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Abstract 
The goal of the study was to design a model of cardiac ventricles with realistic geometry that enables simulation of the 
ventricular activation with normal conduction system functions, as well as with bundle branch blocks. In ventricles, 
electrical activation propagates from the His bundle to the left and right bundle branches and continues to the fascicles 
and branching fibers of the Purkinje system. The role of these parts of the conduction system is to lead the activation 
rapidly and synchronously to the left and right ventricle. The velocity of propagation in the conduction system is several 
times higher than in the surrounding ventricular myocardium. If the conduction system works normally, QRS duration 
representing the total activation time of the ventricles lies in the physiological range of about 80 to 120 ms but it is more 
than 120 ms in the case of bundle branch blocks. In our study, the realistic geometry of the ventricles was constructed on 
the base of a patient CT scan, defining epicardial and endocardial surfaces. The first part of the conduction system (fast-
conducting bundle branches, fascicles in the left ventricle and initial parts of the Purkinje fibers) was modeled as polyline 
pathways isolated from the surrounding ventricular tissue. The remaining part of the Purkinje system was modeled as an 
endocardial layer with higher conduction velocity. The propagation of the electrical activation in the ventricular model 
was modeled using reaction-diffusion (RD) equations, except for the first part of the conduction system, where the 
activation times were evaluated algebraically with respect to predefined velocity of propagation and estimated distance 
between the His bundle and particular entry point to the layer with higher conduction velocity. Propagation of activation 
in cardiac ventricles was numerically solved in Comsol Multiphysics environment. Several configurations of the first part 
of the conduction system with different number of polyline pathways and entry points were proposed and tested to achieve 
realistic activation propagation. For the model with 9 starting points, realistic total activation time (TAT) of the whole 
ventricles of about 108 ms was obtained for the model with normal conduction system, and realistic TAT of 126 ms and 
149 ms were obtained for the right and left bundle branch block (RBBB, LBBB), respectively. Very similar TAT was found 
also for the model with 7 starting points, but unrealistically long TAT was obtained in LBBB simulation for the model 
with only 5 starting points. 
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Introduction 

The proper heart function depends on appropriate 
and synchronous electrical activation of the heart. 
Disturbances of electrical activation of the ventricles 
may lead to decreased pumping function of the heart. 

In the heart ventricles, the electrical activation starts 
from the atrioventricular node and propagates through 
the His bundle that further divides to the left and right 
bundle branches, anterior and posterior fascicles in the 
left ventricle and continues to the branching fibers of 
the Purkinje system. The fast-conducting His bundle, 
bundle branches, fascicles and Purkinje system create 
the conduction system and lead the activation to the 
working ventricular myocardium. The velocity of acti-

vation propagation in the conduction system is several 
times higher than in the working ventricular myo-
cardium [1, 2]. 

Complete left or right bundle branch block (LBBB, 
RBBB) lead to prolongation of the total activation time 
and asynchronous function of the ventricles. Complete 
and incomplete bundle branch blocks (BBBs) and some 
other heart diseases and abnormalities have often similar 
ECG characteristics [3, 4]. Difficulties in the BBBs 
diagnostics relate to the position, size, and degree of 
tissue impairment in particular cases [5, 6]. 

The real propagation of the activation front in the heart 
tissue is dependent on tissue parameters, as well as on 
the front shape [7]. It can be mathematically modeled by 
using less time-consuming propagation models based on 
the fastest route algorithm [8], cellular automata [9, 10] 

https://doi.org/10.14311/CTJ.2021.1.03


 

22 
 

Lekar a technika – Clinician and Technology 2021, vol. 51(1–4), pp. 21–28, DOI: 10.14311/CTJ.2021.1.03 
ISSN 0301-5491 (Print), ISSN 2336-5552 (Online) 

ORIGINAL RESEARCH 

or eikonal equations [11]. Most of the fast algorithms 
suppose constant propagation velocity in particular 
tissue, neglecting velocity changes caused by the 
activation front shape [12]. Propagation models using 
the reaction-diffusion (RD) equations (in monodomain 
or bidomain models of the tissue) [13, 14] preserve the 
velocity changes connected with activation front shape, 
however they are much more time-demanding than the 
abovementioned fast methods. 

The local changes of electrical activity (action 
potential, AP) across cardiac cell membranes could be 
described by complex local models, including ion 
concentration changes and ion flux through various 
membrane channels [15]. Such local models include 
tens of ordinary differential and algebraic equations. 
These models are capable to model the shape of AP in 
detail, nevertheless their numerical solution is extremely 
time demanding. 

More conventional way is to use simplified local 
model with limited number of equations, e.g., the 
FitzHugh-Nagumo (FHN) equations [13, 16, 17]. The 
FHN equations incorporate only two state variables and 
therefore they are more effective for application in RD 
model of activation propagation than other more 
complex local membrane models. 

In our study, the geometry of ventricles model was 
constructed on the base of a patient CT scan. The 
conduction system in the ventricles was made up from 
two parts. The first one was modeled by polyline 
conductive pathways and comprised the His bundle, 
both bundle branches, fascicles in the left ventricle and 
initial parts of the Purkinje fibers. The second one 
represented the remaining part of the Purkinje fibers in 
both ventricles and was modeled as two endocardial 
layers with higher conduction velocity. 

The left and right BBBs were modeled by disabling 
the first part of the conduction system in the particular 
ventricle. The activation propagation and the total 
activation times (TAT) when the whole ventricles were 
activated were computed and compared for models of 
normal activation as well as for the BBBs. 

Method 

Geometry of  the rea l ist ic  model  

The geometry of the ventricles was obtained from 
a patient CT scan, where the outer epicardial surface and 
inner endocardial surfaces of the left and right ventricles 
were defined (grey in Fig. 1). 

The height (base-to-apex dimension) of the ventricu-
lar model was approximately 130 mm (Fig. 1). The left-
to-right dimension was approximately 140 mm, and the 
anterior-to-posterior dimension was 100 mm. The thick-
ness of the ventricular wall was about 5–9 mm in the 
right ventricle and about 8–11 mm in the left ventricle 
in the middle of the model height. 

The f irst  p art  o f  th e  conduct ion system 
model  

In our study, the initial part of the conduction system 
(fast-conducting bundle branches, fascicles in the left 
ventricle and initial part of the Purkinje fibers) was 
modeled separately as polyline pathways isolated from 
the surrounding tissue. The His bundle (the upper line in 
the middle picture in Fig. 2) was further divided to the 
left and right bundle branches. Several configurations of 
the first part of the conduction system were designed: 
the model with nine polyline pathways and two models 
with reduced number of polyline pathways (Fig. 2–4). 

The second p art  o f  th e  conduct ion system 
model  

The second part of the conduction system represented 
the remaining part of the Purkinje fibers in both 
ventricles. It was modeled as two endocardial layers 
with higher conduction velocity (referred as the fast-
conducting Purkinje layers in Fig. 1, highlighted in 
green and blue). 

The fast-conducting Purkinje layers at the endo-
cardium of the ventricles were about 2 mm thick. The 
remaining volume of the ventricles represented the 
working ventricular myocardial (cardiac muscle) tissue 
with lower conduction velocity. 

 
Fig. 1: The ventricular model with realistic geometry: 
frontal view (top), base-to-apex view (bottom). The fast-
conducting Purkinje layers in the right and left ventricle 
are highlighted in green and blue, respectively. 

https://doi.org/10.14311/CTJ.2021.1.03


 

23 
 

Lekar a technika – Clinician and Technology 2021, vol. 51(1–4), pp. 21–28, DOI: 10.14311/CTJ.2021.1.03 
ISSN 0301-5491 (Print), ISSN 2336-5552 (Online) 

ORIGINAL RESEARCH 

Star t in g r egions of  act ivat ion  

The activation can propagate from the first part of the 
conduction system model to the second one through the 
connections modeled as entry starting regions (SR). 
Each polyline pathway was ended in the SR through 
which the electrical activation passed into the Purkinje 
layer (Fig. 2). The positions of SRs were situated in the 
earliest activated areas of the ventricles as it was 
observed experimentally by Durrer [18]. 

In the model, the starting regions were located 
subendocardially, had approximately hemispherical 
shape and the centers of the spheres were located on the 
endocardial ventricular surface. The radius of the 
spheres was 3 mm. 

Star t in g  act ivat ion  t im es  for  th e star t ing  
reg ion s  

The starting activation times in the SRs were 
evaluated algebraically with respect to a predefined 
velocity of propagation and the length of the particular 
polyline pathway. 

The propagation velocity in the His bundle and the 
bundle branches was assumed v = 1 m/s and the velocity 
in the remaining parts of the polyline pathway was set to 
v = 3 m/s. 

The propagation of activation in the conduction 
system is not visible in surface ECG signals, it can be 
observed as the QRS onset only after the activation starts 
spreading in larger volumes of the ventricular muscle 
tissue. Therefore, the shortest propagation time from the 
polyline pathways was found (starting region SR2) and 
subtracted from all SRs, to start the ventricular muscle 
activation in time zero. 

Each relevant starting region was activated by the 
stimulation current at calculated starting activation time 
(Tst) as shown in Table 1. Only relevant activated SRs 
are numbered and colored with different colors in 
bottom parts in Fig. 2–4. 

Table 1: The starting activation times Tst in conduction 
system models with 9, 7 and 5 starting regions. 

 9 regions 7 regions 5 regions 
 Tst (ms) Tst (ms) Tst (ms) 
SR1 1.8 1.8 1.8 
SR2 0   
SR3 2.3 2.3 2.3 
SR4 15.7 15.7 15.7 
SR5 20.3 20.3 20.3 
SR6 21.3   
SR7 7.2 7.2  
SR8 4.2 4.2  
SR9 25.7 25.7 25.7 

Model in g of  bu ndle branch blocks  

The left and right BBBs were modeled by disabling 
all starting regions in the particular ventricle (Table 2). 

The RBBB was modeled by omitting the starting 
regions in the right ventricle and LBBB was modeled by 
disabling all starting regions in the left ventricle. 

 
Fig. 2: Top view (top) and fontal view (middle) of the 
initial part of the conduction system modeled by nine 
pathways and corresponding nine SRs (bottom). 
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Table 2: Number of active starting regions in left and in 
right ventricle in models with 9, 7 and 5 starting regions 
for normal activation and BBBs simulation. 

 9 SRs 7 SRs 5 SRs 
 RV / LV RV / LV RV / LV 
Normal activation 2 / 7 2 / 5 1 / 4 
RBBB 0 / 7 0 / 5 0 / 4 
LBBB 2 / 0 2 / 0 1 / 0 

RV—right ventricle, LV—left ventricle. 

If LBBB was simulated in the model with 9 or 7 
polyline pathways, both SRs in the right ventricle were 
enabled (SR8 situated in the septum and SR9 situated in 
the free wall). 

If LBBB was simulated in the model with 5 polyline 
pathways, only one SR was enabled for activation (SR9 
situated in the free wall of the right ventricle). 

 
Fig. 3: Fontal view of the initial part of the conduction 
system modeled by seven pathways (top) and corre-
sponding seven SRs (bottom). 

React ion -d i f fus ion model o f  act ivat ion  
propagat ion  

The RD propagation model was used to describe the 
propagation in the fast-conducting Purkinje layers and 
ventricular muscle tissue. The propagation of electrical 
activation in the monodomain RD model of the cardiac 
tissue [13, 17] is described by the partial differential 
equation: 

( ) sionm
m iiVD
t

V
+−∇⋅∇=

∂
∂

 (1) 

where Vm is the membrane potential, D is tissue 
diffusivity, iion is the normalized local ionic 
transmembrane current density and is is the normalized 
stimulation current density. Current densities are 
normalized to membrane capacitance with resulting 
units A/F. The normalized local ionic transmembrane 
current density iion was represented by the modified 
FitzHugh-Nagumo (FHN) equations that determine the 
AP shape. 

 
Fig. 4: Fontal view of the initial part of the conduction 
system modeled by five pathways (top) and corre-
sponding five SRs (bottom). 
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The parameter values in the modified FHN local 
model were taken from [13], with exception of the 
parameter governing the AP amplitude (0.12 V for the 
working myocardial tissue and 0.14 V for the Purkinje 
layer was used). 

The pulse stimulation current is (amplitude of the 
normalized stimulation current density was 100 A/F, 
duration of the stimulating pulse was 5 ms) was applied 
in activated SRs. 

The tissue diffusivity D relates to the tissue 
conductivity σ, the membrane surface-to-volume ratio β 
and the membrane capacitance per unit area Cm: 

( )mCD βσ= . (2) 
where Cm = 1 μF/cm2 and β = 1000 cm–1. The tissue 
diffusivity of the working myocardium in the ventricular 
model was set to D = 0.0008 m2/s (relating to the 
tissue conductivity σ = 0.8 S/m). The tissue diffusivity 
of the fast-conducting Purkinje layers was set to 
D = 0.0054 m2/s (relating to higher tissue conductivity 
σ = 5.4 S/m). 

Numerica l  computat ion  

The partial differential RD equation describing the 
activation propagation and algebraic and ordinary 
differential equations related to FHN equations were 
numerically solved in Comsol Multiphysics. "Mesh 
Normal" with additional restriction to minimal and 
maximal mesh size (0.1 to 4 mm) was created for the 
ventricular model (Fig. 5). 

 
Fig. 5: The geometry of the ventricular model covered 
with tetrahedral mesh. 

Results 

Spatial distributions of the membrane potential Vm 
obtained for models with 9, 7 and 5 starting regions of 
activation are shown in Fig. 6–8. In the normal 
ventricular activation model with 9 starting regions in 
time t = 20 ms (Fig. 6), the activation started and 
propagated from six SRs. Three starting regions (SR5, 
SR6 and SR9) were still inactive. In Fig. 7 the same 

model is shown in time t = 57 ms, when the activation 
already started in all SRs and major part of the left 
ventricle was activated. 

Spatial distributions of the membrane potential Vm 
obtained for all models in time t = 107 ms are shown in 
Fig. 8. The normal ventricular activation model with 9 
SRs (top left) is just 1 ms before the activation of 
ventricles completed. When LBBB was simulated in 
models with 9 and 7 SRs (bottom left and middle), the 
activation fronts from SR8 and SR9 are going to meet in 
the right ventricle, while activation in the left ventricle 
is still not completed. 

The total activation times when the whole ventricular 
models were activated are shown in Table 3. The 
shortest time was obtained for the normal activation 
model with 9 SRs (TAT = 108 ms). Normal activation 
models with 7 and 5 SRs had only very slightly longer 
TAT, so all tree models of the normal activation had 
realistic TATs. When RBBB was modeled, realistic 
TATs were achieved, and similar activation sequences 
were observed for all three models. When LBBB was 
modeled, realistic TATs were achieved for models with 
9 and 7 starting regions (TAT = 149 ms in both cases). 
In both models the activation started from two SRs in 
the right ventricle (SR8 and SR9), therefore no 
difference was expected. 

 
Fig. 6: Spatial distribution of the membrane potential 
Vm (V) in the normal ventricular activation model with 
9 starting regions in time instant t = 20 ms. 

 
Fig. 7: Spatial distribution of the membrane potential 
Vm (V) in the normal ventricular activation model with 
9 starting regions in time instant t = 57 ms.
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Fig. 8: Spatial distribution of the membrane potential Vm (V) in all ventricular models in time instant t = 107 ms.

Table 3: Total activation times (TATs) in conduction 
system models with 9, 7 and 5 starting regions. 

 9 SRs 7 SRs 5 SRs 
 TAT (ms) TAT (ms) TAT (ms) 
Normal activation 108 109 110 
RBBB 126 126 131 
LBBB 149 149 205 

However, when LBBB was simulated and model 
with 5 starting regions was used, unrealistically long 
TAT was obtained (TAT = 205 ms). This was caused 
by the reduction of SRs to only one (SR9), situated on 
the free wall of the right ventricle. 

Discussion 

All three models of the conduction system with 9, 7 
and 5 starting regions represented the ventricular 
activation satisfactorily when the normal activation of 
ventricles and RBBB were simulated. When LBBB 

was simulated, only two models with higher numbers 
of starting regions were appropriate. For the model 
with 5 SRs unrealistically long TAT was obtained. In 
this case, the activation started only in one starting 
region situated on the free wall of the right ventricle, 
what is inadequate. This resembles more an ectopic 
activation propagation when the activation is spreading 
from one pathological point and the TAT is 
correspondingly prolonged. 

Negligible differences in the TATs were found for 
the models with 7 and 9 starting regions. Explanation 
of this is that the disabled SRs were always situated 
closely to other active starting regions. 

In our ventricular model, the intrinsic anisotropy of 
the cardiac muscle tissue was not considered, therefore 
the transmural activation propagation and activation 
passing the septum between ventricles was not slowed, 
as it is in the real heart. Designed models will be used 
to simulate the activation of hearts with patient specific 
geometry and disorders of the conducting system. In 
patients (mainly with LBBB) indicated for cardiac 
resynchronization therapy (CRT) and implantation of 
CRT stimulation devices, the effects of different 
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positioning of stimulating electrodes in the right and 
left ventricle and of their timing can be modelled before 
the implantation. The modelling could contribute to 
optimal planning of the resynchronization therapy by 
suggesting the most effective positions and timing of 
stimulating electrodes as well as to identifying of 
patients that might or might not respond to the therapy. 

Nevertheless, further future improvement of the 
models, including involvement of the cardiac muscle 
anisotropy, simulation of local ischemia or scars can 
improve their accuracy and credibility. 

Conclusion 

In our study, the ventricular models with realistic 
geometry and three configurations of the conduction 
system with 9, 7 or 5 starting regions of activation were 
created and tested for normal activation propagation 
and for simulation of bundle branch blocks. Activation 
propagation with realistic total activation times of 108 
to 110 ms was obtained in all normal activation model 
configurations which corresponds to the expected 
interval of about 80–120 ms for normal activation of 
the heart ventricles. 

Realistic TATs of 126 ms and 149 ms were obtained 
for the right and left bundle branch block, respectively, 
for models with 9 and 7 starting regions. For the model 
with only 5 SRs, unrealistically long TAT (205 ms) and 
ectopy-like activation propagation was obtained in 
LBBB simulation. Models with 9 or 7 starting regions 
were found to be equally appropriate for simulation of 
normal activation propagation and activations in case 
of BBBs. 
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