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Abstract. Heart disease is the leading cause of death worldwide. To determine 

the factors contributing to the development of cardiac disease, computational 

fluid dynamics (CFD) and in vivo data, such as MRI of blood flow, are being 

compared and validated to better understand the hemodynamics of the heart in 

detail. The cardiac conduction system, which transmits electrical signals and con-

trols the heart’s beating, is also being studied. However, no studies have exam-

ined the relationship between the cardiac conduction system and left ventricular 

hemodynamics. In this study, we focused on the Purkinje fibers located in the left 

ventricle within the cardiac conduction system. The simulation results of left ven-

tricular models with and without Purkinje fibers were compared. The results 

showed differences in blood flow within the left ventricle. Thus, changes in con-

traction caused by the Purkinje fibers affect the hemodynamics of the left ventri-

cle and can contribute to the development of heart disease.  

Keywords: CFD, Purkinje fiber, cardiac conduction system (CCS), left ventric-

ular 

1 Introduction 

In the human body, blood is continuously circulated through blood vessels by the beat-

ing of the heart, playing a crucial role in sustaining life. As a result, heart diseases are 

often life-threatening. According to the WHO [1], ischemic heart disease was the lead-

ing cause of death worldwide for 18 consecutive years up to 2019. Even in 2021, when 

COVID-19 caused global disruption and became the second leading cause of death, 

ischemic heart disease remained the top cause.  

A relationship between heart disease and blood flow has been suggested, and detailed 

understanding of cardiac hemodynamics has been utilized to explore the mechanisms 

of disease development. In silico studies, such as numerical simulations, are non-inva-

sive and allow for intuitive flow visualization. In recent years, advanced imaging tech-

nologies such as in vivo CT and MRI have enabled the acquisition of detailed data on 
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the dynamic shape and motion of the heart. These data have been incorporated into 

simulations to perform calculations under physiologically realistic conditions. Many 

CFD studies [2-4] have focused on the left ventricle, which is particularly prone to 

cardiac diseases. 

The cardiac conduction system (CCS), including the Purkinje fibers, generates and 

transmits electrical signals in cardiac muscle. There are two types of cardiac muscle: 

specialized cardiac muscle that transmits electrical impulses, and intrinsic cardiac mus-

cle that contracts in response. Electrical signals generated by the sinus node are trans-

mitted through the His bundle to the Purkinje fibers, which spread across the left ven-

tricle [5]. Since the CCS governs the heart’s rhythm, it plays a critical role in cardiac 

motion and should be considered in motion analysis. However, the relationship between 

CCS activity and heart function is difficult to investigate experimentally, and has thus 

been explored through simulations [6-7]. Previous studies have mainly focused on the 

resulting mechanical motion, rather than how the electrical stimulus propagation affects 

blood flow. Conventional CFD simulations often assume synchronous contraction 

across the left ventricular wall; however, actual contraction timing is dictated by the 

conduction sequence. Previous studies have mainly focused on the resulting mechanical 

motion, rather than how the propagation of electrical stimuli affects hemodynamics. 

Conventional CFD simulations often assume that both systole and diastole begin sim-

ultaneously across the entire left ventricular wall; however, in reality, their timing is 

governed by the conduction sequence. This study aims to clarify whether incorporating 

the CCS into blood flow simulations improves the reproducibility of left ventricular 

hemodynamics. To this end, simulations were conducted using two models—one with 

and one without the Purkinje network. 

The unstructured moving grid finite volume method [8-9] is applied for calculations 

using the fractional step method, with the LU-SGS method [10] employed as the itera-

tive method for the first step and the Bi-CGSTAB method [11] for the second step, as 

both are implicit solution methods. To accommodate complex movements such as valve 

opening and closing, ventricular systole and diastole, and torsion, a grid movement 

method that simulates the effect of a torsion spring is employed. Due to the increased 

computational cost, we aim to accelerate computations by utilizing OpenMP for paral-

lel processing [12]. By considering whether Purkinje fibers contribute to the accuracy 

of blood flow reproduction, we hope to gain a more detailed understanding of hemody-

namics and investigate heart diseases. 

2 Numerical Approach 

2.1 Governing Equation 

Blood viscosity remains nearly constant regardless of hematocrit when the shear rate 

exceeds 100 s⁻¹ (corresponding to a Reynolds number of several hundred). In the region 

from the left ventricle to the aortic arch, the Reynolds number exceeds 1000, making 

the assumption of Newtonian fluid behavior valid. Therefore, in this study, blood is 

treated as an incompressible Newtonian fluid, and the three-dimensional incompressi-
ble Navier-Stokes and continuity equations (1)-(3) are used as the governing equations. 
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Here, 𝒒 is the conserved quantity vector, and 𝑬, 𝑭, 𝑮 are the inviscid flux vectors in 

the 𝑥, 𝑦, 𝑧 directions, 𝑬𝒗, 𝑭𝒗, 𝑮𝒗  are the viscous flux vectors in the same directions. In 

addition, 𝑢, 𝑣, 𝑤 are velocity components, 𝑝 is pressure, and Re is the Reynolds num-

ber. The subscripts 𝑥, 𝑦, 𝑧 in the 𝑬𝒗, 𝑭𝒗, 𝑮𝒗 components represent derivatives in each 

direction. Note that the above equations are expressed in dimensionless form. 
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2.2 The Unstructured Moving Grid Finite Volume Method 

Pulsatile flow in the left ventricle presents a moving boundary problem, driven by 

time-varying wall geometry and requiring dynamic mesh deformation. To address 

this, the unstructured moving grid finite volume method [8-9] was employed. This 

method is well-suited for such problems, as it conserves physical quantities using 

space-time control volumes and strictly satisfies the geometric conservation law. 

3 Computational model 

3.1 Left Ventricular Pulsation Conditions 

At a heart rate of 60 beats per minute, systole and diastole occupy approximately 0.49 

and 0.51 seconds, respectively. During systole, efficient ejection is achieved primarily 

through coordinated wall motion, including wall thickening—which causes inward dis-

placement of the endocardial surface—and torsional motion along the long axis. Of 

these mechanisms, the inward displacement due to wall thickening is indirectly re-

flected in the volume change, which follows the data presented in [13]. As for the tor-

sional motion, according to [14], assuming normal physiological twisting, the torsional 

angle is defined as positive in the counterclockwise direction when viewed from the 

apex, with a maximum of +3° at the base and -7.8° at the apex. 

 

3.2 Conditions for Conduction of Stimulation of the Left Ventricle 

Stimulus conduction is calculated on a grid of the left ventricular wall with three pat-

terns: (1) Purkinje to Purkinje (P–P), (2) Purkinje to intrinsic cardiac muscle (P–I), and 

(3) intrinsic cardiac muscle to intrinsic cardiac muscle (I–I). As shown in Fig. 1, 
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calculations are performed for each pattern individually. The conduction condition is 

determined based on the distance from the grid point where the stimulus originates, 

with radii R1 for (1) and R2 for (2) and (3). According to the literature [15-16], the ratio 

of conduction velocities is set to R1:R2 = 10:1. In this study, the conduction velocity 

of the intrinsic cardiac muscle is set to 0.1 cm/step, and that of the Purkinje fibers to 

1.0 cm/step.  

 
 

 

3.3 Left Ventricle Model 

The computational grid consists of tetrahedral elements in the interior and prismatic 

grids near the wall. The left ventricular model contains 1,145,432 elements (755,042 

tetrahedral and 390,390 prismatic), and was generated using MEGG3D [17-18]. At 

maximum cavity volume, the vessel diameter at the mitral and aortic valves is 3.0 cm, 

and the distance from the cardiac base to the apex is 7.8 cm. The cross-section is ellip-

tical, with an axial diameter ratio of 1.0:0.8. 

According to theories of Purkinje fiber distribution, they first branch from the His 

bundle into the left anterior and posterior fascicles, which then fan out across the left 

ventricular wall. Two main branching patterns have been proposed: in one, fibers wrap 

around the left ventricular apex; in the other, they extend over the anterior and posterior 

walls after a slight downward turn of the fibers [7]. Based on these patterns, the grid 

points on the left ventricular wall were classified into specialized and intrinsic cardiac 

muscle types, as shown in Fig. 2, and modeled accordingly. While the terminal 

branches of Purkinje fibers form a fine mesh-like network in reality, significant indi-

vidual variation exists, so a simplified representation is used in this study. 

 

 
Fig. 2 Purkinje fiber distribution in this model 
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Fig. 1 Three patterns of stimulation conduction 
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3.4 Calculation Conditions 

Table 1 lists the characteristic values for this simulation.   

Initial conditions are: pressure 𝑝 = 0.0 and velocity 𝑢 = 𝑣 = 𝑤 = 0.0 for all elements. 

The time increment is ∆𝑡 = 0.0005, and the simulation begins in diastole and runs for 

three left ventricular beats. 

Next, the boundary conditions are described. The left ventricular wall is assumed to 

be a no-slip wall during both systole and diastole. 

 During diastole, the mitral valve is fully open and the aortic valve fully closed.   

 During systole, the mitral valve is fully closed and the aortic valve fully open.   

 At the open valve, velocity is applied according to a nonlinear function approxi-

mated from the graph shown in [20], and the pressure is fixed at 𝑝 = 0.0.   

 At wall surfaces including closed valves, the velocity matches that of the moving 

wall, and the pressure is given by Equation (4), accounting for acceleration of the 

wall motion 𝛂.   

 The opening and closing of the mitral and aortic valves are assumed to occur in-

stantaneously at the onset of diastole and systole. 

 

  
𝜕𝑝

𝜕𝒙
= −𝜶. (4) 

Table 1. Characteristic values 

characteristic length (𝐿0
̅̅ ̅) 0.03 [m] the vessel diameter at the aortic valve 

characteristic kinematic vis-

cosity coefficient (𝜈0̅) 

4.43 × 10−6 

[m2/s] 

the value for blood 

characteristic velocity (𝑈0
̅̅ ̅) 0.30 [m/s] the average outflow velocity from the 

left ventricle during systole 

4 Simulation Results 

4.1 Validity of the Purkinje Model Results 

Hereafter, the conventional model assumes uniform contraction of the entire left ven-

tricle without accounting for electrical conduction, whereas the Purkinje model incor-

porates conduction dynamics into the contraction process. Figure 3 shows the stimulus 

transmission behavior. The yellow regions indicate areas where the electrical stimulus 

has been transmitted. The stimulus rapidly spreads throughout the left ventricle via the 

Purkinje fibers. The presence of these fibers enables rapid propagation to the apex. This 

apex-first activation is known to contribute to a squeezing motion, as suggested in lit-

erature [15,19]. 

Figure 4 shows streamlines during the third diastolic phase in both models. In both 

models, two asymmetric vortices are generated. The central vortex is larger, consistent 

with blood flow measurements by Kilner et al. [20]. The dynamics and energy of these 
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vortices have been analyzed in previous studies [21], supporting the validity of the 

Purkinje model for left ventricular flow simulation. 

 

                     

 

 
    (a) The conventional model              (b) The Purkinje model 

Fig. 4 The streamlines in both models 

 

4.2 Differences Between the Purkinje Model and the Conventional Model 

Iso-surfaces of the Q-values are commonly used to extract vortex structures. Figure 5 

shows the differences in blood flow between the two models during the late systolic 

phase. The comparison reveals that slight differences in the motion of the left ventric-

ular wall lead to minor variations in the flow field. These differences are particularly 

noticeable in the central region of the left ventricle. This is likely because the vortex 

described in Section 4.1 disturbs the surrounding flow, making the small differences in 

wall motion manifest as flow differences in the central area. 

 

 
(a)The conventional model                    (b) The Purkinje model  

Fig. 5 Iso-surface visualization of the Q-values in the late systolic phase 

left lateral view    frontal view left lateral view   frontal view 

(a) 𝑡 =0.0020s (b) 𝑡 =0.0045s (c) 𝑡 =0.0105s 
left lateral view 

Fig. 3 The stimulus transmission behavior 
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5 Conclusions 

This study is the first to incorporate Purkinje fibers into blood flow simulations. The 

objective was to investigate how the timing of left ventricular contraction, altered by 

stimulus conduction via Purkinje fibers, affects intraventricular blood flow behavior. 

By comparing simulation results with and without stimulus conduction, the following 

conclusions were drawn: 

・The results of stimulus conduction using a Purkinje fiber model in the left ventricular 

wall were consistent with clinical data, confirming the validity of the Purkinje fiber 

distribution and conduction mechanism. 

・Visualization of streamlines revealed the formation of asymmetric vortices in the 

central region and near the wall of the left ventricle. The characteristics of these vortices 

matched measurement results and previous simulations, supporting the validity of the 

fluid dynamics calculations in the Purkinje fiber–considering model. 

・Comparison of Q-value iso-surfaces showed that differences in left ventricular mo-

tion slightly influenced the flow field. 

These results demonstrate that incorporating stimulus conduction via Purkinje fibers 

leads to different outcomes compared to the conventional model. This approach is es-

sential for accurately reproducing left ventricular blood flow and understanding the 

causes of cardiac diseases. Future work will extend the simulation domain to the aorta. 
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