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KEY POINTS

� CRT reduces the dyssynchronous activation pattern caused by LBBB and improves the hemody-
namic state. This results in reduced mortality and improved quality of life.

� For the best CRT response the LV lead should be positioned in a late activated area while avoiding
sites with transmural myocardial infarction.

� The addition of more pacing sites further improves the hemodynamic state, but only if the first LV
pacing site yielded a low hemodynamic response.

� An endocardial LV pacing site is superior to an epicardial LV pacing site with respect to CRT
response.

� AV and VV optimization further increase the response to CRT by fusing intrinsic and paced electrical
activation fronts.
INTRODUCTION

Patients with heart failure (HF) combined with left
bundle branch block (LBBB) have broadQRS com-
plexes and an impaired cardiac function. In these
patients it is unclear whether HF leads to LBBB or
vice versa. Animal models, however, have shown
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contraction and reduced cardiac pump function.3

Animal studies have shown that isolated LBBB
causes reduction in ejection time, slower rates of
rise and fall of the LVpressure, andprolongeddura-
tion of isovolumic contraction and relaxation.4

Cardiac resynchronization therapy (CRT) aims
to restore synchronous contraction of the heart
by either LV free wall or biventricular (BiV) pacing.
The first studies started during the late 1990s to
evaluate the effect of CRT.5–7 According to the
current guidelines a CRT device is indicated for
patients with HF and prolonged QRS duration,
preferably with LBBB morphology on the electro-
cardiogram (ECG).8 CRT reducesmortality and im-
proves quality of life,9 but additional research is
needed to optimize this therapy. To this purpose
investigations have also been performed in animal
models of dyssynchrony.
Animals have long been used to study hemody-

namics and electrophysiology in HF. As reviewed
by Strik and colleagues10 the canine seems to be
the best species to study ventricular conduction
abnormalities that occur during pacing and
LBBB, because the anatomic structures of the
bundle branches are comparable with those in
human. Percutaneous radiofrequency ablation of
the LBBB results in a model perfectly suited to
study the effects of CRT.1,4,11,12 This model en-
ables the investigation of the role of LBBB and
CRT in the absence of HF, but if needed, also in
combination with HF (created by chronic tachy-
pacing) or myocardial infarction.10

This article reviews the electrophysiologic and
hemodynamic effects of CRT in animal models
and patients with LBBB.
ELECTROMECHANICS OF DYSSYNCHRONY

In LBBB the normal activation pattern is disturbed
because the LV is no longer activated via the left
bundle branch and Purkinje fibers. Instead, the
electrical activation spreads from the normally
activated RV through the septum toward the LV.
Because activation moving from myocyte to myo-
cyte is much slower, the LV free wall, which is the
site most remote from the RV, is activated latest.
Several clinical13,14 and preclinical15 invasive elec-
trocardiac mapping studies have shown that the
activation in LBBB hearts follows a specific
pattern. LV depolarization moves from the septum
in a circumferential and longitudinal direction.
However, because conduction often appears
slow at the RV-LV junctions an important contribu-
tion of activation comes from the wavefront pass-
ing over the apex toward the LV lateral wall
(referred to as U-shaped activation pattern).
Another characteristic feature is the slow
transseptal conduction in LBBB, possibly caused
by the vertical orientation of the laminar sheets of
myocytes in the septum.16,17 Epicardial activation
maps generated with noninvasive electrocardio-
graphic imaging show comparable electrical pat-
terns, as illustrated by the white arrow in the
upper left of Fig. 1.18 The prolonged activation of
the LV results in an increased total activation
time (TAT) of both ventricles, which is character-
ized by a widened QRS complex on the surface
ECG.13 These findings are similar in dogs.10

Fig. 2 (left) describes how the dyssynchronous
electrical activation of the LV causes the early acti-
vated septum to contract against a reduced load,
which leads to prestretch of the LV lateral wall
(ie, more positive strain; middle, solid line).13 This
prestretch increases contractile force of the LV
free wall, which on its turn paradoxically stretches
the septum later in systole (positive strain of the
septum, dashed line). Both types of systolic
stretching can be considered wasted work, which
is the ratio of negative and positive work (red and
black lines, respectively; bottom).3,19

In canine hearts, the maximum rates of rise and
fall of the LV pressure (dP/dtmax and dP/dtmin)
decrease immediately on creating LBBB and this
decrease is still present after 8 weeks. Echocar-
diographic follow-up shows an increase of end-
diastolic volume (EDV) and end-systolic volume
(ESV) and decrease of ejection fraction (EF) with
longer lasting LBBB.3 These findings replicate
the low EF, increased LV wall stress and ESV,
and impaired myocardial relaxation as seen in pa-
tients with LBBB.20
ELECTROPHYSIOLOGIC EFFECTS OF CARDIAC
RESYNCHRONIZATION THERAPY

The basic idea behind CRT is to resynchronize the
late and more slowly activated LV by individually
pacing both ventricles. Fig. 1 shows that RV pac-
ing alone results in an activation pattern that re-
sembles the intrinsic activation pattern of LBBB
and leads to a QRS duration of 250 milliseconds
(ms) in this example. At a short atrioventricular
(AV) delay LV pacing increases QRS duration,
but with a completely reversed activation pattern
compared with LBBB and RV pacing. With BiV
pacing the left and right activation wavefronts
fuse in the LV, which accelerates its activation,
and consequently result in a shorter QRS duration
of 150 ms.
In dogs simultaneous RV and LV pacing

shortens TAT and QRS duration compared with
the LBBB situation and immediately improves he-
modynamics.10 However, note that BiV pacing
does not necessarily reduce QRS duration6,7 or



Fig. 1. Electrocardiographic images of an LBBB patient recorded during intrinsic conduction, RV pacing, LV pac-
ing, and CRT. Each pair of images shows the anterior (Ant) and inferior (Inf) views. The black lines depict
isochronal lines. Crowded isochronal lines indicate slow conduction. Thick black lines indicate conduction block.
An asterisk indicates the pacing site. The dotted lines in the images of intrinsic conduction show the septal aspect
of the epicardium. The QRS duration (QRSd) and the electrical dyssynchrony index (ED; calculated as the standard
deviation of activation times at 500 sites in the LV) are indicated in the figure for each pacing modality. LA, left
atrium; RA, right atrium. (From Ghosh S, Silva JN, Canham RM, et al. Electrophysiologic substrate and intraven-
tricular left ventricular dyssynchrony in nonischemic heart failure patients undergoing cardiac resynchronization
therapy. Heart Rhythm 2011;8(5):695; with permission.)
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TAT,14 which can be explained by prolonged acti-
vation of the RV that is not intrinsically activated
anymore (ie, slower cell-to-cell conduction instead
of activation through the Purkinje network;
compare intrinsic conduction and RV pacing in
Fig. 1). Moreover, in dogs it has been shown that
hemodynamic improvement can even occur
when the QRS duration has not shortened
because of CRT.1

In responders CRT reduces LV dyssynchrony,
measured as LV TAT or as the electrical dyssyn-
chrony index (Fig. 1; lowest for BiV pacing).18

CRT reduces the difference in the onset of electri-
cal activation between LV and RV.11 Ultimately,
the intraventricular and interventricular (VV) re-
synchronization improve pump function.
ACUTE HEMODYNAMIC EFFECTS OF
CARDIAC RESYNCHRONIZATION THERAPY

In dogs with LBBB acute BiV pacing raises dP/
dtmax almost back to pre-LBBB levels, without
affecting LV end-systolic or end-diastolic
pressures. In canines with LBBB and tachypacing
induced HF the relative increase in LV dP/dtmax is
larger than in nonfailing LBBB hearts, but the ab-
solute increase is comparable.15 In patients the
onset of BiV pacing immediately increases LV
dP/dtmax compared with LBBB or RV pacing and
this increase typically ranges from 10% to
30%.6,7,21

LV dP/dtmax has become an important variable
for hemodynamic studies in CRT, but also pulse
pressure and cardiac index increase during BiV
stimulation.6,21,22 Pressure-volume loop analysis
in dogs with LBBB and HF shows an increase in
stroke volume and stroke work (SW) in BiV pacing
compared with baseline measurements.7 It has
been suggested that SW is amore reliablemeasure
than increased LV dP/dtmax, because SW takes the
complete systolic phase into account and com-
prises pressure and volume changes, whereas LV
dP/dtmax only reflects the isovolumic contraction
of cardiac systole.23 However, the acute improve-
ment in LV dP/dtmax may not be able to predict
the clinical outcome on the long-term.24



Fig. 2. Estimated LV pressure (top), strain (middle), and calculation of wasted work for the septum and lateral
wall (bottom) in a representative patient with LBBB (left) and after treatment with CRT (right). Vertical lines indi-
cate valvular events defined by echocardiography. Negative and positive work during systole is marked as red and
black, respectively. Wasted work ratios were calculated using cumulated work between the closure and subse-
quent opening of the mitral valve (MVC and MVO, respectively). AVC, aortic valve closure; AVO, aortic valve
opening. (From Russell K, Eriksen M, Aaberge L, et al. Assessment of wasted myocardial work: a novel method
to quantify energy loss due to uncoordinated left ventricular contractions. Am J Physiol Heart Circ Physiol
2013;305(7):H998; with permission.)
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LONG-TERM EFFECTS OF CARDIAC
RESYNCHRONIZATION THERAPY

The favorable outcomes of CRT can be explained
by reverse remodeling of the heart because of re-
synchronization of the ventricles. Remodeling can
be activated through neurohormonal activation,
differences in mechanical load, and wall stress.
Several studies in animal models of LBBB, some-
times in combination with tachypacing-induced
HF, have shed led light on the cellular and molecu-
lar adaptations in asynchronous hearts. The
expression of some genes and proteins is
depressed uniformly, whereas others show
regional differences in expression between early
and late-activated areas. Changes occur related
to myocyte function, calcium handling, b-adren-
ergic responsiveness, mitochondrial ATP synthase
activity, cell survival signaling, and other functions.
CRT reverses many of these alterations (discussed
elsewhere in this issue).
These extensive reverse-remodelling processes
may also explain the improvements in pressure-
volume diagrams recorded after 6 months of
CRT (Fig. 3). Note that after 6 months EDV and
ESV show a leftward shift, whereas EF in-
creases.25 Moreover, whereas before CRT the
loops decrease in size with increased heart rate,
this was much less the case after 6 months of
CRT, indicating better pump function. Other
studies report higher EF and lower end-systolic
ventricular dimensions after 1 year of follow-
up.23,26 A study in the LBBB canine model shows
that acute CRT restores dP/dtmax almost back to
pre-LBBB values and chronic CRT increases it
slightly further, yet not completely back to pre-
LBBB values.12

PACING LOCATION

The size of hemodynamic response to CRT de-
pends on the location of the LV lead. Usually the



Fig. 3. Pressure-volume loopsatbase-
line and after 6 months of CRT in a
patient, measured at heart rates of
80, 100, 120, and 140 beats per min-
ute. (From Steendijk P, Tulner SA,
Bax JJ, et al. Hemodynamic effects of
long-term cardiac resynchronization
therapy: analysis by pressure-volume
loops. Circulation 2006;113(10):1301;
with permission.)
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best location is in the latest activated region of the
LV free wall.27 Intriguingly, most studies fail to indi-
cate an anatomic location that is clearly the best. A
study in LBBB dogs showed that pacing in a rather
large area of the LV free wall (�43%) yielded a dP/
dtmax larger than 70% of the maximal observed
value.28 This, coupled with the fact that anatomy
limits the number of available pacing sites, may
explain the lack of a clear anatomic defined loca-
tion for pacing. Moreover, LV activation patterns
vary considerably between patients. Therefore, it
seems advisable to estimate the ideal LV pacing
region in each individual patient.27 To this pur-
pose, the CardioInsight technique (see Fig. 1),
other electroanatomic techniques,29 and echocar-
diographic speckle tracking30 may be used to
determine the latest activated regions.

Currently, the site of latest activation is deter-
mined during intrinsic activation, but it is probably
wiser to determine it during RV apex pacing
because during CRT the RV is paced, which may
shift the site of latest activation (see Fig. 1;
compare intrinsic conduction and RV pacing).31,32

MYOCARDIAL SCARRING

Myocardial scarring plays a dual role in CRT
response. First, the response to CRT is inversely
related to the total amount of ventricular scar tis-
sue.33 Second, CRT response is poor, and poten-
tially adverse if the LV lead is positioned in a
region with extensive scar tissue.33,34 This may
be because scar tissue slows electrical conduc-
tion and may give rise to ventricular arrhythmias.
However, a study in canines indicates that CRT
should still be considered for patients with a
myocardial scar.35 In this study CRT reduces LV
TAT and increases LV dP/dtmax to similar values
in LBBB dogs with and without infarction when
pacing sites are selected outside of the infarcted
region (Fig. 4).
MULTIPLE PACING SITES

Because BiV pacing leads to electrical resynchro-
nization of the LV, it has been argued that
increasing the number of LV pacing sites (multi-
LV) will further improve resynchronization and car-
diac function. The prospective TRIP-HF study
shows that reverse remodelling is more pro-
nounced after 3 months of triventricular pacing
(two LV leads) compared with conventional BiV
pacing, with higher EF and lower ESV in patients
who did not respond to conventional BiV pacing.36

Experiments using a strategy to maximally re-
synchronize the LV in the canine LBBB model
show that additional pacing sites (up to seven)
consistently decrease LV TAT, but only increase
dP/dtmax if the hemodynamic effect of pacing the
initial single-site is small (Fig. 5A).37 Similar find-
ings were reported later for CRT patients (Fig. 5B).

Although multisite pacing often requires leads in
multiple veins, the recently introduced quadripolar
leads enable multipoint pacing at two LV sites in
one cardiac vein. The first studies on multipoint
pacing have shown a small but significant increase
in dP/dtmax and decrease in QRS duration
compared with BiV pacing.38,39 Although these re-
sults are promising, all studies so far relate to indi-
vidual optimization using invasive hemodynamic
measurements and no long-term benefits and clin-
ical implications have yet been reported.
ENDOCARDIAL PACING

Previous paragraphs mostly discussed (multiple)
LV epicardial pacing sites, because the conven-
tional lead position in the coronary vein is epicar-
dial. However, both animal and patient studies
indicate that LV endocardial pacing is more
promising (see Fig. 5).39,40 Several other studies
corroborated these findings.41,42 The better re-
synchronization with endocardial CRT is explained



Fig. 4. Three-dimensional reconstruction of electrical activation times of the LV and RV during intrinsic conduc-
tion (LBBB, top) and CRT using midlateral LV wall pacing (bottom) in representative hearts with LBBB (left), and
LBBB combined with an infarction of the left anterior ascending artery (LBBB 1 LADi, middle) or left circumflex
artery (LBBB1 LCXi, right). (From Rademakers LM, van Kerckhoven R, van Deursen CJ, et al. Myocardial infarction
does not preclude electrical and hemodynamic benefits of cardiac resynchronization therapy in dyssynchronous
canine hearts. Circ Arrhythm Electrophysiol 2010;3(4):363; with permission.)
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Fig. 5. Percentage change in LV dP/
dtmax versus baseline during con-
ventional (Conv) CRT (white bars),
multisite or multipoint (gray bars),
and endocardial pacing (black
bars) measured in a canine LBBB
model (A) and in patients (B). The
values in the bars are presented as
mean 1 SEM. The three lines in A
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tively). a P�.05 versus conventional
CRT. (Adapted from Ploux S, Strik
M, van Hunnik A, et al. Acute elec-
trical and hemodynamic effects of
multisite left ventricular pacing for
cardiac resynchronization therapy
in the dyssynchronous canine heart.
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by three factors: (1) a shorter path length for the
depolarization wave to reach all regions of the ven-
tricles, (2) more rapid impulse conduction in the
endocardium than in the epicardium, and (3) a
more rapid transmural conduction from endocar-
dium to epicardium than in the opposite direc-
tion.40,43 Unfortunately, practical implementation
of endocardial CRT is still problematic, because
currently leads placed in the LV cavity require
anticoagulation and also show significant
dislodgement.44
OPTIMIZATION OF TIMING OF PACING

All CRT devices have the option to adjust the AV
and VV delay to the individual patient. Fig. 6A
shows schematically how these different settings
can influence the electrical activation of the LV.
The VV intervals (y-axis) can be chosen such that
either the RV or the LV is activated first or that
both are activated simultaneously. This determines
the relative contribution to the complete electrical
activation of the LV by activation fronts initiated
by the LV pacing site and the RV pacing site and/
or intrinsic activation from the RBB. AV delays (x-
axis) shorter, equal to, or longer than the intrinsic
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intrinsic and paced activation wavefronts to the
complete activation of the LV (see Fig. 6A). These
settings affect pump function primarily by opti-
mizing the degree of resynchronization.12,45

Fig. 6B shows the relative changes in LV dP/dtmax,
SW, and electrical resynchronization in response to
100 different combinations of LV (x-axis) and RV
(y-axis) AV delays. Note the similar leftward turn
(white arrows) of the optimal values for all three pa-
rameters, occurring at an RV AV delay just shy of
their respective intrinsic PQ duration.

Several parameters have been used to judge
which AV and VV delays result in the best CRT
response. These include diastolic filling time,
aortic velocity time integral, arterial blood pres-
sure, LV dP/dtmax, SW, and vectorcardiogra-
phy.46,47 However, a major problem seems to be
that the increase in pump function is in the same
order of magnitude as the biologic variability. Ac-
cording to basic rules for accurate measurements,
reliable results are only observed if repeated mea-
surements are performed.48 That this has rarely
been done may explain the variable results on
the best way and clinical effect of AV and VV opti-
mization. A possible solution to this problem is the
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use of ECG or vectorcardiogram variables for opti-
mization, which are both easy to acquire and have
considerably lower variability.49
SUMMARY

CRT successfully improves cardiac function in HF
patients with LBBB by resynchronizing the dys-
synchronous contraction of the LV. Studies in pa-
tients and animals have indicated that the best
electromechanical improvement is achieved by
selecting the proper site for LV lead placement
and by avoiding areas with transmural scarring.
The acute effects of multiple pacing locations,
endocardial pacing, and optimized timing of pac-
ing are superior to conventional CRT, but further
research on the long-term effects of these prom-
ising approaches is still needed.
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