D/ tissue Doppler imaging, 7s time to

(83% sensitivity and 80% specificity) and has
been independently associated with improved
outcome after CRT implantation [11, 27].
Furthermore, the assessment of LV mechanical
dispersion with longitudinal strain speckle track-
ing echocardiography has also demonstrated
good accuracy to predict response to CRT [28].
By calculating the standard deviation of the dif-
ference between peak and end-systolic longitudi-
nal strain of 16 LV segments (in the apical 4-,
2- and 3-chamber views), Lim and coworkers

derived the strain dyssynchrony index, an index
that combines activation time and myocardial
contractile reserve (Fig. 26.1) [28]. A cut-off
value of strain dyssynchrony index >25% had a
high accuracy to predict significant LV reverse
remodeling after CRT (area under the curve:
0.94). Unlike tissue Doppler imaging techniques,
the measurement of myocardial deformation with
speckle tracking echocardiography is not influ-
enced by the insonation angle of the ultrasound
beam. However, some 2-dimensional speckle
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Fig. 26.1 Assessment of LV dyssynchrony with
2-dimensional speckle tracking echocardiography. Panel
(a) shows an example of a patient with significant LV dys-
synchrony as assessed with radial strain. The time differ-
ence between peak radial strain of the anteroseptal and
posterior segments is 170 ms. Panel (b) shows the mea-

tracking echocardiography derived LV dyssyn-
chrony parameters do not provide information on
the global LV mechanical activation pattern and
some parameters are computed based on the
acquisition of several views during different car-

U. Hoke et al.
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surement of strain delay index based on longitudinal
strain. This index evaluates the time difference and longi-
tudinal strain magnitude between peak and end-systolic
longitudinal strain of 16 segments. In this example, strain
delay index indicates significant dyssynchrony (>25%).
ES end-systolic

diac cycles, introducing a potential beat-to-beat
variability in its calculation [29]. In this regard,
the development of 3-dimensional imaging tech-
niques has enabled the assessment of global LV
mechanical dyssynchrony.
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3-Dimensional Echocardiographic
Techniques

One of the first LV dyssynchrony indices based
on real-time 3-dimensional echocardiography
was the systolic dyssynchrony index (Fig. 26.2).
From a LV 3-dimensional full volume, the LV
endocardial border is manually or semiautomated
defined (depending on the post-processing soft-
ware) at end-systole and end-diastole and a math-
ematical 3-dimensional model of the left ventricle
is derived. This model is subsequently divided
into 16 or 17 segments and the LV mechanical
dyssynchrony is quantified by calculating the
standard deviation of time to minimum regional
volume of 16 or 17 LV subvolumes. A recent
meta-analysis pooling data from 600 heart failure
patients undergoing CRT implantation demon-
strated a good accuracy of real-time 3-dimensional
echocardiography to predict response to CRT
[30]. A weighted mean systolic dyssynchrony
index of 9.8% predicted response to CRT with a
sensitivity of 93% and a specificity of 75% [30].

Furthermore, from triplane LV echocardio-
graphic data, tissue Doppler imaging can be
applied and LV dyssynchrony can be calculated
as the standard deviation of time to peak velocity
of 12 basal and mid ventricular segments [31].
Particularly, tissue synchronization imaging has
provided a rapid and intuitive visualization of LV
mechanical dyssynchrony providing color-coded
polar map plots of the left ventricular activation.
The earliest activated segments are color-coded
in green whereas the latest activated segments are
color-coded in orange (Fig. 26.2). Using this
methodology, van de Veire et al. demonstrated
that a standard deviation of time to peak systolic
velocities >33 ms predicted response to CRT
with 90% and 83% sensitivity and specificity,
respectively [31].

Finally, the recent developed 3-dimensional
speckle tracking has also permitted quantifi-
cation of LV dyssynchrony. Unlike 2-dimen-
sional speckle tracking echocardiography,
3-dimensional speckle tracking echocardiogra-
phy permits analysis of myocardial deformation
of the true full LV volume avoiding foreshortened
images and it is not affected by the out-of-plane

motion of the speckles. From a 3-dimensional LV
full volume, the endocardial borders are manually
traced and the software displays a region of inter-
est including the myocardial wall and tracks the
speckles along the cardiac cycle. Longitudinal,
circumferential and radial strains are then calcu-
lated. In heart failure patients undergoing CRT
implantation, the role of 3-dimensional speckle
tracking to characterize LV dyssynchrony and
predict response to CRT has been tested [32, 33].
LV dyssynchrony can be calculated as the stan-
dard deviation of time to peak strain for 16 LV
segments. In a series of 54 heart failure patients
treated with CRT, 3-dimensional speckle track-
ing demonstrated a larger LV dyssynchrony
compared with healthy volunteers (124 + 48 ms
vs. 28 = 11 ms, respectively; p < 0.001) [32].
Furthermore, the software provides an index of
global LV performance (area strain) computing
LV shortening in two directions (longitudinal and
circumferential) and LV dyssynchrony (calcu-
lated as the standard deviation of time to peak
strain of 16 segments) (Fig. 26.2). The accuracy
of this 3-dimensional speckle tracking derived
parameter to predict response to CRT has been
recently tested in 14 heart failure patients [34].
A cutoff value of >3.8% predicted response to
CRT with a sensitivity of 78% and specificity of
100% [34]. However, the low temporal resolu-
tion of 3-dimensional speckle tracking may be an
important limitation in LV dyssynchrony assess-
ment. Therefore, the results of published studies
reporting the accuracy of this technique to predict
response to CRT should be taken with caution
since the proposed cut-off values of the LV dys-
synchrony indices.

Magnetic Resonance Imaging

CMR is a valuable 3-dimensional imaging tech-
nique to characterize LV dyssynchrony. Using
steady-state free-precession sequence, a stack
of short-axis slices covering the entire left ven-
tricle are acquired and the LV mechanical dys-
synchrony can be analyzed by evaluating the
regional radial wall motion. The standard devia-
tion of the phase shift of the maximum radial
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Fig. 26.2 Three-dimensional echocardiographic tech-
niques to evaluate LV dyssynchrony. Panel (a): LV dys-
synchrony can be quantified from 3-dimensional
full-volume datasets of the left ventricle by measuring the
systolic dyssynchrony index (standard deviation of time to
minimum  systolic volume of 16 subvolumes
[Tmsv16-SD]). The LV mechanical dispersion can be also
visualized on color-coded polar maps, with the earliest
activated regions coded in blue and the latest activated
areas coded in orange-red. In this example, the patient
shows significant LV dyssynchrony (Tmsv16-SD 20.05%)
and the lateral and posterior LV regions as the most
delayed activated areas. The time-volume curves of the 16
regional subvolumes are plotted in a graph providing also
a visual estimation of LV dyssynchrony. Panel (b):
Assessment of LV dyssynchrony with triplane tissue syn-
chronization imaging. The polar map shows the time to
peak systolic velocity of 12 basal and midventricular LV
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segments. LV dyssynchrony is calculated as the standard
deviation of time to peak systolic velocity of the 12 seg-
ments. In this example, there is significant LV dyssyn-
chrony (standard deviation: 47 ms) and the mid
posterolateral segment is the most delayed activated area.
Panel (c): With 3-dimensional speckle tracking, area
strain index is derived by computing LV shortening in two
directions (longitudinal and circumferential) and LV dys-
synchrony (calculated as the standard deviation of time to
peak strain of 16 segments). In this example, after defin-
ing the region of interest, the software derives 3-dimen-
sional model of the left ventricle providing the value of
area strain index (6.3%). This 3-dimensional model per-
mits visualization of the latest activated areas (coded in
red). The time to area strain curves for the 16 segments
can be visually assessed in a graph. Adapted from Tatsumi
et al. [34]
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wall motion of all LV segments provides the LV
dyssynchrony index known as CMR-tissue syn-
chronization index (Fig. 26.3). Using this tech-
nique, Chalil et al. demonstrated that CMR-tissue
synchronization index was independently asso-
ciated with long-term outcome of heart failure
patients treated with CRT [35]. Patients with a
CMR-tissue synchronization index >110 ms had
fivefold increased mortality risk compared with
patients with a CMR-tissue synchronization index
<110 ms [35]. Therefore, this CMR-derived LV
dyssynchrony parameter may be of importance in
the patient selection for CRT. In addition, tagged
CMR permits assessment of longitudinal and cir-
cumferential strain in 3 dimensions and provides
data on LV mechanical activation that is opera-
tor independent [17]. Particularly, the measure-
ment of LV mechanical dyssynchrony has been
largely based on circumferential strain data pro-
vided by tagged-CMR. Applying harmonic phase

method to LV short-axis tagged slices, circum-
ferential strain is assessed and time to peak cir-
cumferential strain is measured to provide the LV
mechanical index, the so-called circumferential
uniformity ratio estimate (CURE) (Fig. 26.3)
[17]. This LV dyssynchrony index ranges from O
(pure dyssynchrony) to 1 (perfect synchronous).
In 20 patients undergoing CRT implantation,
Bilchick et al. demonstrated that a CURE index
<0.75 had 90% accuracy to predict response to
CRT (positive predictive value: 87% and negative
predictive value: 100%) [17].

Nuclear Imaging

Finally, LV dyssynchrony can be also assessed
with nuclear imaging techniques. Quantitative
ECG-gated single photon emission computed
tomography (SPECT) characterizes LV dyssyn-

Fig. 26.3 LV dyssynchrony assessment with cardiac
magnetic resonance. Panel (a): Assessment of LV dyssyn-
chrony with CMR based on evaluation of regional radial
wall motion. From steady-state free-precession sequence,
a stack of short-axis slices covering the entire left ventri-
cle are acquired. The time to segmental radial wall motion
can be displayed in a graph. The standard deviation of the
phase shift of the maximum radial wall motion of all LV
segments provides the LV dyssynchrony index known as
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CMR-tissue synchronization index. Panel (b): With
tagged-CMR, circumferential strain can be measured at
12 LV segments (septal, posterior, lateral and anterior at
pical, mid and basal levels of the left ventricle). Time to
peak circumferential strain is measured providing the cir-
cumferential uniformity ratio estimate (CURE) index.
This index ranges from 0 (dyssynchronous) to 1 (synchro-
nous). Reproduced with permission from Chalil et al. [35]
and Bilchick et al. [17]
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Fig. 26.4 Assessment of LV dyssynchrony with gated
myocardial perfusion SPECT. Example of a heart failure
patient with LV dyssynchrony as assessed with gated

chrony by calculating the phase angle of multiple
LV samples and providing the phase angle distri-
bution in a polar map or a histogram (Fig. 26.4).
The bandwidth and the phase standard deviation
are the LV dyssynchrony parameters. The pro-
posed optimal cut-off value of the histogram
bandwidth to predict response to CRT was 72.5°
(sensitivity 83% and specificity 81%) whereas a
phase standard deviation >19.6° predicted
response to CRT with a sensitivity and specificity
of 83% and 81%, respectively [36].

As many non-randomized single center trials
published prior to the PROSPECT trial, the evi-
dence provided by these new studies using novel
technologies demonstrates and confirms that assess-
ment of LV dyssynchrony plays an important role in
selecting heart failure patients for CRT. However,
subsequent studies following the PROSPECT trial
have included in their analyses other pathophysio-
logical factors that may influence the response to
CRT such as myocardial scar or LV lead position
and that were not evaluated in the PROSPECT trial.

LV Lead Position: Site of Latest
Activation

Cannulation of the coronary sinus and placement
of an LV lead in a suitable tributary that permits
a stable position, avoids phrenic nerve stimula-

U. Hoke et al.
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myocardial perfusion SPECT. The polar map shows the
heterogeneous phase angle distribution whereas the histo-
gram shows a broad peaked histogram

tion and reduces LV dyssynchrony (as assessed
with significant shortening of the QRS duration
or with imaging techniques) is the most crucial
aspect of CRT implantation. Lateral or postero-
lateral veins are the preferred locations for LV
lead placement. However, several observational
studies and two randomized trials have demon-
strated that location of the LV pacing lead at the
area of latest mechanical activation is associ-
ated with superior CRT outcomes [18, 37-39].
Assessment of the latest activated region of the
left ventricle can be performed with echocar-
diographic and CMR techniques. Several echo-
cardiographic techniques such as triplane tissue
synchronization imaging, 3D speckle tracking
or 3D echocardiography have demonstrated to
accurately localize the site of latest activation.
Two-dimensional speckle tracking echocardiog-
raphy may be the imaging technique providing
the largest evidence on the relevance of evaluat-
ing the site of latest activation and the impact of
a concordant LV lead position [18, 37, 39]. With
this technique, the latest activated areas are iden-
tified on the time-radial strain graphs as the seg-
ments with the most delayed peak radial strain.
The first randomized trial evaluating the effect of
LV lead position (coincident or not with the site
of latest activation) on response to CRT and long-
term outcome was the TARGET (Targeted Left
Ventricular Lead Placement to Guide Cardiac
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Fig. 26.5 Evaluation of coronary venous anatomy with
MDCT and CMR. Prior to CRT implantation, MDCT per-
mits accurate assessment of venous coronary anatomy.
The example shows the posterior interventricular vein and
the left lateral vein as tributaries of the coronary sinus
(panel (a)). With CMR the coronary venous anatomy can

Resynchronization Therapy) trial [37]. A total of
220 patients treated with CRT were randomized
to LV lead positioning according to 2-dimen-
sional speckle tracking analysis results (con-
cordant with the latest activated segments) or to
conventional LV lead placement. At 6 months
follow-up, the response rate to CRT (>15%
reduction in LV end-systolic volume) was sig-
nificantly higher among patients with an LV lead
coincident with the site of latest activation than in
patients in whom the LV lead was placed conven-
tionally (70% vs. 55%, p = 0.031). In addition,
patients with an LV lead position concordant with
the site of latest activation showed superior long-
term outcome than patients with a discordant LV
lead position (10% vs. 21% cumulative incidence
of combined endpoint of HF hospitalizations or
all-cause mortality; p < 0.001) [37].
Furthermore, noninvasive assessment of coro-
nary venous anatomy may be helpful to plan the
implantation strategy. In ischemic heart failure

be also evaluated and the data can be merged with real-
time fluoroscopy permitting accurate guidance of LV lead
positioning (panel (b)). Reprinted with permission from
Duckett et al. [20]. CS coronary sinus, LLV left lateral
vein, PIV posterior interventricular vein

patients, particularly, the presence of a suitable
lateral or posterolateral vein is less frequent and
may challenge the LV lead positioning [40].
MDCT and CMR permit accurate non-invasive
assessment of the coronary sinus and tributaries
(Fig. 26.5). Evaluation of the coronary venous
anatomy prior to CRT implantation has been
associated with reduced procedural times, use of
contrast volume and fluoroscopy times [41].
Furthermore, MDCT or CMR data can be inte-
grated with fluoroscopy and provide an optimal
guidance for LV lead positioning (Fig. 26.5).

Myocardial Scar

Coronary artery disease is the leading cause of
heart failure. A subanalysis of the CARE-HF
trial showed that patients with ischemic heart
failure benefited from CRT at a lesser extent than
patients with non-ischemic heart failure [42].
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Similarly, a population-based study including
almost 15,000 patients treated with CRT demon-
strated that ischemic etiology was one of the
strongest prognostic factors [9]. Observational
studies have shown that placing the LV lead on
an area of transmural myocardial scar is associ-
ated with high likelihood of non-response to
CRT [18, 19]. In addition to the location of trans-
mural scar, the extent or burden of myocardial
scar has an important influence on the effects of
CRT [43-45].

Delayed contrast-enhanced CMR and radio-
nuclide myocardial perfusion imaging are con-
sidered the gold standard for assessment of
myocardial scar (Fig. 26.6). Delayed contrast-
enhanced CMR has higher spatial resolution than
nuclear imaging techniques and permits exact
visualization of the transmurality of myocardial
scar. With this technique, Leyva et al. demon-
strated that patients with an LV lead placed at
myocardial areas with transmural scar had six-
fold higher risk of cardiovascular death than
patients without transmural scar (hazard ratio;
6.34, 95% confidence interval 3.64-11.0,
p < 0.0001) [19]. Furthermore, using radionu-

clide myocardial perfusion imaging two large
studies have demonstrated that global myocardial
scar burden has an independent influence on
long-term outcome of patients treated with CRT
[43, 45]. In 213 heart failure patients treated with
CRT who underwent pre-procedural PET (n = 46)
or SPECT (n = 167) myocardial perfusion imag-
ing, Xu et al. showed that an extent of myocardial
scar >22% together with an age < 70 years were
associated with superior long-term survival after
CRT [45]. In addition, Adelstein et al. quantified
myocardial scar burden with rest-redistribution
21 Thallium-SPECT in 190 ischemic heart failure
patients treated with CRT [43]. A summed rest
score > 27 identified patients with large myocar-
dial scar burden. Patients with a summed rest
score < 27 showed larger LV reverse remodeling
and improvement in LVEF and had twofold
higher survival free from cardiac transplant or LV
assist device implantation as compared with
patients with a summed rest score > 27 [43].
Assessment of myocardial viability and scar
with echocardiographic techniques is also feasi-
ble. Particularly, speckle tracking echocardio-
graphic techniques have been validated against

Fig. 26.6 Evaluation of location and extent of myocar-
dial scar. Panel (a) shows the example of a patient with
transmural myocardial scar on delayed contrast-enhanced
cardiac magnetic resonance in the septum and anterosep-
tum of the left ventricle (arrows). Panel (b) shows the

example of a patient with transmural scar in the inferosep-
tum and posterolateral regions (arrows). The position of
the left ventricular lead in an area with transmural scar
may lead to non-response to cardiac resynchronization
therapy
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contrast-enhanced CMR to identify transmural
myocardial scar [46]. Using speckle tracking
radial strain echocardiography, a value of peak
radial strain <16.5% has been proposed to iden-
tify regions of transmural myocardial scar [46].
In 397 ischemic heart failure patients the pres-
ence of transmural scar as assessed with speckle
tracking radial strain echocardiography at the
area targeted by the LV lead was independently
associated with poor outcome [18]. The addition
of myocardial scar in the segment targeted by the
LV lead had incremental prognostic value over
LV dyssynchrony, LV lead position and other
well-known clinical prognostic markers [18].

This evidence suggests that integration of sev-
eral pathophysiological determinants of CRT
efficacy may be more important in patient selec-
tion rather than relying on one single selection
criterion.

CRT Optimization

Simultaneous right and left ventricular pacing
with a sensed atrioventricular (AV) delay pro-
grammed at 110-120 ms is the most common
mode of CRT pacing [47]. However, these empiri-
cally programmed settings may not provide opti-
mal LV filling or result in the most synchronous
LV contraction in every patient. Previous study has
shown that non-optimal AV delay was the cause of
non-response to CRT in 45% of heart failure
patients whereas suboptimal interventricular (VV)
delay was less frequently the cause of suboptimal
clinical response [48]. Optimization of CRT set-
tings aims at achieving 100% biventricular pacing,
maximum contribution of the left atrial contrac-
tion to the LV filling and at eliminating residual
LV dyssynchrony. However, randomized and non-
randomized trials evaluating the effects of AV and/
or VV delay optimization on clinical outcomes
have shown controversial results. Recent meta-
analysis pooling data of 4356 patients treated with
CRT showed no differences in clinical or echocar-
diographic outcomes between patients who under-
went AV and/or VV delay optimization and
patients with empirically programmed settings
[22]. The lack of standardized methodologies to

optimize the CRT device and the inclusion of het-
erogeneous populations in clinical trials (respond-
ers and non-responders to CRT) may explain the
controversial results of CRT optimization across
the different studies. Several echocardiographic
methods have been largely used for CRT optimiza-
tion (Table 26.2) [49].

Heart failure patients may have a conduction
delay between the atrium and the ventricle (too
long AV delay) leading to a short LV filling time.
On echocardiography, this situation is recognized
by a fusion of the early (E) and late (A) wave
velocities on pulsed wave Doppler recordings of
the transmitral inflow. In addition, diastolic mitral
regurgitation can be observed if the pressures in
the LV exceed the pressures of the left atrium
before the LV contraction starts, leading to a fur-
ther reduced LV preload and stroke volume. By
shortening the AV delay, the E and A waves sepa-
rate thereby increasing the LV filling time and
leading to higher preload of the LV (Fig. 26.7).
Optimization of the AV delay seeks for the short-
est AV delay without truncation of the A wave.
Table 26.2 summarizes the different echocardio-
graphic methods to optimize the AV delay.
Among them, the iterative method is the most
frequently used. This method is based on pulsed
wave Doppler recordings of the mitral inflow.
From a long AV delay, the pulsed wave Doppler
of the mitral inflow is recorded, and subsequently
the AV delay is shortened in 20 ms steps until the
A wave is truncated by the LV contraction on the
spectral Doppler signal. Then, the AV delay is
lengthened by steps of 10 ms until obtaining the
optimal LV filling time. This method was used in
the SMART-AV trial [50].

Optimization of the VV delay may help to
improve the response of patients with a non-
optimal LV lead position. Residual LV dyssyn-
chrony or more pronounced LV dyssynchrony
after CRT implantation may occur leading to
suboptimal clinical outcomes. By adjusting fur-
ther the VV delay, a more physiological activa-
tion of the LV may be achieved. Several
echocardiographic methods have been proposed
to optimize the VV delay and are based on assess-
ment of surrogates of stroke volume or assess-
ment of mechanical dyssynchrony (Table 26.2).
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Table 26.2 Echocardiographic methods for CRT optimization

Target
mechanism

Echocardiographic
method

Description

AV optimization

Optimization of
LV diastolic
filling

Iterative method

On pulsed wave Doppler recordings of the mitral inflow,
the LV filling time is measured at different AV delays
(from long to short at 20 ms steps). The shortest AV
delay without truncation of the A wave if the optimal AV
delay

Ritter’s method

On pulsed wave Doppler recordings of the mitral inflow
obtained at two extreme AV delays (AV,,,, and AV g,
the time between the QRS complex onset to the
completion of the A wave is measured. The optimal AV
delay is calculated based on the formula:
AVshort+[(AVlong+QAlong)—(AVshort+QAshort)]

Mitral inflow VTI

Measurement of the VTI of the transmitral inflow on
pulsed wave Doppler recordings. The optimal AV delay
provides the largest VTI

Meluzin’s method

On pulsed wave Doppler recordings of the transmitral
inflow, a long AV delay is set. The time between the end
of the A wave and the onset of mitral regurgitation
spectral signal is measured (t1). The difference between
long AV delay and t1 yields the optimal AV delay

Optimization of
LV systolic
function

LV dP/dt

In patients with mitral regurgitation, the time needed to
raise the pressure from 4 to 36 mmHg is measured on
continuous wave Doppler recordings. The optimal AV
delay is given by the shortest time

LVOT VTI

On pulsed wave Doppler recordings of the LV outflow,
the velocity time integral of the LVOT flow is measured
and the stroke volume derived. The optimal AV delay
provides the largest stroke volume

Myocardial
performance
index

Measured on pulsed wave Doppler of the transmitral
inflow and LVOT or on pulsed wave TDI, the sum of
isovolumic contraction and relaxation times divided by
the ejection time provides the myocardial performance
index. The optimal AV delay yields the lowest
myocardial performance index

V'V optimization

Optimization of
LV systolic
function

LVOT VTI

On pulsed wave Doppler recordings of the LV outflow,
the velocity time integral of the LVOT flow is measured
and the stroke volume derived. The optimal VV delay
provides the largest stroke volume

Optimization of
LV mechanical
dyssynchrony

Interventricular
mechanical
dyssynchrony

Time difference between the onset of the pulmonary
flow and the aortic flow measured on parasternal
short-axis view at the level of the aortic valve and LV
apical long-axis view, respectively. The optimal VV
delay yields the shortest interventricular mechanical
dyssynchrony

Ts-peak and
Ts-SD

On TDI, the time delay between the peak systolic
velocity of the basal septal and lateral walls measured on
the LV apical 4-chamber view or the standard deviation
of time from onset of QRS to peak systolic velocity of
12 LV segments (6 basal and 6 mid-ventricular) are
measured. The optimal VV delay provides the shortest
time delay or lowest standard deviation

Real-time 3D
echocardiography

From 3D full volume datasets of the LV, the standard
deviation of time from onset of QRS to minimum
volume of 16-17 segments is measured. The optimal VV
delay provides the lowest standard deviation

3D 3-dimensional, AV atrioventricular, LV left ventricular, LVOT left ventricular outflow tract, SD standard deviation,
TDI tissue Doppler imaging, Ts time to, V71 velocity time integral, VV interventricular
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From pulsed wave Doppler recordings of the LV
outflow, the stroke volume can be calculated by
measuring the velocity time integral of the spec-
tral signal. Using this method, the effect of sev-
eral VV delay configurations on stroke volume
can be assessed. Stroke volume is assessed dur-
ing RV pre-stimulation (from +60 to +20 ms),
simultaneous stimulation (0 ms) and LV pre-
stimulation (from —20 to —60 ms). The VV delay
that yields the largest velocity time integral and
stroke volume would be considered the optimal
delay. In addition, other studies have shown the
value of tissue Doppler imaging to assess LV
dyssynchrony across the several VV delay set-
tings [49, 51, 52].

Future Steps: Imaging Integration

Technological advances have permitted integra-
tion or fusion of imaging techniques to provide
information on several pathophysiological fac-
tors that may influence CRT response. One of the
first experiences evaluating LV dyssynchrony
and LV lead position in relation to areas of myo-
cardial scar used 3-dimensional imaging fusion
with 8F-FDG-PET/CT [21]. In 14 candidates for
CRT, LV dyssynchrony was assessed with LV
phase analysis of data obtained with ECG-gated
PET [21]. Histogram bandwidth, phase angle
standard deviation and global phase entropy
(reflecting uniformity of movement) were pro-
vided. In addition, myocardial scar was detected
from LV ®E-FDG polar maps normalized to the
highest glucose uptake. Areas with <50% uptake

Long AV-delay [0 1€ | Short AV-delay Pt
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identified non-viable areas (myocardial scar).
Finally, integrating'®F-FDG-PET and low-dose
CT images, the LV lead tip was localized and
assigned to viable or nonviable (scar) myocar-
dium (Fig. 26.7). Responders to CRT showed
more LV dyssynchronous contraction, less bur-
den of myocardial scar and less frequently LV
leads were placed in areas with nonviable myo-
cardium [21]. In addition, Duckett et al. demon-
strated the usefulness of integrating MDCT or
delayed contrast-enhanced CMR with fluoroso-
copy to guide CRT implantation [20]. Specific
post-processing softwares permit segmentation
of the coronary venous anatomy and myocardial
scar from delayed contrast-enhanced CMR data
and overlay these data onto real-time fluoroscopy
providing further guidance to CRT implantation
[20]. In addition, Doring et al. showed the value
of integrating LV mechanical activation data
obtained with 3D transesophageal echocardiog-
raphy with 3D data of the coronary sinus and
venous tributaries obtained with rotational angi-
ography (Fig. 26.8). The sites of latest activation
are color-coded in red while the earliest activated
segments are color-coded in blue. By interpolat-
ing the 3D model of the cardiac venous anatomy
and the LV 3D activation map, the position of the
LV lead can be guided to target the site of latest
activation [52]. Recently, the role of fusion imag-
ing on CRT optimization has also been evaluated.
The polar maps of LV activation obtained with
3D real-time transesophageal echocardiography
are fused with 3D models of the venous anatomy
and position of the LV lead obtained with rota-
tional angiography. In patients with suboptimal

T Optimal AV-delay

Fig. 26.7 Optimization of the atrioventricular delay fol-
lowing the iterative method. From a long atrioventricular
(AV) delay, where the early (E) and late (A) diastolic
waves are fused, the AV delay is shortened by 20 ms steps

until the A wave is truncated. From that time, the AV delay
is lengthened to obtain the shortest AV delay without trun-
cation of the A wave. Reproduced with permission from
Bertini et al. [49]
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RV +30 ms

SDI=T7%
LVEF = 38%

SDI = 3%
LVEF = 49%

re-programmed

Fig. 26.8 Fusion imaging in cardiac resynchronization
therapy. Panel (a): On fluoroscopic rotation scan, the
course of the right and left ventricular leads is registered.
The right anterior oblique (RAO) and left anterior oblique
(LAO) views are shown. Panel (b): Reconstruction of the
3-dimensional (3D) left ventricular (LV) model obtained
with transesophageal echocardiography. The polar map
with the time to minimum regional volume is provided.
Panel (c¢): The 3D LV model with the time to minimum
regional volume for all LV segments is displayed and
fused with the angiographic rotation scan data indicating
the position of the LV lead relative to the site of latest

U. Hoke et al.

VWiOms LV+30ms

LV only

5Dl = 6%
LVEF = 38%
baseline VV-delay

5DI =5%
LVEF = 51%

5DI = 6%
LVEF = 40%

activation (color-coded in red). Panel (d): several VV
delays are tested and the standard deviation of time from
onset of QRS to minimum volume of 16-17 segments is
measured (SDI). The optimal VV delay provides the low-
est SDI and highest LV ejection fraction (LVEF). In this
example, 30 ms pre-stimulation of the LV may be the pre-
ferred VV delay. Reproduced with permission from
Nitsche et al. [53]. LAO left anterior oblique, LV left ven-
tricle, RAO right anterior oblique, RV right ventricle, SDI
standard deviation of time to minimum regional volume,
SLMA site of latest mechanical activation, VV
interventricular
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position of the LV lead (not coinciding with the
site of latest activation), changes in the polar
maps across the several VV delay settings can be
evaluated and the VV delay that leads to the more
synchronous activation can be selected (Fig. 26.8)
[53]. These new areas of research on image inte-
gration may in the future contribute to improved
patient selection for CRT.

Conclusions

Cardiac resynchronization therapy is one of the
main therapeutic breakthroughs in heart failure
of the last decades. Published data has demon-
strated 60-70% efficacy of this therapy in
improving LV function, inducing LV remodeling
and improving long-term outcome of heart fail-
ure patients. However, the associated costs and
risks demand an accurate selection of heart fail-
ure patients to maximize the results. The
PROSPECT trials showed us that single evalua-
tion of LV dyssynchrony may not be sufficient to
identify the patients who will benefit from
CRT. Many observational studies have demon-
strated that LV dyssynchrony, LV lead position
and location and extent of myocardial scar are
independent determinants of response to CRT
and need to be evaluated prior to CRT implanta-
tion. Currently, echocardiography, with a high
availability and cost-effectiveness, is the method
of choice to evaluate most of the pathophysio-
logical  determinants  of  response  to
CRT. Particularly, speckle tracking echocardiog-
raphy has been demonstrated to be a valuable
tool to assess LV dyssynchrony, site of latest
activation and myocardial scar. However, assess-
ment of myocardial scar may be preferably per-
formed with delayed contrast-enhanced CMR or
radionuclide imaging techniques. In this regard,
CMR is a comprehensive imaging tool to assess
LV dyssynchrony, location and extent of myo-
cardial scar and coronary venous anatomy.
Furthermore, optimization of CRT device set-
tings in patients with suboptimal response may
be guided by echocardiographic techniques.
Although the results of several trials have shown
inconclusive, current recommendations consider

optimization of CRT device with echocardiogra-
phy as a bailout methodology to improve the
outcomes of heart failure patients with minimal
improvement in symptoms after device implan-
tation. Finally, post-processing imaging tools
permit overlay of segmented CMR 3-dimen-
sional datasets on real-time fluoroscopy, facili-
tating implantation and optimization of CRT
devices. However, the availability is limited and
in patients with pacemaker devices or with
severe renal dysfunction the use of this tech-
nique may be contraindicated. Additional ran-
domized studies selecting candidates for CRT
based on current recommendations, taking these
pathophysiological factors into account, may
further establish the role of imaging techniques
in patient selection for CRT.
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