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Abstract—Heart failure leads to gross cardiac structural
changes. While cardiac resynchronization therapy (CRT) is a
recognized treatment for restoring synchronous activation, it
is not clear how changes in cardiac shape and size affect the
electrical pacing therapy. This study used a human heart
computer model which incorporated anatomical structures
such as myofiber orientation and a Purkinje system (PS) to
study how pacing affected failing hearts. The PS was
modeled as a tree structure that reproduced its retrograde
activation feature. In addition to a normal geometry, two
cardiomyopathies were modeled: dilatation and hypertrophy.
A biventricular pacing protocol was tested in the context of
atrio-ventricular block. The contribution of the PS was
examined by removing it, as well as by increasing endocardial
conductivity. Results showed that retrograde conduction into
the PS was a determining factor for achieving intraventric-
ular synchrony. Omission of the PS led to an overestimate of
the degree of electrical dyssynchrony while assessing CRT.
The activation patterns for the three geometries showed local
changes in the order of activation of the lateral wall in
response to the same pacing strategy. These factors should be
carefully considered when determining lead placement and
optimizing device parameters in clinical practice.

Keywords—Cardiac geometry, Electrophysiology, Purkinje

system, Heart modeling, Cardiac resynchronization therapy,
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INTRODUCTION

Cardiac resynchronization therapy (CRT) is a pace-
maker treatment for heart failure patients (New York
Heart Association class III and IV). It improves systolic

function in ventricular dyssynchrony,13 leading to
amelioration of functional capacity, inverse remodel-
ing, and reduction of morbidity and mortality.1,5,13

Despite these benefits, clinical trials have demonstrated
that around one third of patients do not respond
favorably to CRT using standard clinical selection
criteria. Sub-optimal resynchronization resulting from
current pacing protocols has been proposed as a
potential cause underlying treatment failure.1,6

As the use of whole heart computational models
for electrophysiological simulations becomes more
feasible,31,43 they are starting to be considered as a
practical way to explore certain hypotheses that are
difficult to study in vivo. Various computational studies
have undertaken the task of unveiling pathological
substrates and assessing treatment methodologies.
Current available cardiac models, ranging from sin-
gle cell,11,26,38 to tissue level14,30 and organ level,25,42

are sufficiently accurate to model complex processes,
including ion kinetics in healthy and pathological
conditions. Inmany cases, cardiacmodeling can be used
to investigate phenomena such as drug effects on the
electromechanical response and arrhythmogenesis.14,35

Although cardiac geometry can be extracted from
existing image modalities, many other important
features to the modeling process (i.e., myofiber orien-
tation, tissue conductivity) cannot be noninvasively
obtained; thus, population-based data are used instead.
Such is the case for the Purkinje fibers, the fast con-
ducting cardiac tissue responsible for synchronous
activation of the ventricles during the cardiac cycle.
Despite its relevance, its structure and effects are
commonly not considered in cardiac simulations.33

Previous studies have attempted to model the Purkinje
system (PS) following anatomical landmarks based on
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maps of the activation sequence. These maps helped
determine roughly the Purkinje myocardial junctions
(PMJ) which are contact points for electric impulse
transmission between the PS and bulk myocardium.39

In some electrical modeling studies, researchers have
estimated a time delay function for stimulating a
number of nodes on the endocardium to reproduce the
depolarizing pattern of the PS.8,42 Others have used
high-subendocardial conduction velocities to represent
the PS influence.18 These approaches to incorporating
PS functionality through bypassing its specific model-
ing is problematic because it disables an intrinsic
property of the PS: retrograde conduction. Bidirec-
tional electric flow along the PS might not be necessary
for normal sinus activation of a healthy heart, but its
contribution is important during analysis of CRT,
where the electrodes are positioned close to the distal
portion of the PS.

Another factor to bear in mind during evaluation
of CRT candidates with heart modeling is the
geometry of the ventricles. Heart failure patients can
suffer from pathological conditions that lead to
ventricular remodeling. Such are the cases of dilated
cardiomyopathy (DCM), characterized by an increase
in ventricular diameter,4 and hypertrophic cardio-
myopathy (HCM), a thickening of the ventricular
wall.34

Previous model studies on paced hearts include
work focused on the electromechanical effects of
pacing each ventricle,17 or optimizing CRT pacemaker
settings based on electrical information.33 The study
presented in this paper aims to elucidate changes in
the activation pattern due to the interaction of CRT
pacing and PS in normal and pathological human
geometries. For this purpose, a specific CRT model
was built which included a novel and more accurate
modeling of the cardiac conduction system than pre-
vious approaches. The main advantage of this
approach is the possibility to simulate the retrograde
activation of the PS resulting from the pacing.
Understanding the activation sequence for a particular
patient, given the geometrical characteristics and
knowing the effect of the underlying structures, could
facilitate selection of appropriate treatments and tailor
the CRT devices to optimize therapeutic outcome on
an individual basis.

The influence of ventricular geometry and PS
interaction on the paced heart was studied using three
models: (i) a normal patient biventricular (BV) mesh,
to which geometrical changes were introduced to
emulate (ii) DCM and (iii) HCM. The geometrical
models were used to simulate electrical activation
under normal sinus rhythm and paced conditions in
the context of a third degree atrioventricular (AV)
block. Complete blockage of AV conduction leaves

the task of ventricular activation to the pacemaker
alone.

Electrical propagation in cardiac tissue was
modeled using the monodomain formulation. For the
PS, an embedded structure was built which allowed
to model both Purkinje–Purkinje and Purkinje–
myocardium properties independently. For BV pac-
ing, the pacemaker leads were model as current
injection points at certain sites of the geometries. A
pacing protocol was defined using different sequential
pacing strategies (interventricular delays), to
understand how histological structure and geometry
affects cardiac activation for different pacemaker
configurations. For each geometry, each pacing pro-
tocol was performed with and without the PS. Fur-
thermore, models with increased conductivity at the
endocardium were used to represent a dense PS as
described by Kerckhoffs et al.18

Section 2 details the construction of the normal BV
mesh and the process for applying transformations to
arrive at pathologic geometries representing DCM and
HCM. Section 3 outlines the mathematical models
used to simulate cardiac activity and describes pacing
protocols. Section 4 presents the simulation results
with a discussion of the most prominent findings and
describes the limitations of the modeling approach.
Section 5 presents the conclusions from this study.

ANATOMICAL MODEL CONSTRUCTION

Healthy Anatomy

A human anatomical model of the right and left
ventricles with landmarked endocardial and epicardial
surfaces was used in this study. The BV surface mesh
was obtained from the segmentation at the end dia-
stolic phase of a cardiac multislice computed tomog-
raphy (MSCT) scan of a 53-year-old male. A normal
anatomy was determined as the subject underwent a
diagnostic CT scan. For the patient-specific segmen-
tation, a heart statistical atlas trained and built with
100 MSCT patient scans was used.27 An active shape
model replaced manual delineations by a model-based
method, and enhanced the transfer of a number of
functional substructures incorporated in the atlas (i.e.,
the PS) and anatomical labels.12 The models used for
the simulations were all BV since general CRT proce-
dures require implanting a pacemaker lead in each
ventricle.

Generation of Pathological Anatomies

The original surface mesh (see Fig. 1a) was
mathematically transformed into two new meshes to
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represent DCM and HCM. In clinical practice, DCM
is diagnosed when the ventricular diameter exceeds
117% of the expected normal, age-adjusted value and
HCM is diagnosed when wall thickness exceeds 125%
of the expected maximal thickness.3 Based on these
criteria and comparing to typical patients, the HCM
mesh was constructed by scaling the LV endocardium
to achieve a 50% increase in wall thickness measured
radially (see Fig. 1c). For the DCM mesh, the LV
endocardial surface was radially displaced to obtain a
50% increase in diameter. Subsequently, the epicardial
surface was further dilated to achieve a 30% thinning
of the average wall thickness. The latter step was done
to assure the property of conservation of mass in the
myocardium of dilated (nonvolume overloaded) hearts
(see Fig. 1b).

Volumetric Meshing

The three surface meshes were used to create high-
resolution volumetric tetrahedral meshes needed for
numerical simulations. Volumetric mesh quality was
ensured by controlling both the maximum distance
between neighboring nodes and the radius-to-edge
ratio to assure regularly shaped elements. The aver-
age inter-node distance was smaller than 500 lm,
with between 2.5 and 3.5 million nodes and between
15 and 21 million linear elements. The conduction
velocity at this mesh resolution was tested on a slab
of tissue with conductivity values recommended by
Clerc.7 From this, we obtained a maximum veloc-
ity of 0.67 m/s which is in the range of reported
values.24

Myocardial Fiber Orientation

The fiber orientation was calculated for every
element of the mesh, using a mathematical formula-
tion based on the work of Streeter37 validated by
Jouk et al.15 The Helical fiber structure in the Healthy
model was computed with fibers rotating from +50� at
the endocardium to �60� at the epicardium. This
helical pattern was also used to calculate the fiber
orientation for elements in the DCM and HCM
meshes. MacGowan et al. demonstrated that anatomic
fiber angles were not different between normal subjects
and idiopathic DCM patients.20 Also Tezuka40 con-
cluded from his experimental work that fiber orienta-
tion in concentric HCM subjects differs from normal
subjects only at the endocardium.

Purkinje System

The PS was manually delineated as an independent
structure in the atlas, and fitted to the healthy subject
surface mesh during segmentation. Terminals were
positioned to reproduce the activation sequence
reported experimentally by Durrer et al.10 and more
recently by Ramanathan et al.32 Paths between termi-
nals were built using splines to form a branching net-
work. The resulting PS model consisted of the bundle
branches and 100 segments distributed over the endo-
cardial surface mesh, with no loops in the network. In
Fig. 1, the RV (blue) and LV (red) PS are superim-
posed on the ventricles.

The PS for the pathological meshes was obtained
using the previously described transformation
algorithms. It was assumed that in the pathologies

FIGURE 1. Ventricular models. Basal and anterior views of the biventricular surface models: (a) original healthy subject,
(b) dilated (DCM), and (c) hypertrophic (HCM) cardiomyopathies. Solid lines represent the RV (blue) and LV (red) branches
of the PS.
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modeled, the number of branches in the PS was unaf-
fected and no terminals were generated or destroyed.
This is reasonable, considering that in HCM and DCM
myocytes and Purkinje cells do not undergo hyperpla-
sia during ventricular remodeling.3

MATHEMATICAL MODELING

OF ELECTROPHYSIOLOGY

Modeling cardiac electrophysiology involves two
main steps: first, calculating the underlying variations
in ionic concentrations across the cellular membrane at
each node; second, determining the dynamics of elec-
trical activity at the tissue level.

The electrophysiological cell models used in this
study were the Ten Tusscher–Panfilov model38 for
the bulk myocardial cells and the DiFrancesco–
Noble model9 for the PS. The maximum sodium
conductance was increased by a factor of 3 in the
DiFrancesco–Noble model to augment the conduc-
tion velocity.

For the propagation of the electrical impulse in the
cardiac tissue, the monodomain formulation was
used.29 Compared to the bidomain formulation, the
monodomain ignores the extracellular field contribu-
tion, but it has been demonstrated that for simula-
tions such as those undertaken in this study the
difference in results can be neglected.31 Thus, choosing
the monodomain over the bidomain is a matter of
computational efficiency since it only requires solving a
parabolic equation as opposed to the parabolic plus an
elliptic equation. The semi-implicit Crank–Nicholson
method was used to update transmembrane potential
as described by Vigmond et al.44 and Whiteley,45

solving a linear system and preserving stability for
large time steps.

The modeling of the PS was performed as described
by Vigmond and Clements.41 The network was con-
structed from 1D cubic Hermite elements to ensure
continuity of current at junctions and bifurcations.
Fibers were described as 1D cables that branched at
certain positions forming a network structure. The PS
was isolated electrically from the myocardium, with
the two tissues connected at PMJs, which were mod-
eled as fixed resistances. Each PMJ was coupled to a
group of myocardial nodes within a specified radius.
For further information, see Vigmond and Clements41

and Boyle et al.2 Table 1 gives the specific parameters
used in the cable model, where XPMJ is the PMJ
resistance and XPPJ is the resistance between PS seg-
ments, r is the intracellular conductivity, and IHis is the
current injected into the His bundle to trigger the
Purkinje activation.

All the numerical calculations were performed using
the Cardiac Arrhythmia Research Package
(CARP).28,44 The simulations were run for 230 ms of
the cardiac cycle since only the onset of depolarization
was of interest.

Application to Study Electrical Activation in CRT

To assess the influence of cardiac geometry and the
PS, a set of standard sequential pacing protocols were
conducted on the three cardiac models. Seven pacing
scenarios determined by different time delays between
the RV and LV pacing leads (inter-ventricular delay,
or VVD) were tested. The time delays ranged from
30 ms RV lead preactivation (VVD �30) to 30 ms LV
lead preactivation (VVD 30) with intervals of 10 ms
between pacing strategies. A third degree AV block
was assumed for all the pacing scenarios. Pacing leads
were positioned on the apical endocardium (RV lead)
and on the lateral free wall epicardium (LV lead) as
commonly done in CRT. A physiological activation
(starting from the His bundle) was also simulated for
each geometry for control purposes. We follow clinical
guidelines regarding the positioning of the LV and RV
lead. Therefore, we do not consider positioning the
leads in other areas such as the His bundle that could
be considered a better position in order to produce
physiological activations. The reason is that the insu-
lation that surrounds the Purkinje network plus the
lack of Purkinje terminals in that area would prevent
the electrical impulse to get inside the system23 and the
re-synchronization will not succeed. The pacemaker
lead stimulus was modeled as a 1 mm3 cube where
transmembrane current of 0.05 lA/cm3 was injected
for 1 ms.

To further study the contribution of the PS to
the activation sequence, all pacing simulations were
repeated in absence of the PS. Two types of models
were used: (i) models with physiological conductivity
values in all myocardial tissue, and (ii) models with
increased conductivity values on the endocardium
(10% of the wall thickness on the whole ventricles).
The increments in the conductivities at endocardium
were adjusted to reach a conduction velocity of 2 m/s.
With this velocity, the LV endocardial depolarization

TABLE 1. Constant values used for the
Purkinje cable model.

Parameter Value

XPMJ 27 MX
XPPJ 100 kX
r 0.024 S/m

IHis 220 lA/cm3
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takes place in approximately 60 ms, which is in the
range of normal values.46

Data Analysis

Isochrone maps of local activation times (LATs) in
the 3D models were used to study activation patterns
during each simulation (Figs. 2 and 3). LAT was cal-
culated as the time with respect to a reference (i.e.,
initial lead stimulus) at which the potential of a cell
reached a threshold (depolarized). Isochrone maps
depict the spatial distribution of LATs in 10 ms
intervals.

Patterns observed for each pacing scenario and
cardiac anatomy were analyzed with cumulative fre-
quency histograms of the amount of activated LV
myocardium, similarly as described by Shannon et al.36

Each histogram shows the percentage of LV myocar-
dial tissue activated in time intervals over the depo-
larization sequence.

In each case, the LV was further analyzed by cal-
culating the mean activation time for each region of
the American Heart Association standard 17 segment
division. Apart from the overall activation pattern that
the histograms convey, it is important to consider the
spatial order of activation and study whether the LV
segments are properly synchronized. These data are
important to search for the scenario that shows a
better synchrony between the different walls from the
point of view of the electrical activation.

RESULTS AND DISCUSSION

In the physiological simulations, the activation
sequence was triggered from the AV node, which
activates the His bundle. The right and left bundle
branches propagate the activation to the PS. Since
Purkinje fibers are isolated from the myocardium, they
only stimulate the tissue through PMJs. The PS initi-
ates as many activation wavefronts on the endocardial
surface as there are PMJs on the network, giving rise to
a rapid sequence of activation that propagates from
apex to base and from endocardium to epicardium, in
accordance with previously reported values.10,22 The
time for all ventricular tissue to depolarize (total acti-
vation time; TAT) was computed using the first
endocardial breakthrough as a starting point. The
values were 90 ms for the healthy heart, 105 ms for
HCM, and 119 ms for DCM.

In the case of stimulations triggered by a pace-
maker, the activation sequence presented significant
differences as compared to sinus activations. Figures 2
and 3 show the LATs in a cut plane displaying the
LV’s posterior wall for the DCM and HCM models
in three different pacing scenarios, (a) VVD �30 ms,
(b) VVD 0 ms, (c) VVD 30 ms, and their correspond-
ing basal views (d)–(f). During ventricular pacing in
models with PS, the propagation of excitation is slower
and less uniform than during His stimulation. The
stimulus given by the LV lead of the pacemaker gives
rise to a wavefront that propagates through the myo-
cardial tissue near the pacing site. After crossing the

FIGURE 2. Local activation times (LATs) in DCM with PS for different pacing strategies. Anterior view of the LV’s posterior wall
showing the 3D isochronal maps of the LATs for three pacing scenarios, (a) VVD 230 ms, (b) VVD 0 ms, (c) VVD 30 ms, and their
corresponding basal views (d–f).
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LV lateral wall, the wavefront retrogradely activates
the closest PMJ on the endocardial surface. Once in the
PS, the depolarization spreads rapidly, entering the
bulk myocardium through other PMJs and rapidly
activating remote areas. For the RV lead, which is
placed on the thin-walled right endocardial apex near
the PS, the onset of retrograde activation occurs
quickly after the initial stimulus generating a wave-
front that travels across the septum at different
heights. It contributes to the septal activation, and it
also heavily influences the LV’s anterior and posterior
wall in pacing strategies with VVD �30 ms and VVD
0 ms. Moreover, due to the proximity of the RV lead
to the septal wall, the wavefront crosses the septum
and contributes to the activation of the LV apex (see
Figs. 2 and 3) and initiates retrograde activation of the
PMJs on the LV endocardium. For the models with PS
considered, this last effect was only observed for VVD
�30 ms. In the other cases the LV PMJ closest to the
RV lead generated breakthrough had already been
activated by the LV lead. However, RV pacing in
models with increased endocardial conductivity always
caused retrograde activation of the LV apical endo-
cardium as seen clinically.19 Consequently, the activa-
tion sequence highly depends on the wall thickness and
PS distribution on the endocardial surface. Due to our
assumption for the PS, for which we fitted a unique
structure onto the three geometries, the number of
PMJs per endocardial unit area varied between
geometries. The HCM, with its smaller endocardial

surface, had the highest PMJ density, while the DCM
had the lowest. Figures 2 and 3 show the wavefront on
the lateral wall crossing from epicardium to endocar-
dium faster in the DCM than in the HCM model;
however, once on the endocardium, both impulses
have to propagate towards a PMJ and, given the
density of these, the HCM’s wavefront has a higher
chance of finding one.

Figure 4 shows histograms of the percentage of
activated LV tissue for three pacing scenarios. Simu-
lations with VVD�30 ms (a, d, and g) show a period of
inactivity on the LV myocardium while the wavefront
from the RV lead reaches the septal wall. On
the remaining plots, activation always starts at 0 ms,
although this initial excitation is almost imperceptible
on the plots because of the very slow rate of initial rise.
As activation spreads, the associated curves start to
drift apart. For simulations with an underlying PS
(Figs. 4a–4c), a high slope represents the contribution
of retrograde PS activation. Thus, the wall thickness
and the distance to the closest PMJ determine the
instant and rate of the major increase in slope on each
curve. The LV PS is reached first in the healthy model
(solid line), whereas in HCM (dotted) due to the thicker
wall and in DCM (dashed line,) due to the lower density
of PMJs, there is a higher delay. Simultaneous activa-
tion (VVD 0 ms) produced the most uniform results.

Simulations using myocardial models with normal
conductivity values, but lacking the PS take longer to
activate (see Figs. 4d–4f). The main reason is that the

FIGURE 3. Local activation times in HCM with PS for different pacing strategies. Anterior view of the LV’s posterior wall showing
the 3D isochronal maps of the local activation times for three pacing scenarios, (a) VVD 230 ms, (b) VVD 0 ms, (c) VVD 30 ms, and
their corresponding basal views (d–f).
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wavefront has to reach remote areas traveling only
through bulk myocardium. In Fig. 4f, the slowest in
completing the activation of the LV was the DCM
geometry (230 ms) the one with the largest circumfer-
ential distance to cover, while the Healthy and
HCM geometries had finished by about 200 ms. The
shapes of the Healthy and HCM curves do not differ
significantly.

Another example of the dependence of the activa-
tion sequence with the PS distribution is illustrated in
Fig. 4c (VVD 30 ms). In this figure, the curve repre-
senting the HCM model (blue; dotted) achieves its
maximum slope later than the other geometries. This
can be attributed to the fact that retrograde excitation
in the HCM occurs later than in the healthy or DCM
hearts. While the excitation wavefront is still propa-
gating through the thick ventricular wall in the HCM
model, it has already reached a PMJ on the endocar-
dial side in the other two cases. Notably, the trajectory
of this curve is nearly indistinguishable from the acti-
vation histogram for the HCM heart with no PS
(Fig. 4f).

In Figs. 4g–4i, the curves correspond to models
without PS but with increased endocardial conductivity.

This implies the assumption that every node on this
layer behaves as a PMJ, explaining the very steep
slopes of the curves. Moreover, it also implies that the
retrograde activation for these models was only
dependent on wall thickness. As a consequence, the
DCM model, which has the thinnest ventricular wall,
was always the fastest to depolarize (shortest TAT),
followed by the Healthy and HCM models. Another
aspect to note on these simulations is that the depo-
larization caused by the RV lead reached the LV apex
at the endocardium and initiated rapid activation
wavefronts that contributed greatly to LV depolar-
ization. This effect is highlighted in the DCM curves,
which tend to move closer to the Healthy curve as the
pacing shifts from RV preactivation to LV preactiva-
tion (see the distance between the dashed and the solid
line, which diminishes from Figs. 4g to 4i). Neverthe-
less, this modeling approach is fundamentally inaccu-
rate, since PMJs are not homogeneously distributed
with extremely high density on the endocardium.18,10

Therefore, the time required to retrogradely activate
the PS is neglected.

The bullseye plots (see Fig. 5) correspond to
VVD 0 ms with the possible combinations: the three

FIGURE 4. Cumulative frequency histograms of the normalized percentage of activated tissue. The lines correspond to: healthy
(solid); DCM (dashed); and HCM (dotted) models. The first row corresponds to simulations with PS while the second and third rows
correspond to simulations without the PS and with normal and increased endocardial conductivities, respectively.
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geometries with PS, no PS with normal conductivity
values, and no PS with increased endocardial con-
ductivities. Results from models with PS when com-
pared to results from models with an absence of the PS
and normal conductivity values indicate that corre-
sponding geometries have very similar mean activation
values for the lateral wall (pairs a–d, b–e, c–f). This
highlights the role of the LV lead alone on this task.
In contrast with lateral wall, the septal activation
on these plots indicates a significant delay between
corresponding models.

Intraventricular dyssynchrony is referred to as a
marked delay of the onset of contraction between the
septal and LV lateral wall. One potential treatment is a
CRT device with the LV lead positioned at the site of
longest delay. Therefore, the electrical activation as
displayed on the bullseye plot conveys informa-
tion that can be associated to intraventricular dyssyn-
chrony. The analysis of activation sequences across

geometries with PS (Figs. 5a–5c), shows the propaga-
tion wavefront on the septal wall always following an
apex to base pattern. However, this pattern is lost for
the lateral wall activation due to the action of the LV
lead in the mid-posteriolateral wall. Moreover, in this
region, the order of activation depends on the geome-
try. Within models lacking the PS but with normal
conductivity values (Figs. 5d–5f) the apex to base
activation pattern of the septal wall is preserved,
although with a significant prolongation in activation
compared to with-PS counterparts. This same pattern is
observed in models with increased conductivity values
(Figs. 5g–5i) which have the earliest onset and fastest
depolarization of the LV’s septal and lateral wall.

Our simulations show that the mean activation times
of the septum and the lateral wall are more synchro-
nous and physiological in models with PS (see Fig. 5) as
compared to models without PS, which highlights the
role of the PS in maintaining synchronicity between the

FIGURE 5. Bullseye plots of the AHA 17 segment division, showing LV activation times for simultaneous pacing (VVD 0 ms). The
first row corresponds to simulations with PS while the second and third rows correspond to simulations without the PS and with
normal and increased endocardial conductivities, respectively.
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walls of the ventricles by minimizing their activation
delay. The models with normal conductivity values and
no PS showed a prolonged activation on their histo-
grams and an activation widely spread in time when
compared to simulations with PS. TAT is associated to
the QRS interval, an index that is used to assess the
CRT optimization.16 Thus activated tissue histograms
can be interpreted as a global index of intraventricular
synchronicity. Simulations with lower intraventricular
delays, as displayed on bullseye plots, showed a higher
maximum slope and a reduction of TAT.

Limitations of This Study

The use of computer models to study and predict
the response to specific therapies is still in an early
stage. The uncertainty of basic physiological constants,
coupled with the spatial heterogeneity, is a clear source
of concern.

The ionic models used come from two different
species. Since only the onset of depolarization was of
interest, propagation velocity was of primary impor-
tance. To this end, sodium conductance in the PS was
adjusted, and junctional parameters were tuned to
properly model propagation across the PMJs. Differ-
ences in action potential duration between the two
ionic models did not affect the results. For future
studies involving repolarization, a more realistic
human ionic model of Purkinje fibers should be
implemented.

Even though we were able to show the importance
of the PS in the electrical activation and its effect in
CRT, the PS model needs to be improved. The density
of terminals in the system is lower than it has been
reported in histological studies,21 and therefore delays
in the initial activation could be observed. The time to
reach the PS from a lead can be affected by the density
of terminals. A specific study to find out a more
accurate density and ramification model of the PS
remains to be done.

Invasive techniques, such as electrical mapping are
among the few in vivo studies that can be used to val-
idate the functioning of the heart electrical system.
Although the data are sparse and difficult to interpret,
a validation based on these recording remains to be
done. This is a very challenging step that requires
specific techniques in order to bring together electrical
and geometrical properties of the heart.5

CONCLUSION

We have presented a cardiac electrical simulation
study to assess the importance of anatomical and
histological substructures on the paced heart. The

computer model includes important substructures,
such as the PS and myocardial fiber orientation based
on a mathematical formulation. The branching Pur-
kinje structure was approached by manual delineation
following anatomical landmarks and its electrical
behavior was modeled as a 1D cable network.41 The
model is able to simulate the electrical activation pro-
duced by a BV pacemaker and reproduces the effect of
retrograde activation at PMJs.

The results showed that the use of a detailed and
sophisticated PS is vital to account in simulations
with CRT. Its retrograde conduction property is
important to determine the synchronous activation
between the LV walls. The usage of models without a
PS can overestimate the degree of intraventricular
dyssynchrony.

Although while pacing from the epicardium it is
not possible to reproduce a physiological pattern, it
can however maintain the most electrophysiological
resemblance (apex to base) depending on the patho-
logical structure. Applying the same pacing strategy to
different models elucidates important local variations,
made manifest by differences in activation pattern.
Between geometries for a given VVD, the most notable
effect on the activation pattern is seen on the lateral
wall, where the apical and basal segments changed
their order of activation. This should be considered in
clinical practice at the moment of the LV lateral wall
lead positioning to improve the outcome of the
procedure. Further work on simulations should test
different lead positions to achieve this goal.
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