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Abstract
Cardiac resynchronization therapy (CRT) is a promising therapy for heart failure patients with a
conduction disturbance, such as left bundle branch block. The aim of CRT is to resynchronize
contraction between and within ventricles. However, about 30% of patients do not respond to this
therapy. Therefore, a better understanding is needed for the relation between electrical and
mechanical activation. In this paper, we focus on to what extent animal experiments and mathematical
models can help in order to understand the pathophysiology of asynchrony to further improve CRT.
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1. Introduction
A proper, almost synchronous, sequence of activation is important for optimal cardiac pump
function. The physiological activation of the ventricles is altered in the presence of a conduction
disturbance, such as left bundle branch block (LBBB), and during conventional right
ventricular (RV) pacing. In both conditions the electrical activation and contraction moves
from RV to left ventricle (LV) and within the LV from septum to free wall. During the last
decade it has been recognized that this kind of asynchrony is a risk factor for development of
heart failure (Sweeney and Prinzen, 2006). Meanwhile also cardiac resynchronization therapy
(CRT) has evolved. In this therapy electrical activation and contraction of the ventricles are
resynchronized by (almost) simultaneous stimulation of both ventricles (“biventricular (BiV)
pacing”). CRT is currently recommended for patients with heart failure (NYHA class II–IV)
and wide QRS complex. In practice, this relates to patients with LBBB or with a RV pacemaker.
Clinical CRT trials have demonstrated that patients’ cardiac pump function (Auricchio et al.,
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1999) and quality of life improve, and that hospitalization for heart failure and mortality
decreases (McAlister et al., 2007). Currently, on a yearly basis tens of thousands of CRT
devices are implanted worldwide. A clear positive response to CRT is observed in about 70%
of the patients (McAlister et al., 2007). This number implies that about 30% of patients receive
insufficient therapy and/or unjustified pacemaker implantation. Moreover, the variable degree
of benefit between the “responders” raises the question whether CRT is always applied in the
optimal fashion. Therefore, there is a need for better understanding the role of asynchrony and
resynchronization on pump function and heart failure. Several excellent reviews have recently
appeared about clinical aspects of CRT (Bax et al., 2005; Kass, 2005; McAlister et al., 2007).
The goal of the present article is to review to what extent animal experiments and mathematical
models can help to understand the pathophysiology of asynchrony and can be used to further
improve CRT. To this purpose we will discuss the following issues:

a. The effect of asynchronous electrical activation on cardiac regional and global pump
function, especially during LBBB. In patients this relation is hard to investigate,
because comorbidity may confound the role of LBBB. This topic will be discussed
using data from the canine LBBB model (Section 2.1). Furthermore, studies in
mathematical models (Section 3.2) allow better understanding of the cellular
mechanisms of mechanical dyssynchrony (Prinzen et al., 1999), which are
incompletely understood (Coppola et al., 2007). Moreover, computational models
were used to establish the role of mechanical interaction between the RV and LV
(Section 3.1), an interaction, which has been proposed to be important for optimal
application of CRT (Bleasdale et al., 2004).

b. The role of longer lasting LBBB on cardiac structure and function is not known, nor
to what extent CRT restores cardiac function to “pre-LBBB” levels. This is due to the
fact that it is usually not known when LBBB started and because comorbidity in LBBB
patients is considerable. In Section 2.2 data will be discussed on the long-term effects
of isolated LBBB and of CRT in canine LBBB hearts.

c. The abnormal mechanical loading of the myocardium in asynchronous ventricles may
elicit mechano-electrical feedback, thereby influencing ventricular repolarization
(Costard-Jackle et al., 1989), potentially leading to pro-arrhythmogenic effects of
CRT (Medina-Ravell et al., 2003). Data from animal experiments will be discussed
in order to evaluate this topic (Section 2.3).

d. The optimal site and timing of stimulation in CRT are still debated. Insight in this
field from computer models will be discussed in Section 3.3.

In part 4 a synthesis is provided, relating all studies to potential clinical implications and
discussing the strengths and weaknesses of the models used.

2. Animal experiments in LBBB hearts
The detrimental effect of ventricular pacing on cardiac function—as compared with a
physiologically activated heart—has been well documented (reviewed in Prinzen and Peschar,
2002; Sweeney and Prinzen, 2006). However, the case of LBBB is less well characterized,
because usually LBBB has a silent onset. Moreover, LBBB frequently coincides with other
cardiovascular complications, thus obscuring the influence of LBBB on cardiac function.
Therefore, the recent development of an animal model of LBBB is an important contribution
to this field. LBBB was created by radiofrequency ablation of the proximal part of the left
bundle branch in the canine heart (Verbeek et al., 2003; Vernooy et al., 2007).

The sequence of electrical activation is similar in RV pacing and LBBB (Verbeek et al.,
2003). Therefore, in this article data from RV pacing will be mentioned if corresponding data
from LBBB are unavailable.
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2.1. Electro-mechanics
Fig. 1 shows bulls-eye plots of electrical activation and mechanical function before inducing
LBBB, during LBBB and during BiV pacing in the canine LBBB model. In the normal heart
electrical endocardial activation of the LV is virtually synchronous (within 10 ms; 2nd row of
Fig. 1). This coincides with QRS duration of ∼60 ms (upper row of Fig. 1). During LBBB the
shape of the QRS complex changes, QRS width increases to ∼120 ms (1st row) and electrical
activation of the LV lateral wall is delayed (second row). BiV pacing (using an AV-delay
shorter than intrinsic AV conduction and simultaneous stimulation of the RV apex and LV
lateral wall) causes narrowing of the QRS complex from ∼120 to 105 ms and more synchronous
endocardial LV activation than during LBBB, albeit with a slightly later activation in the
posterior than in the anterior wall (Vernooy et al., 2007).

In Fig. 2 midwall circumferential strains, as derived from MRI tagging measurements, are
depicted (Vernooy et al., 2007). Before LBBB the shape of strain vs. time is similar around
the LV wall, with almost a linear shortening in all regions during the ejection phase. The 3rd
row of Fig. 1 shows that in the normal heart the timing of peak shortening (time from Q-wave
on ECG or pacing artifact until the first peak of shortening) is almost simultaneous. The percent
systolic shortening (4th row in Fig. 1) ranges between 10−15% in the septum and 15−20% in
the LV free wall. On M-mode echocardiograms (5th row), inward endocardial wall motion
peaks almost simultaneously in the septum and lateral wall, resulting in a septum–posterior
wall motion delay of about 60 ms (Vernooy et al., 2007).

The asynchronous electrical activation during LBBB also leads to asynchronous and
dyscoordinate contraction, as evidenced by the strain and endocardial wall motion patterns. In
the septum, being activated earliest, shortening also starts early (middle column in Fig. 1),
resulting in a small and very early peak of shortening (middle row in Fig. 2). After this early
peak in shortening, no further shortening occurs during systole, often even systolic stretch
occurs, followed by premature relaxation (Fig. 2). In contrast, in late-activated regions in the
LV anterior and lateral wall the fibers are subjected to early systolic pre-stretch (Fig. 2). This
stretch is followed by doubling of net systolic shortening and by delayed relaxation. Therefore,
during asynchronous activation local contraction patterns do not only differ in their onset, but
also, and more importantly, in their pattern. Consequently, the dyssynchrony with regards to
peak shortening is considerably larger (approximately 300 ms, middle panel of the 3rd row of
Fig. 1) than the electrical asynchrony. A qualitatively similar difference between electrical and
mechanical asynchrony has been observed in the normally activated heart, albeit that absolute
time differences are obviously smaller (Ashikaga et al., 2007).

The described contraction patterns also imply that opposing regions of the ventricular wall are
out of phase and that energy generated by one region is dissipated in opposite regions. This
explains that observed efficiency of metabolic to mechanical energy conversion is lower during
RV pacing than during atrial pacing (Baller et al., 1988).

The local differences in wall motion and deformation, as mentioned above, reflect regional
differences in myocardial work. This was demonstrated by construction of local fiber stress–
fiber strain diagrams and calculation of local external and total mechanical work (Prinzen et
al., 1999; Vernooy et al., 2005). In early activated regions (as in the septum of the LBBB heart)
shortening occurs at low pressure, whereas these areas are transiently being stretched at higher
ventricular pressures. As a consequence the stress–strain loops have a figure-eight like shape
with a low net area, indicating the absence of external work. In regions remote from the pacing
site (or in the lateral wall in case of LBBB), the loops are wide and external work can be up to
twice that during synchronous ventricular activation. Total myocardial work (sum of external
work and potential energy) is reduced by 50% in early activated regions and is increased by
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50% in late-activated regions, as compared with atrial pacing (Prinzen et al., 1999; Vernooy
et al., 2005).

In accordance with the regional differences in mechanical work in the LBBB heart, differences
in regional blood flow are also observed. During LBBB septal blood flow is ∼30% lower than
before LBBB, whereas it is ∼30% higher in the lateral wall (Vernooy et al., 2005). Reduced
septal perfusion and oxygen consumption have also been observed in patients with LBBB
(Lindner et al., 2005). Various observations, such as close correlation between local myocardial
oxygen consumption, work and blood flow as well as the absence of hibernation in canine
hearts with chronic LBBB, suggest that the depressed septal perfusion is a physiological
consequence of the lower demand. It can, however, not be excluded that at higher heart rate
the asynchronous contraction pattern may also impede myocardial perfusion (reviewed in
Prinzen and Peschar, 2002).

BiV pacing in the LBBB heart causes an almost normalization of the time course of strain (right
panels in Fig. 1 and lower row in Fig. 2). Peak shortening time becomes more synchronous
and systolic shortening is more uniformly distributed during BiV pacing than during LBBB,
albeit that some differences remain. Most notably, during BiV pacing some regions in the
septum and LV lateral wall show a low systolic shortening, presumably because these are close
to the site of pacing. Briefly upon starting BiV pacing, the distribution of myocardial blood
flow is normalized and this is maintained throughout 8 weeks of BiV pacing (Vernooy et al.,
2007). This quick normalization of blood flow is a further indication that, as discussed above,
myocardial blood flow in asynchronous hearts follows regional energy demands.

Given the highly abnormal and dyscoordinate contraction patterns observed during LBBB, it
is not surprising to see that LBBB significantly impairs cardiac pump function. Immediately
upon inducing LBBB in the canine heart, indices of systolic and diastolic function, such as the
maximal rate of rise of LV pressure (LV dP/dtmax, to 78 ± 5% of pre-LBBB) and maximal rate
of fall of LV pressure (LV dP/dtmin) are decreased (Vernooy et al., 2007). These changes are
comparable with those during ventricular pacing (reviewed in Prinzen and Peschar, 2002). LV
dP/dtmax is dependent on preload, but because LBBB hardly influences LV end diastolic
pressure (Table 1) the decrease in LV dP/dtmax can be regarded as a strong indication that
LBBB reduces LV contractility.

Interestingly, LBBB did not reduce RV function parameters, RV dP/dtmax even tended to
increase. Upon starting BiV pacing, LV dP/dtmax immediately increased to 86 ± 5% of pre-
LBBB followed by a slight further improvement to 89 ± 5% of pre-LBBB values after 8 weeks
of BiV pacing. Therefore, the data from this animal study indicate that BiV pacing clearly
improves cardiac pump function in the LBBB heart, but does not return it completely to normal
values, presumably because the physiological sequence of activation and contraction cannot
be completely restored (Wyman et al., 2002).

2.2. Chronic effects: structural remodeling
While the previous paragraph describes the considerable acute electro-mechanical
consequences of LBBB, long-term adaptations of the heart to LBBB may be at least as
important. These adaptations to LBBB and ventricular pacing have many characteristics in
common with, for example, pressure and volume overload and myocardial infarction.

First of all, changes in regional mechanics (stretch, systolic shortening, and mechanical work)
seem to have an important impact on regional growth. This was initially demonstrated in dogs
with chronic LV pacing (Van Oosterhout et al., 1998), where echocardiographically observed
growth corresponded with changes in local myocyte size, thus demonstrating that
heterogeneous cellular hypertrophy is an important consequence of asynchronous activation.
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Asymmetric hypertrophy also applies to the situation of LBBB (Vernooy et al., 2005). Within
2 months of experimental LBBB, hypertrophy is observed specifically in the late activated LV
lateral wall (Fig. 3, right panel), the region where mechanical work is increased (Fig. 1). There,
local wall mass increases by ∼30%, whereas mass of the septum hardly changes. Similar to
the normalization of regional workload after initiation of BiV pacing, regional differences in
hypertrophy also disappear within 2 months of BiV pacing (Fig. 3, right panel). In addition to
the changes in local muscle mass, total LV mass (by ∼17%) and LV cavity size (by ∼30%)
increased within two months of LBBB (Fig. 3, left panels). Within 2 months of BiV pacing,
LV cavity size returns to pre-LBBB levels, whereas LV mass decreases, but still remains
somewhat elevated. The relative decrease in LV cavity size upon BiV pacing in the canine
LBBB model ( 20%) is similar to that observed in patients receiving CRT (Yu et al., 2002).

2.3. Mechano-electrical feedback
In addition to the structural changes, electrophysiological changes have also been found in the
chronically asynchronous heart. Spragg and coworkers showed that after 4 weeks of LBBB,
action potential duration (APD) and refractory period are reduced in the late activated lateral
wall (Spragg et al., 2005). Somewhat different, but equally interesting data were reported
recently by (Jeyaraj et al., 2007). This group showed that 4 weeks of LV pacing in dogs
prolonged APD in the earliest and latest activated regions, but shortened in regions with
intermediate activation time. In addition to the abovementioned changes in APD, also
conduction velocity is reduced in the late activated regions (Spragg et al., 2005). Moreover,
normal differences in conduction velocity between endocardium and epicardium are reversed
in the late activated lateral LV wall (Spragg et al., 2005). While the total expression of
connexin43 is unaltered in LBBB hearts, its subcellular location was redistributed in late-
activated myocardium from intercalated discs to lateral myocyte membranes.

In many cases electrical remodeling leads to arrhythmogenesis. However, arrhythmias are rare
in LBBB hearts (Spragg et al., 2005; Vernooy and Prinzen, unpublished data). This may be
explained by examining the relation of local APD with local activation time (AT, Fig. 4).

This relation was obtained with use of a 64-electrode array (“basket electrode”) positioned
along the LV endocardium in a canine heart before LBBB as well as after 1 h and 4 months of
LBBB. Each data point is derived from one of the 64 electrodes. Before LBBB, APD is
inversely related to AT (open symbols, left panel). As a consequence, the dispersion of
repolarization time is small (∼20 ms, right panel). After 1 h of LBBB the relation between AT
and APD is shifted upward and considerably less clear (grey symbols in left panel) and leads
to an increase in dispersion of repolarization to ∼40 ms (right panel). However, 4 months later
the AT–APD relation shows that the latest activated regions again have the shortest APD (left
panel, black symbols) and that the dispersion of repolarization is similar to the pre-LBBB
situation. These observations confirm the observations of Spragg and colleagues that, during
chronic LBBB APD shortens in late activated regions (Spragg et al., 2005) and also shows that
this APD shortening in late activated regions compensates, at least partly, for the delay in
activation, resulting in virtually unchanged dispersion in repolarization despite asynchronous
activation. Our data are also in agreement with the data from Costard-Jäckle and Franz in the
paced rabbit heart, showing disturbance of the AT–APD relation after a short period of pacing
(Costard-Jackle et al., 1989).

The mechanism by which this electrical remodeling takes place is not yet completely resolved.
However, it is striking that APD is altered in the latest activated region, the region, which also
undergoes early systolic stretch. Since it is hard to imagine that cells on their own can sense
the sequence of electrical activation, plausible triggers for such electrical remodeling are the
abnormal mechanical loading sensed by the cells or, potentially, local cardiac nerves. Jejeray
et al provide, indeed, some evidence that changes in APD during long lasting asynchronous
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activation are related to the abnormal strains (Jeyaraj et al., 2007). Therefore, the intriguing
paradigm emerges that abnormal electro-mechanical activation leads to mechano-electrical
feedback. In the non-failing LBBB heart, as discussed here, this feedback appears to be
functional in that it prevents dispersion of repolarization to increase in an asynchronous heart.
This physiological adaptation may be lost in failing hearts, because failing asynchronous hearts
are susceptible to arrhythmias. This aberration could be explained by more pronounced
molecular remodeling in failing than in non-failing LBBB hearts (Spragg et al., 2003).

3. Mathematical simulation of LBBB and resynchronization
Animal experiments are very useful for solving some of the questions on effects of a
derangement (like LBBB) and a therapy (like CRT). However, such experiments have the
drawback that within the same individual, only a limited number of parameters can be easily
manipulated and/or measured and that the biological variation (in time and between
individuals) can obscure effects.

Mathematical models lack these disadvantages and can, therefore, be very effective. For
clinical application, predictive mechanistic models (Kerckhoffs et al., 2006; McCulloch,
2004) will become more feasible because of growing computer power, development of efficient
algorithms, and availability of more data on molecular and cellular mechanisms.

Below, data from various computational models are discussed in the light of the topics (a) and
(d), mentioned in Section 1.

3.1. Ventricular interaction
3.1.1. The TriSeg/CircAdapt model—To better understand the influence of timing of
ventricular mechanical activation on global ventricular pump function, we used a mathematical
model consisting of the CircAdapt model, extended with the TriSeg module, which
incorporates mechanical interaction of the three ventricular wall segments.

The CircAdapt model of the heart and circulation is a lumped-parameter model of the whole
circulation, (Arts et al., 2005) meaning that the continuous distribution of pressures and flows
in the circulation is represented by pressure and flow values at a few representative locations.
It differs from other lumped-parameter models in that the number of independent parameters
is reduced enormously (from several dozens to 12) by incorporating adaptation of ventricular
and vascular geometry to mechanical load so that stresses and strains in walls of heart and
blood vessels are normalized to a tissue-specific physiological standard level. Resulting time
courses of flows and pressures in the simulated circulation appear physiological during various
hemodynamic conditions (Arts et al., 2005).

The CircAdapt model is configured as a network, consisting of a few types of modules, i.e.
contractile chambers, compliant blood vessels, valves with inertia, and flow resistances (Fig.
5A). The atria and ventricles are chambers, described by the one-fiber model, defining
sarcomere length in the wall as a function of cavity volume. With a realistic model of sarcomere
mechanics, incorporating Hill's and Starling's relations, sarcomere length renders fiber stress
and the velocity of sarcomere shortening. Using the stress-related equation of the one-fiber
model, cavity pressure is described as a function of myofiber stress and the ratio of cavity
volume to wall volume. For blood vessels, the same one-fiber model is used, relating blood
pressure and cross-section of lumen and wall to stress and strain in the fibers of the wall
material.

The TriSeg module describes ventricular mechanics and consists of two ventricular cavities
separated by a shared septal wall and enclosed by an LV and an RV free wall (Fig. 5A). The
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wall segments are modeled as thick-walled spherical segments that are coupled mechanically
at a common midwall junction (Lumens et al., 2008). In the TriSeg module, ventricular
geometry is described initially by known LV and RV cavity volumes and estimates of size and
curvature of the septum. The latter two geometric parameters are solved by stating equilibrium
of forces in the junction of the wall segments. From the geometry of the walls, sarcomere length
is calculated, serving as basis for calculation of myofiber stress using the empirical model of
sarcomere mechanics mentioned above. Transmural pressure differences and tensions of the
wall segments are derived from myofiber stress, while using curvature and thickness of the
wall. Finally, pressures in the LV and RV cavities are calculated from the pressure differences
across the walls (Lumens et al., 2008).

Size and thickness of the ventricular wall segments, atrial walls, and blood vessels were adapted
to accommodate baseline canine loading conditions.

3.1.2. Simulation of ventricular interaction—Simulations were performed in the Control
condition, where mechanical activation of the RV free wall, the septum and the LV free wall
was simultaneous. Subsequently, LBBB was simulated by a delay (30 ms, “LV30,30”) of septal
and LV free wall activation time with respect to that of the RV, thus simulating activation of
the ventricles from the right bundle branch alone in combination with a synchronous LV (RV–
LV asynchrony, intra-LV synchrony). Furthermore, “LV30,60” and “LV30,90” simulations
were performed, using a septal delay of 30 ms in combination with a LV free wall delay of 60
and 90 ms, respectively (RV–LV asynchrony in combination with intra-LV asynchrony).
Under all conditions, cardiac output, heart rate, and mean arterial pressure were kept constant,
because we assumed that in the organism in the chronic situation homeostatic mechanisms
keep these variables approximately constant.

The top row of Fig. 6 shows simulated time courses of LV and RV pressures. Delaying the
activation of the LV by 30 ms caused a delay in LV pressure rise by 18 ms (Table 2).

Amplitude of LV pressure remained unchanged because mean arterial pressure was fixed.
However, peak systolic RV pressure increased. Table 2 also indicates that LV dP/dtmin and
LV dP/dtmax hardly changed by a 30 ms delay of the entire LV activation (LV30,30). With
further delay of LV free wall activation (LV30,60 and LV30,90), LV and RV dP/dtmax
decreased considerably, similar to findings in the canine LBBB model (Table 1). Furthermore,
with increasing delay of LV free wall activation, LV dP/dtmin decreased, while that of RV
dP/dtmin increased (Table 2).

Simulation results of LV and RV pressure–volume loops are shown in the second row of Fig.
6. Switching from the Control to the LV30,30 simulation hardly affected LV and RV global
LV pump function. However, in the LV30,60 and LV30,90 simulations (intra-LV asynchrony)
LV and RV pressure–volume loops shifted towards higher volumes. Moreover, the LV
pressure–volume loops showed an increase of mitral regurgitation as indicated by an increasing
volume overshoot at end-diastole. In LV30,30, the RV pressure–volume loop showed an
increase in RV pump work due to increase of RV systolic pressure. With further delay of LV
free wall activation RV pump work increased further (up to 20% at LV30,90) while the RV
dilated.

The bottom row of Fig. 6 shows simulated myofiber stress–strain loops for each wall segment.
In LV30,30, contractile tissue function hardly changes as compared to Control. However, with
further delay of the LV free wall the model predicts: (1) an increase (up to 50% in LV30,90)
of contractile work density and peak myofiber stress in the late activated LV free wall, (2) a
decreased contractile work in the septum down to a negative value in LV30,90, and (3) little
change (less than 12%) of contractile work in the RV free wall, though the shape of the stress–
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strain loop changed. These changes in myofiber stress–strain loops within the LV wall are
similar to those experimentally observed during ventricular pacing (Prinzen et al., 1999).

Therefore, the TriSeg model allows novel insight in possible mechanisms of disturbed pump
function in LBBB hearts. First of all, intra-LV asynchrony appears to affect LV pump function
more than interventricular asynchrony. Moreover, the model shows that LBBB increases RV
mechanical performance. Clearly, changes in pump function of one ventricle influence the
pump function of the other ventricle due to their mechanical interaction. Finally, even in this
simple model, delayed LV free wall activation directly increases mitral regurgitation, which
is also observed in patients with LBBB.

3.2. Mechanisms of mechanical dyssynchrony
3.2.1. Finite element model of LV electromechanics—Finite element models are used
to solve partial differential equations at a multitude of locations in complex geometries. Many
models have been published that use the finite element method to solve a multitude of
biophysical problems in the ventricles (Kroon et al., 2007; ten Tusscher and Panfilov, 2006;
Wall et al., 2006).

By solving for equations related to impulse conduction in the cardiac geometry, this method
can be used to investigate normal and abnormal activation of the ventricles, including
ventricular pacing. To this purpose Kerckhoffs et al. (2003, 2005) designed a thick-walled
truncated prolate ellipsoid model with a realistic myofiber orientation (Fig. 5B). For the timing
of depolarization tdep within the wall the eikonal-diffusion equation was solved for the gradient
of tdep:

Parameter cf (0.67 m/s) represents the velocity of the depolarization wave along the myofiber
direction. Constant k0 (2.1 × 10−4 m2 s−1) determines the influence of wave-front curvature on
wave velocity. Tensor M takes into account anisotropy of the tissue. This relatively simple
equation saves much computation time (it was solved in less than an hour for more than 20,000
degrees of freedom on a 225 MHz single processor).

Active stress was initiated at pre-computed timing of depolarization. When coupled to a model
that solves for divergence of 3D stress σ in the cardiac geometry:

Regional strains and passive and active stresses (σp and σa, resp.) in the cardiac walls were
predicted as a result of a variety of activation sequences, with cavity pressures as an important
boundary condition. The nonlinear anisotropic constitutive equations for 3D passive stress
were derived from a strain-energy function, whereas the equations for active stress—generated
by the myofibers—were modeled dependent on time, sarcomere length, calcium concentration,
and shortening velocity.

3.2.2. Simulation of mechanical dyssynchrony—Possible causes of the complicated
regional contraction patterns, as observed in animal experiments (see Section 2.1) are the local
differences in myocardial fiber length (preload) or fiber stress (afterload). In studies using two
isolated papillary muscles in series asynchronous stimulation of the two muscle causes a
downward shift in the force–velocity relation in the earlier activated muscle and an upward
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shift in the later activated one (Tyberg et al., 1969). Also, in vivo, a linear relation was found
between stretch during the isovolumic contraction phase and regional systolic fiber shortening
during ventricular pacing (Van Oosterhout et al., 1998). Also a close correlation exists between
the time of local electrical activation and the degree of systolic fiber shortening (Delhaas et
al., 1993). These findings support an important role for effective local preload as the cause of
the regional differences in contraction pattern during asynchronous activation. However,
Coppola et al. (2007) also found evidence that the increased systolic shortening in late activated
regions may be due to decreased afterload.

In order to understand in more detail how electrical asynchrony leads to mechanical
abnormalities, the finite element model of the LV, mentioned above, was used (Fig. 5B). Aim
of the study was to investigate to what extent global and regional mechanical function of the
heart during ventricular pacing could be obtained with relatively simple structural (fiber
orientation), mechanical (force-length and force-shortening velocity relations) and impulse
conduction properties (eikonal-diffusion equation, well-known conduction velocities)
(Kerckhoffs et al., 2005). Simulations of a normal (sinus rhythm) heartbeat and of pacing at
the RV apex were performed. Simulation results of RV apex pacing on local depolarization
time and systolic midwall circumferential strain were compared with those measured in dogs,
using an epicardial sock electrode and MRI tagging, respectively.

The same methods for data analysis were used for simulation and experiment. For example,
temporal midwall circumferential strain was computed from the MR tagging data as well as
from the model. Because measured epicardial activation times were related to measured
midwall strains, the same was done in the model. The model agreed qualitatively with the
experimental data on a global and regional scale: RV pacing decreased systolic pressure and
ejection fraction relative to natural sinus rhythm; shortening during ejection and stroke work
declined in early depolarized regions and increased in late depolarized regions. Moreover,
midwall circumferential ejection strain depended linearly on depolarization time and the slope
and intercept of this relation in mathematical model closely approximated those in the animal
experiment (Kerckhoffs et al., 2005). Therefore, this data suggest that the main features of the
abnormal global and local mechanical behavior during RV apex, and presumably other kinds
of asynchronous activation, can be understood from the timing differences in electrical
activation in combination with well-known properties of excitation–contraction coupling
(force-length and force-shortening velocity relations).

3.3. Influence of sequential pacing in CRT response
3.3.1. Modeling heart failure—To gain insight in the effects of sequential pacing in a
clinically relevant model, we developed 3D numerical models of the failing and non-failing
canine ventricles coupled to a lumped-parameter systems model of the systemic and pulmonary
circulations (Kerckhoffs et al., 2007a) (see Fig. 5C). Both the failing and non-failing heart
model have been published before (Kerckhoffs et al., 2007b). Here, we will recapitulate on the
major characteristics of these models.

3.3.1.1. Circulation: The systemic and pulmonary circulations for the non-failing and failing
heart were each modeled with two lumped windkessel compartments in series, one
compartment for arterial and capillary blood and one for venous blood. The atria were
represented with time-varying elastance models, and were activated 120 ms before the
ventricles.

3.3.1.2. Heart geometry and myofiber orientation: The non-failing and failing heart had an
LV cavity to wall volume ratio of 0.27 and 0.57, respectively. The normal geometry has been
used before (Kerckhoffs et al., 2007b), while the dilated ones were created by inflating both
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ventricles to the desired cavity to wall volume ratio, and defining that state as the undeformed
one. The same realistic myofiber architecture was included in both geometries, since the
myofiber distribution in normal and dilated hearts is not significantly different (Helm et al.,
2006).

3.3.1.3. Mechanical material properties: In the failing hearts, passive properties of cardiac
tissue were the same as in the normal heart. The active properties of the failing non-infarcted
tissue were scaled from human data (Pieske et al., 1996), in which peak myofiber stress was
27% lower than in healthy tissue, and relaxation prolonged by 17%.

3.3.1.4. Pericardium: The pericardium plays an important role in direct ventricular interaction,
and as suggested by (Bleasdale et al., 2004), direct ventricular interaction plays an important
role during LV pacing of failing hearts. The effect of the pericardium was modeled by a
pericardial pressure that acted on the ventricular epicardium, and was added to the atrial cavity
pressures. Pericardial pressure was exponentially dependent on the total volume encompassed
by the pericardium (Freeman and Little, 1986), hence included ventricular and atrial wall
volumes, ventricular and atrial cavity volumes, and pericardial fluid volume. The difference
in the pericardial pressure–volume relation between normal and dilated hearts was also
included in the analysis (Freeman and Lewinter, 1984).

3.3.1.5. Electrophysiology: In this model the transmembrane potential v was simulated using
the phenomenological spatially distributed modified FitzHugh–Nagumo equations for impulse
conduction

where w = , repolarization variable, which is solved as a function of space and time. The
parameters a, b, c1, c2 determine the shape of the action potential. Diffusion tensor D takes
into account anisotropy of the tissue. Depolarization time—which served as input to the
mechanics model—was defined as the time when the transmembrane potential was half way
between resting and maximum potential. This mono-domain model is more computational
intensive than the eikonal-diffusion equation (see Section 3.2), but still more efficient to solve
than a more biophysically detailed bidomain/ionic model.

The cardiac anatomic model was discretized into 48 tricubic Hermite elements, with 1968
degrees of freedom. The model was solved with a modified Newton iteration scheme.
Integration was performed with 3 × 3 × 3 Gaussian quadrature points. Convergence was reached
when the maximal value of the residuals was lower than 10−5. The system of linear equations
was solved with SuperLU, a direct solver optimized for sparse matrices. The hybrid model was
solved with the Continuity 6.3 package (http://www.continuity.ucsd.edu). All simulations were
solved in parallel using 12 nodes on a 105 node Dell™ Rocks Linux cluster with 3.2 GHz 64
bit Xeon® processors and 2 GB of RAM. Maximum RAM needed per simulation was about
120 MB.

3.3.2. Effects of sequential pacing—In failing and non-failing hearts five different
activation sequences were simulated: LBBB, single-site pacing at the left ventricular free wall
(LVp), and BiV sequential pacing with various stimulation delays (VVD = −40, 0, and 40 ms)
between pacing at the RV apex (RVA) and the LV lateral free wall. VVD was defined as LV
activation time minus RV activation time; hence the RV was stimulated first at a positive VVD.
Regional mechanical parameters of spatial mean and standard deviation of ejection (SDE)
strain were obtained in steady state for both ventricles as well as the fraction of tissue (FTS)
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stretched during ejection and the location of this tissue. Also the CURE index (Helm et al.,
2007) of mechanical non-uniformity for LV midwall ejection strain was calculated, which
ranges from zero (asynchronous) to one (synchronous). The VVD, resulting in optimal LV
global function (VVGF), was obtained by calculating the optimum of a 4th order polynomial
fit through the results of LV dP/dtmax, EF, and stroke work from the five simulations. Also,
the VVD, resulting in optimal regional function (VVRF), was calculated for left ventricular
SDE, FTS, and CURE as a function of VVD.

Compared with LBBB, BiV pacing improved LV dP/dtmax, ejection fraction and stroke work
up to 10%, 3%, and 8% in the non-failing heart, and up to 16%, 4%, and 6% in the failing
hearts (Table 3). VVD at which optima for LV dP/dtmax and ejection fraction occurred (VVGF)
were ∼25 ms more negative ( = LV earlier) for failing than for non-failing hearts, but the VVGF
for stroke work was not different between failing and non-failing hearts (Table 4).

Fig. 7 shows the effects of VVD on fiber strains in the normal and failing heart. In the failing
LBBB heart septal wall regions that shortened early during isovolumic contraction were
stretched during ejection (Fig. 7, upper row). In the non-failing LBBB heart this did not seem
to occur: early activated septal fibers shortened further during ejection. A similar strain pattern
is observed during LVp in the LV lateral wall, indicating that this behavior is related to early
activated regions in general. The difference in this behavior between failing and non-failing
myocardium may be explained by the Frank-Starling mechanism which is intact in the non-
failing myocardium, but reduced in the failing myocardium. Accordingly, when late activated
regions become activated, attempting to stretch the already contracted early activated regions,
early activated failing myocardium cannot generate enough active force and thus is stretched
during ejection.

In the non-failing heart, LV ejection strain was about equally non-uniform during LBBB and
during LVp, and most uniform during VVD0 (Figs. 7 and 8A). RV ejection strain was most
non-uniform during LVp (Fig. 8A). In the failing heart, both LV and RV ejection strain were
most non-uniform during LBBB, and most uniform during VVD-40. In the paced non-failing
heart, few fibers were stretched during ejection, but in the failing heart FTS was 20.3% in the
LV with LBBB (Fig. 8B). All pacing conditions lowered FTS, VVD-40 being optimal for both
the LV and RV. Most systolic stretching occurred near the pacing sites (Fig. 8D). CURE was
consistently lowest for LBBB. Highest CURE values were reached for VVD0 in the non-failing
heart and for VVD-40 in the failing heart (Fig. 8C). Accordingly, mean VVRF was ∼20 ms
more negative in the failing than in the non-failing hearts (Table 4).

This data indicate the influence of VV delay on global and regional contraction. The different
optimal VV delays calculated in failing and non-failing hearts may be explained by the different
heart sizes, prolonged relaxation, or a combination of both, and at least in part, why VV delays
appear quite different between patients. The preference for LV pre-excitation in failing hearts
is in agreement with invasive hemodynamic measurements during LV pacing in non-failing
dog hearts and in CRT candidates (Verbeek et al., 2006).

4. Concluding remarks
4.1. Critiques on the animal and computational models

For proper interpretation of the abovementioned findings in animal and computational models,
these models need to be compared with data obtained in patients.

Table 5 compares data from various measurements in patients and in dogs with LBBB. The
data show that, in general, absolute values of asynchrony indices are larger in the LBBB patients
than in the canine LBBB model, but that the relative increase during LBBB as compared to
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controls is similar. The difference in absolute values can be attributed at least partly by the fact
that patients had heart failure on top of LBBB, whereas the dogs did not.

Comparing the changes in cardiac function parameters due to LBBB in canine hearts (Table
1) and due to delayed LV activation in the Triseg model (Table 2) with normal hearts shows
remarkable, even quantitative similarities. In the hybrid model in the non-failing mode (Table
3) LV dP/dtmax was lower, but the relative decrease upon simulation of LBBB was similar to
that in the canine hearts and TriSeg model. Also the increases in functional parameters (increase
in LV dP/dtmax, stroke work) upon starting CRT are similar in the canine LBBB and the
computational models.

These observations, in combination with the similarities in strains in canine hearts and finite
element model (Section 3.2) strengthen the idea that the animal and computational models
allow studying many basic aspects of asynchrony and CRT, at least in a qualitative way.

As compared to the finite element models, the TriSeg/CircAdapt model greatly reduces the
number of parameters, needed to describe the cardiovascular system, by adapting the size of
its constituents to mechanical load. As a consequence the model solves almost in real-time.
The TriSeg model describes mean mechanics of each wall segment; no dispersion is present
within a wall segment. The model also assumes that mechanical activation exactly mimics
electrical activation and that duration of sarcomere activation is the same in all segments. These
simplifications of the TriSeg model are both its strength and weakness. If higher spatial
resolution is required, the use of finite element models is recommended.

Finite element models of cardiac electromechanics, as mentioned in Section 3.3—of which
computation time can take about 30 min per heartbeat—are well suited to investigate regional
cardiac function and the influence of regional alterations in electrophysiology (activation
sequence) and mechanics (ischemia, scarring) on global cardiac function. Joining the
CircAdapt and finite element models in one model using clinically measured input may, in the
future, result in a powerful tool for predicting outcome of CRT tailored to the patient.

4.2. Conclusions
Animal and computer models are of great importance in understanding the events and
consequences of asynchrony and resynchronization. Studies in experimental animals show the
considerable effects of asynchronous activation on myocardial mechanics. This also holds for
LBBB, the most relevant pathology for CRT. These mechanical effects are sufficient to elicit
various adaptation processes, such as structural and electrical remodeling.

Mathematical models of various kinds showed that the abnormal, complex contraction patterns
in asynchronous hearts can be understood from simple well-known electrical and mechanical
properties of the myocardium. Detailed animal measurements and dedicated computer
simulations demonstrate that LBBB not only affects LV function, but also that of the RV, albeit
sometimes in an opposite way. These findings may stimulate studies in patients, specifically
oriented to these as of yet unknown topics.
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Fig. 1.
Electro-mechanics in the canine LBBB model. Examples of ECG (first row), endocardial
electrical activation (2nd row), time to peak shortening (3rd row), percent systolic shortening
(4th row) and endocardial wall motion (5th row), as observed before (left panels) and after
inducing LBBB (middle panels) and during biventricular pacing (BVP) in the LBBB model
(right panels). Timing of peak shortening is the time between the R wave and minimum
circumferential strain. The % systolic shortening is the difference in circumferential strain
between begin and end ejection. In the bulls-eye plots the lower half depicts the interventricular
septum and the upper half the LV lateral wall; outer rings represent the base and inner rings
the apex. Data are derived from (Vernooy et al., 2007). For each row the scale holds for each
panel.
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Fig. 2.
Typical example of myocardial circumferential strain tracings in eight regions along the
circumference in a mid-basal short-axis LV slice. Strain was referenced to end-diastole. Arrows
in the middle row indicate the time of peak shortening. Data are derived from Vernooy et al.
(2007). Scales mentioned in one panel also hold for the other panels. The short axis section of
the heart in the lower left corner illustrates the position of the eight regions of which the strains
are derived from. P = posterior, S = septum, A = anterior.
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Fig. 3.
Time course of LV wall mass and cavity volume (left, global structural remodeling) and septal
and LV free wall mass (regional structural remodeling, right) during 8 weeks of LBBB followed
by 8 weeks of biventricular pacing in the canine heart. Data are derived from Vernooy et al.
(2007). Mean values and SD are presented.
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Fig. 4.
Action potential duration (left) and repolarization time (right) as a function of activation time
of a canine heart during normal ventricular conduction (open diamonds), 1 h (grey squares)
and 4 months after inducing LBBB (black triangles). Each data point represents measurement
at one of 64 electrodes at the LV endocardium.
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Fig. 5.
Three kinds of computational models. (A) The TriSeg/CircAdapt model. Three thick-walled
spherical segments, i.e. the LV free wall segment (LVfw), the RV free wall segment (RVfw),
and the septal wall segment (Sept) are coupled mechanically at the midwall junction, thus
forming a left (LV) and a right (RV) ventricular cavity. Cardiac valves connect the atria to the
ventricles (chamber module) and the ventricles to the systemic (Syst) and pulmonary (Pulm)
circulations, containing tube and resistance modules. (B) Finite element model of the left
ventricle, approximated by an ellipsoid (Kerckhoffs et al., 2003). (C) Hybrid finite element
model of LV/RV and lumped parameter systems-model with a realistic geometry of a canine
heart (Kerckhoffs et al., 2007b).
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Fig. 6.
Left (LV) and right (RV) ventricular hemodynamics and myofiber mechanics as simulated
with the TriSeg model in control (solid lines) and simulations with delayed activation of the
LV (dashed lines). Top row: time courses of LV and RV pressures. Second row: LV and RV
pressure–volume loops. Bottom row: predicted myofiber stress–strain loops of the LV free
wall (LVfw), septal wall (Sept), and RV free wall (RVfw). Abbreviations C, 30, 60 and 90
indicate simulated results in control, and with delay of LV free wall activation by 30, 60 and
90 ms, respectively.
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Fig. 7.
Fiber strain during a cardiac cycle in the LV midwall at the equator for all simulations. Cardiac
phase transitions are indicated by circles, starting at end-diastole (which is also the state strain
is referenced to). LBBB = left bundle branch block; VV-40, VV0 and VV40 = biventricular
pacing with a RV–LV pacing interval of −40, 0 ms, and 40 respectively; LVp single site pacing
at LV lateral wall. Scales mentioned in one panel also hold for the other panels.
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Fig. 8.
(A)–(C): Measures of regional mechanical dispersion in the hybrid model during various
simulated pacing modes in the failing and non-failing heart. (A) Standard deviation of RV and
LV ejection strain, normalized to LBBB, (B) fraction of tissue stretched during the ejection
phase, (C) CURE index, and (D) regions in the ventricles that are stretched (black) during
ejection. Abbreviations as in Fig. 7. Scales mentioned in one panel also hold for the other
panels.
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Table 4
Estimated optimal VV-delay for global function (optimalVVDglob, ms), based on
LV dP/dtmax, EF, and SW and optimal VV-delay for regional function
(optimalVVDreg, ms) based on LV SDE, FTS and CURE

Non-failing heart Failing heart

OptimalVVDglob

dP/dtmax −26 −56

EF 4.5 −21

SW −15 −15

Mean (±SD) −12±15 −31±22

OptimalVVDreg

SDE −20 −39

FTS 3.8 −33

CURE −26 −45

Mean (±SD) −14.1±15.8 −39.0±6.0

Simulations performed in non-failing and failing heart.
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Table 5
Comparison between canine LBBB animal model and LBBB patients

LBBB patients LBBB dogs

QRS duration LBBB 169±16ms 123±4ms

Controls 80−100ms 69±3ms

Inter-ventricular asynchrony (RV–LV pressure
difference)

LBBB −50±17ms −32±7ms

Controls −5±10ms −6±9ms

Intra-ventricular asynchrony (Electrical
mapping, ms)

LBBB 61±15ms 26±6ms

Controls NA 5±2ms

Time to first peak systolic shortening septum to
LV lateral wall delay (MR tagging)

LBBB 351±92ms 173±21ms

Controls NA −27±15ms

Septal to posterior wall motion delay (SPWMD) LBBB 192±92ms 221±13ms

Controls NA 64±9ms

Echocardiography (% of controls)

    Hypertrophy 142 (%) 117 (%)±15 (%)

    LV EDV/wall mass ratio 114 (%) 110 (%)±12 (%)

    Sep/lat wall mass ratio 98 (%)−90 (%) 84±2%

Myocardial blood flow (% of mean LV) Using PET Using microspheres

    Septum 93% 83±16%

    Lateral wall 113% 118±12%

Data derived from Verbeek et al. (2003), Verbeek et al. (2006), Zwanenburg et al. (2004), Vassallo et al. (1984), Pitzalis et al. (2002), Prinzen et al.
(1995), Vernooy et al. (2005), Lindner et al. (2005).
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