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Abstract 16 

The classical interpretation of myocardial activation assumes that the myocardium is 17 

homogeneous and that the electrical propagation is radial. However, anatomical studies 18 

have described a layered anatomical structure resulting from a continuous anatomical 19 

helical disposition of the myocardial fibers. To further investigate the sequence of 20 

electromechanical propagation based on the helical architecture of the heart, a 21 

simplified computational model was designed. This model was then used to test four 22 



activation patterns, which were generated by propagating the action potential along the 23 

myocardial band from different activation sites. 24 
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1 Introduction 29 

It is well established that the sequence of electrical activation of the heart starts at the 30 

septum, propagates toward the apex and then to both ventricles, and eventually ends at 31 

the base of the heart [1,2]. This sequence accounts for the electrocardiographic signal of 32 

ventricular depolarization, which is known as the QRS wave. Based on this sequence, it 33 

has been hypothesized that the apicobasal spread of the electrical activation within the 34 

subendocardium initiates the myocardial contraction sequence [3]. Thus, the sequence 35 

of mechanical contraction is hypothesized to follow an apex-to-base propagation. 36 

However, other studies have suggested a base-to-apex sequence. For example, magnetic 37 

resonance studies have shown that the initial mechanical activation takes place at two 38 

sites at the base of the heart [4] and progresses to the apex. In contrast, isotopic studies 39 

using a Fourier analysis of the ventricular blood pool revealed that the systolic 40 

ventricular motion also follows a base-to-apex sequence [5]. 41 

The classical interpretation of myocardial activation assumes that the myocardium is 42 

homogeneous and that the electrical propagation of depolarization is radial [6]. 43 

However, it has been shown that the myocardial architecture is far from homogenous. In 44 

fact, anatomical studies have described a layered myocardial architecture. In addition, 45 

the controversy regarding the anatomical disposition of the myocardial fibers [7] has 46 



been resolved in favor of a continuous anatomical helical disposition of the myocardial 47 

fibers [3,8–10] based on the results of recent diffusion tensor magnetic resonance 48 

imaging studies [11]. Accordingly, the electromechanical wave propagation along the 49 

myocardial fibers should follow a path that follows the helical disposition of the 50 

myocardial fibers [12–14]. However, although the knowledge of cardiac mechanics has 51 

considerably improved over the last decade, the current cardiovascular textbooks do not 52 

incorporate the recent concepts on cardiac mechanics. Instead, the current textbooks 53 

emphasize the electrical aspects of the ventricular depolarization and somehow establish 54 

confusion between the initial electrification of the heart, which corresponds to the QRS 55 

wave on the surface electrocardiogram (ECG) tracing, and the electromechanical 56 

ventricular wave, which lasts almost throughout the systolic period [15,16].  57 

Computer modeling could provide insights into these issues. However, to date, no 58 

studies have taken into account the helical myocardial anatomy. To further investigate 59 

the sequence of electromechanical propagation according to the helical configuration of 60 

the heart, a simplified computational model was designed to test how different sites of 61 

stimuli initiation can affect its propagation sequence. In spite of the currently described 62 

models, which are complexly designed to study the whole geometry of the ventricular 63 

cavity [17,18], the simple model used herein simulates the behavior of the myocardial 64 

tissue based mainly on the continuous helical fiber architecture [19,20]. 65 

2 Methods 66 

2.1 Modeling 67 

To design a simplified computational method, several assumptions were taken into 68 

account. Due to the rod-shaped features of the myocardial fiber cells, the 69 

electromechanical propagation takes place along the longitudinal axis in what has been 70 



called anisotropic conduction, which corresponds to preferential conduction along one 71 

axis [21].  72 

The morphological and functional features of the helical myocardium were used as a 73 

reference [8,10,22], and numerical computational methods were employed to recreate 74 

its behavior. These numerical methods approach the solutions of partial differential 75 

equations and are used in computational simulation in engineering, biomechanics, 76 

bioengineering, and especially computational mechanics of the heart [17,18]. 77 

The electromechanical behavior of the myocardium was considered a coupling of two 78 

parts, which are mathematically presented and largely discussed in a previous study 79 

[19]: 80 

• the active part of the myocardium due to the fibers, which are modeled as a one-81 

dimensional finite element projected in a three-dimensional space  82 

• the passive part of the myocardium due to the connective tissue, which controls 83 

the tissue deformation and maintains the cardiac fibers compact.  84 

This electromechanical model for fiber contraction has been proven successfully for 85 

ventricular architectures other than the band approach [18,23].  86 

2.2 Active part 87 

The action potential activates fiber contraction, and both the action potential and the 88 

contraction propagate along a longitudinal path. The action potential u(t) uses the 89 

Aliev-Panfilov equations and the values proposed for the different parameters [24], 90 

which allows the calculation of the current u(t) at every time step. The fiber contraction 91 

was modeled using the rheological model developed by Hill-Maxwell based on 92 

Huxley’s theory of the sliding filaments and cross bridge [25]. These equations enable 93 

the calculation of the fiber contraction in terms of the stress and strain. 94 



The coupling of these two mathematical models describes the active part of the 95 

myocardium and generates a propagation model of the electromechanical behavior 96 

along the fibers (Figure 1) [19]. 97 

2.3 Passive part 98 

Biological tissues are currently modeled as hyperplastic materials [26]. However, for 99 

the purpose of simplicity, a linear elastic response was assumed for the passive part of 100 

the myocardium, which was was modeled as a three-dimensional continuum element in 101 

the present study. In particular, this element was formulated using the Finite Element 102 

Method as an isoparametric hexahedrical element of eight nodes. The connective tissue 103 

of the myocardium was treated as a quasi-incompressible, elastic, and solid material 104 

governed by a lineal stress-strain relationship in the constitutive equation (Equation 1):  105 
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,  (1) 106 

where Dijkl = Dklij = Djikl = Dijlk is the elasticity tensor that relates the strains  and the 107 

stresses  considering small deformations and W is the deformation energy. The values 108 

chosen for the parameters of the elasticity tensor were proposed and discussed by 109 

Sermesant et al. [23].  110 

2.4 Coupling of the two parts 111 

The interaction of the active part and the passive part in the model generated the 112 

following governing equation (Equation 2): 113 

nnσ+σ=σ;=σyρ cp
− 0   (2) 114 

where p is the passive stress of the connective tissue, c is the active stress due to the 115 

contraction of the fiber generated by the action potential u(t), n is the direction vector of 116 



each fiber,  is the density, and y  is the acceleration vector. The boundary conditions 117 

describing the behavior of certain fixed points observed in real images were included. 118 

2.5 Generating a computational mesh 119 

A mesh is a collection of vertices, edges, and faces that define the shape of a polyhedral 120 

object in 3D computer graphics and solid modeling. The faces usually consist of 121 

triangles, quadrilaterals, or other simple convex polygons that simplify and discretize 122 

the geometry to solve the equations using the finite element method. The underlying 123 

premise of the method states that a complicated domain can be subdivided into a mesh 124 

in which the differential equations are approximately solved. By assembling the set of 125 

equations for each element of the mesh, the behavior over the entire problem domain 126 

can be determined. 127 

In the present work, a structured mesh was created using algebraic interpolation 128 

methods, such as the Cox-De Boor formulation for the B-spline functions [27]. 129 

The mesh includes both parts (active and passive) of the myocardium using two 130 

different elements: a one-dimensional fiber element and an isoparametric hexahedrical 131 

tissue element of eight nodes. Both elements can be linked in the model by either 132 

coupling the nodes to their movement or directly sharing them to create a geometrical 133 

model in a manner similar to that proposed by Hedenstierna [28] (Figure 2). The main 134 

idea of element discretization is to divide the geometry (in this case the helical 135 

myocardium) in the various elements that are joined by the nodes. In this study, each 136 

fiber was created along the path of the band and divided into several fiber elements. The 137 

muscular tissue was created by dividing the band into several tissue elements. 138 



2.6 The helical myocardium and its computational geometry 139 

The helical heart anatomy has two loops: the basal loop (right ventricle and basal left 140 

ventricle) and the apical loop (descendent segment and ascendant segments). The apical 141 

loop is the driving force of the heart throughout the cardiac cycle and generates a twist-142 

untwist motion of the ventricles through which the base and the apex rotate in opposite 143 

directions [8,29]. These movements have been confirmed by magnetic resonance 144 

imaging using radiographic implanted markers [30], magnetic resonance tagging 145 

[14,31,32], and speckle tracking echocardiography [33].   146 

The spatial distribution of the myocardial segments that constitute the myocardium is 147 

shown in Figure 3. The geometry of the helical myocardium detailed in this figure was 148 

defined from medical imaging and graphic reconstruction techniques and was used to 149 

obtain the meshed model simplification. This geometry represents the silicone model of 150 

the helical myocardium (Figure 3.a): the fiber elements of the model are displayed in 151 

pink (Figure 3.b), and the connective tissue elements are shown in green (Figure 3.c).  152 

To reconstruct the model, coronary CT angiographic examinations of the silicone model 153 

were performed using a 64-detector row scanner (Aquilion; Toshiba Medical Systems, 154 

Otawara, Japan) to obtain a digital image of the model (separation of each image slice, 155 

0.5 mm). From this data, the fiber-based structure was created using the computer 156 

modeling software Rhinoceros®. 157 

Comparative images (Figure 4) are also included in this paper to differentiate the parts 158 

of the model that correspond to each of the myocardial segments of the band to aid the 159 

understanding of the geometry of the simplified model. 160 



2.7 Case study 161 

Four different activation patterns were solved in the computational model. The 162 

difference between these patterns is the activation point from which the action potential 163 

starts propagating along the band (Figure 5). This point was generated by choosing a 164 

specific point in the model, and the wave was then propagated in a continuum way 165 

along the path described by the fibers. 166 

• PATTERN 1: The action potential starts at the initial part of the right segment in the 167 

base near the pulmonary artery. 168 

• PATTERN 2: The action potential starts at the initial part of the right segment in the 169 

base of the right ventricle and at a point at the beginning of the left segment in the 170 

basal free wall of the left ventricle to generate a dual-site stimulation.  171 

• PATTERN 3: The action potential starts at the end of the ascendant segment in the 172 

upper portion of the interventricular septum. 173 

• PATTERN 4: The action potential starts at the lower part of the septum. 174 

Patterns 1 and 2 were proposed as the likely explanation for the observed phenomena, 175 

and patterns 3 and 4 were used as an alternative possibility of electromechanical 176 

propagation. 177 

The equations in the simplified helical myocardium continuum model, which was 178 

meshed with 400 eight-node hexahedrical elements and 15 fibers inside, each of which 179 

was meshed with 50 two-node fiber elements, were solved. For the purpose of the 180 

present study, the results of the deformation part are not included 181 



3 Results 182 

Figure 5 shows the different activation times obtained along the geometry of the model 183 

when each pattern was solved. The activation time is the instant at which the action 184 

potential appears in this part of the band after its propagation along the band. 185 

Pattern 1 shows that the action potential starts at the initial part of the right segment, 186 

i.e., at the base near the pulmonary artery, and reaches the end of the propagation the 187 

end of the ascendant segment (at the upper portion of the interventricular septum). 188 

Pattern 2 shows the action potential starting at the initial part of the right segment in the 189 

base of the right ventricle and at a second point in the beginning of the left segment (in 190 

the basal free wall of the left ventricle) and ending at the end of the ascendant segment. 191 

Pattern 3 shows the action potential starting at the end of the ascendant segment in the 192 

upper portion of the interventricular septum and ending at the initial part of the right 193 

segment. In addition, pattern 4 shows the action potential starting at the lower part of 194 

the septum and ending at the initial part of the right segment. 195 

Figure 6 shows the vertical section of the simplified model of the propagation of the 196 

action potential for the computationally modeled propagation patterns 1, 2, 3, and 4. 197 

The different instants of time are labeled as A, B, C, D, and E and correspond to the 198 

labels A, B, C, D, and E in the image of the radionuclide angiocardiography [12], which 199 

provides information on the wavefront (indicated in yellow) of ventricular contraction. 200 

Ballester et al. [12] described that the earliest activation in radionuclide 201 

angiocardiography occurs at the base of the right ventricle, near the pulmonary 202 

infundibulum, and extends to the basal portion of the left ventricle. At the time of the 203 

mechanical activation of the base of the heart, the apex and septum appear to be spared, 204 

leaving an “island of inactivity” (white arrow). The results obtained for patterns 1, 2, 3, 205 



and 4 can be compared with this observed wavefront in the radionuclide 206 

angiocardiography [19]. 207 

4 Discussion 208 

Many research groups have exerted efforts in the design of mechanical and electrical 209 

models of the heart [17,23,34]. However, none of these models take into account the 210 

helical configuration of the ventricular myocardial fibers for the study of the 211 

electromechanical sequence. The present work is one of the first attempts that provides 212 

a computational model of the electromechanical propagation based on a simplified 213 

continuous helical ventricular anatomy. 214 

The anatomic description of the helical ventricular structure that results in twist-untwist 215 

mechanics, as was elegantly shown in magnetic resonance studies using the magnetic 216 

resonance tagging technique, microcrystals implanted in the different segments of the 217 

ventricle, or speckle tracking echocardiography [32], prompts questions regarding the 218 

precise electromechanical sequence of ventricular activation. In the present study, the 219 

modeling of this activity was analyzed according to the helical anatomy. 220 

In the model proposed in the present study, the stimulation site that produced the 221 

sequence of electromechanical propagation that best fits the existing imaging 222 

observations [4,5] corresponds to the base of the heart, and this stimulation propagates 223 

to the apex (patterns 1 and 2 in Figure 6), which is contrary to the hypothesized apex-to-224 

base propagation.  225 

Several different initial stimulation sites were tested. To obtain pattern 1, the stimulus 226 

was generated beneath the pulmonary artery and progresses in a anisotropic manner 227 

along the myocardial band to progressively involve the right, left, descendant, and 228 

ascendant segments [8]. Pattern 2 was established according to the findings from a 229 



Fourier analysis of blood pool imaging [5] and magnetic resonance tagging studies 230 

[4,14], which observed two basal initial stimulation sites: the basal portion of the right 231 

ventricle and the basal free wall of the left ventricle. Pattern 3 assumed an 232 

electromechanical activation at the upper part of the septum, and the initial stimulation 233 

site in pattern 4 was placed at the apex. 234 

The results reveal that the pattern that best fits the observations regarding the initial site 235 

and the sequence of electromechanical propagation are patterns 1 and 2, which favor a 236 

base-to-apex direction. 237 

These results are apparently contradictory with the classical descriptions of the initial 238 

site and propagation of an electrical depolarization stimulus [1]. However, we have to 239 

take into account that these phenomena correspond to the electrification of the heart via 240 

the Purkinje system, which lasts a maximum of 80 ms and is represented by the QRS 241 

wave on the ECG. In fact, the Purkinje system, which is isolated from the surrounding 242 

myocardium [21], provides a fast means to electrify the ventricles prior to mechanical 243 

activation. In humans, the Purkinje system starts at the level of the atrioventricular (AV) 244 

node, branches via the right and left bundles, subendocardially spreads in a caudal way 245 

to the right and left ventricles, and then ascends toward the base of the heart, where it 246 

fades [35]. The QRS wave of the ECG corresponds to the electrical activation of the 247 

Purkinje system [1], and the direction of this type of electrification is from the apex to 248 

the base. It is logical to assume that the electrical stimulus delivered by the Purkinje 249 

system at the base of the heart then propagates according to the helical anatomy from 250 

the base to the apex, as observed in imaging studies [5], and this phenomenon lasts 300-251 

400 ms, which corresponds to the ventricular systole. 252 

Therefore, the present model supports previous observations of a base-to-apex 253 

electromechanical propagation of ventricular mechanical activity. The model may 254 



provide a useful research tool to investigate the electromechanical patterns resulting 255 

from different stimulation sites, which would be useful in cardiac resynchronization 256 

therapy.  257 
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 361 

Figure 1 - Evolution of propagation of the (a) action potential, (b) contractile stress, and 362 

(c) contractile strain over time along the fibers. (d) Contractile strain of the fiber after 363 

activation of the action potential. 364 

 365 

Figure 2 – Linked fiber and tissue elements to couple the active and the passive parts. 366 



 367 

Figure 3 - Silicone (A) and finite element (B, C, and D) models of the helical 368 

myocardium. The finite element shows (B) the whole model with all of the elements, 369 

(C) only the fiber elements, and (D) only the tissue elements. 370 



 371 

Figure 4 - The four differentiated segments in the model. 372 

 373 

Figure 5 - Activation time depending on the activation pattern. 374 



 375 

Figure 6 - Propagation of the action potential in patterns 1, 2, 3, and 4 and radionuclide 376 

angiocardiography. 377 

 378 


