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Abstract 

The congenital heart disease univentricular heart (UVH) occurs with an incidence of 0.04-0.5% in new-

borns and is often treated with the Fontan procedure. In this intervention, the cardiac circulation is trans-

formed into a singular circulation with only one ventricular chamber pumping.  

Hemodynamics the singular ventricle is a major research topic in cardiology and there exists a relation-

ship between fluid dynamical features and cardiac behavior in health and disease. By visualizing the 

flow using Computational Fluid Dynamics (CFD) models, an option is created to investigate the flow 

in patient-specific geometries. 

CFD simulation of the pathological single right ventricle in contrast to the healthy left ventricle is the 

research object of the present work. The aim is the numerical comparison of the intraventricular flow 

within the ventricles. Based on this, flow formation in different anatomies of the ventricles is investi-

gated.  

Patient-specific measurements of ventricles from three-dimensional real-time echocardiographic images 

served as the basis for the simulations with five single right ventricle (SRV) patients and two subjects 

with healthy left hearts (LV) investigated. Interpolation of these data reproduced the shape and contin-

uous motion of the heart during a cardiac cycle. This motion was implemented into a CFD model with 

a moving mesh methodology. For comparison of the ventricles, the vortex formation as well as the 

occurring turbulent kinetic energy (TKE) and washout were evaluated. Vortex formation was assessed 

using the dimensionless vortex formation time (VFT). 

The results show significantly lower values for the VFT and the TKE in SRV patients than for the 

compared LV Patients. Furthermore, vortex formation does not progress to the apex in SRV patients. 

These findings were confirmed by a significantly lower washout in SRV patients. 

Flow simulation within the moving ventricle provides the possibility of more detailed analysis of the 

ventricular function. Simulation results show altered vortex formation and reduced washout of SRV in 

comparison to healthy LV. This information could provide important information for the planning and 

treatment of Fontan patients. 
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Introduction 

The heart defect single ventricle syndrome describes those patients who are born with only one "func-

tional" heart chamber (univentricular heart (UVH)) [1]. There is a probability of 0.04-0.5% that new-

borns have a univentricular heart. When pediatric patients are found to have this type of cardiac defect, 

it must be treated within the first few days after birth by regulating the blood supply to the lungs [2]. 

In the course of the first two years of the patient's life, surgical intervention is performed with the Fontan 

procedure, which enables the body's circulatory system to be supplied with only one ventricle. Oxygen-

depleted blood is directed to the lungs instead of the heart, and the one functional ventricle takes over 

the circulation of oxygen-rich blood through the body [3]. 

The Fontan procedure is a successful palliative strategy for patients with single-ventricle syndrome. 

However, its inherent limitations and deficits are becoming apparent as more patients present with fail-

ing Fontan physiology [4]. Flow properties in the ventricle provide information about the health of the 

cardiovascular system. Consequently, their study can be used to assess the function of the ventricle [5]. 

Flow within the ventricle is strongly influenced by cardiac motion and shape [6]. In this study, we will 

compare the intraventricular flow within the left ventricles (LV) from patients with healthy hearts and 

pathological single right ventricles (SRV) from Fontan patients. The comparability is based on the work 

to be done by the SRV in the systemic circulation, which is equivalent to the work done by the LV [7].  

A numerical flow analysis is conducted to enable the comparison of the intraventricular flows. For this 

analysis a moving mesh model is used, which incorporates the geometry changes of the ventricular walls 

as a boundary condition in the simulation. The simulation uses segmented and time-discrete echocardi-

ographic images from which the patient specific 3D geometry is extracted. Through interpolation be-

tween the acquired data images, a continuous cardiac motion is represented. 
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Methods 

Data acquisition 

Volume-time curves of five patients with single right ventricle (SRV) circulation and two subjects with 

a healthy left ventricle (LV) were acquired retrospectively from 3D echocardiography measurements 

performed at the University Hospital Bonn (UKB). The ultrasound device iE33 (Philips Medical Sys-

tems, Andover, US) was used to record the volumetric shape of the ventricle over one cardiac cycle. 

Between 12-28 steps per heartbeat were recorded. The study was approved by the local ethics institu-

tional review committee (Registration No. 226/06) and conformed to the principles of the Declaration 

of Helsinki as well as German law. 

The SRV group was selected in order to represent different ages, end diastolic volumes (EDV) and 

ejection fractions (EF). The LV group was selected in order to have similar ages, EDVs and EF>55%. 

Table 1 summarizes the patient data used in this study. 

Table 1: Clinical data for univentricular heart (SRV) and healthy heart (LV) patients (EDV: End diastolic Volume, bpm: beats per 

minute, EF: ejection fraction) 

# Ventricle Gender Age (yrs) 
EDV 

(ml) 
bpm EF (%) 

1 SRV m 6 26 93 45 

2 SRV m 8 28 79 52 

3 SRV m 6 55 93 51 

4 SRV f 17 97 60 45 

5 SRV m 15 100 59 39 

6 LV m 4 40 153 67 

7 LV f 7 54 98 58 

 

The geometric data from the echocardiography was translated into a unicode character database (UDC) 

format using the program ImageArena (TOMTEC Imaging Systems, Unterschleißheim, Germany). For 

each time step a 3D model with a constant number of cells and associated cell nodes was created. Af-

terwards, the UCD data was translated using Matlab into an STL file format for the application of the 

moving mesh model. 

For the interpolation between the individual time steps and the integration of the continuous ventricle 

surface movement, it was necessary that the outer mesh of the recorded geometry ensured a constant 

number of nodes in each time step and a high-quality mesh. In order to prevent partially occurring prob-

lems of the mesh display during the simulation, modifications of the outer surface of the geometry were 

performed with the open source program Blender 2.82 (Blender Foundation). 

 

Simulation 

The meshing of the geometry was performed with the ANSYS Meshing tool from ANSYS 2019 R1 

(Ansys Inc., Canonsburg, US) with unstructured tetrahedral elements supported by a "Patch Conforming 

Method”. The boundary layer was represented in two cases with 8 and 15 prism layers. Mesh independ-

ence was determined based on the area average velocities at the inlets and outlets and the maximal wall 
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shear stress during peak diastolic flow (E-wave) and changes in the variables of <5% between two mesh 

refinement steps were considered independent. An y+ value of < 5 was taken as a measure for appropri-

ate resolution of the boundary layer flow. Comparing the peak average velocities at the inlet and outlet 

of the ventricle for each cycle a threshold of <5% was taken. Mesh independent results converged from 

750.000 element number.  

The mesh model utilized smoothing and layering to ensure appropriate mesh quality during the defor-

mation of the domain. The function “diffusion cell volume based” was used as the smoothing approach 

to adapt the inner mesh of the geometry to the movement of the outer surface. The diffusion parameter 

was set to 0, which resulted in a uniform diffusion of mesh deformation. The layering was ratio-based 

and dynamic, so that the inflation layers also adapted to the movement of the outer surface.  

For the simulations the non-Newtonian blood model by Ballyk et al. [8] with a density of ρ = 1056.4 

kg/m3 (hematocrit level of 44%) was applied. In addition, the pressure-based solver was selected and 

set in coupled mode and solved with ANSYS Fluent. The flow was assumed to be turbulent and the k-

ω-SST model was applied. For the convergence of the velocity, k- and ω- residuals the criteria were set 

to 0.001 and for the continuity to 0.0003. The maximum number of iterations was 30. The number and 

size of the time steps depended on the frequency of the calculated boundary conditions, as does the 

number of interpolations. Resulting time steps ranged between 0,0018 and 0,004s. The simulations 

started in the end systolic state of the cardiac cycle and run for five cycles. 

As inlet and outlet conditions, patient specific pressure curves were set as boundary conditions. Patient-

specific pressure curves for the srv patients were generated using clinical data from UKB. The pressure 

curves for the healthy LV were based on calculated standard values. Valves were not modeled and a 

wall or a fully opened inlet/outlet were set. at the open valve surface and the currently closed valve as a 

wall.  

Ventricular movement was achieved with the moving mesh method. First, a UDF ("AssignID") for a 

mesh geometry was written in ANSYS Fluent. For each cell node the corresponding point identification 

number and the Cartesian coordinates were written to a file ("surface"). In the surface file only the data 

of the cell nodes of the ventricular wall and the entrance and exit surfaces were stored.  

In the second step, the mesh of the original STL files (see above) was linked to the cell nodes created 

and stored in ANSYS (surface-file). This was done via a script created with Python. First, for each cell 

node that is read out, the corresponding area on the STL file and the position of the node on this trian-

gular area was determined. For this purpose, parameters (α and β) were set up which describe the posi-

tion of the point on the area in relation to the three nodes (P1, P2 and P3) of the triangular area (equation 

(2) For each cell node the calculated values of α and β were stored in a file together with the identifica-

tion number of the point.  

𝑃 = 𝑃2 +  𝛼 ∗  𝑃2𝑃1
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  +  𝛽 ∗ 𝑃2𝑃3

⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑ (1) 

The stored values were used to determine the position of the cell nodes on the subsequent STL files and 

a "surface_n" file was created for each existing STL file. This file contains the point identification num-

bers with the corresponding x,y,z coordinates of the node.  

In the third step, the temporal interpolation between the mesh data was performed to enable continuous 

movement in the simulation. With another script written in Python, interpolation functions for the move-

ment were calculated for each cell node. Subsequently the regularly interpolated points between the 

respective cell nodes were calculated and read out into the “udfsurface_n” files. As interpolation method 

the cubic spline interpolation was used. The interpolation steps corresponded to the time step size in the 
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CFD simulation (see above). In the last step, the calculated continuous mesh movement was loaded into 

the simulation.  

 

Flow analysis 

For the evaluation of the blood flow characteristics, the vortex structure formation, the vortex formation 

time, turbulent kinetic energies and the ventricular washout were investigated. 

The vortex structure formation was visualized by the Q-criterion within the ventricle. The Q-criterion 

describes the local balance between rotation and shear in all vector directions. The calculation was per-

formed using the second invariant of the velocity gradients, which are summarized by the symmetric 

shear rate tensor S and the antisymmetric vorticity tensor Ω. [9] 

The dimensionless parameter vortex formation time (VFT) describes the process of vortex formation 

during the beginning of diastole. It represents the length of the jet, normalized to the mitral valve diam-

eter. The VFT is calculated as the time integral of the velocity from the start of the diastole to the peak 

of the E-wave. It measures the quality of the vortex formation process and is a characteristic value for 

ventricular filling.(Gharib etal.,1998; Kheradvar and Pedrizzetti, 2012). 

Turbulent kinetic energy (TKE [J/kg]) was calculated in Ansys Fluent based on the transport equation 

for the k-ω-SST turbulence model. This model is based on the standard k- ω model from Wilcox [10]. 

It uses the transport equations for the turbulence kinetic energy (k ≙ TKE [J/kg) ((2)) and the specific 

dissipation rate (ω). In these equations, Gk represents the generation of turbulence kinetic energy due to 

mean velocity gradients. Гk represent the effective diffusivity of k, respectively. Yk represent the dissi-

pation of k. Sk is a user-defined source terms.  

𝜕

𝜕𝑡
(𝜌𝑘) +

𝜕

𝜕𝑥𝑖

(𝜌𝑘𝑢𝑖) =
𝜕

𝜕𝑥𝑖
(Γ𝑘

𝜕𝑘

𝜕𝑥𝑖
) + 𝐺𝑘 − 𝑌𝑘 + 𝑆𝑘 (2) 

The maximum value of TKE within the ventricle was recorded for each patient over five cycles. To 

reduce scatter in the data, the last four cycles were superimposed and the median was taken for each 

time step. From this smoothed cycle, all TKE values were accumulated over the entire cycle. In this 

way, the total average TKE for each patient could be determined. In addition, the ratio of total systolic 

TKE to total TKE was examined. 

Occurring blood stagnation, which indicates that the ejection performance does not meet the require-

ments of blood exchange, was evaluated by means of washout simulations as shown in [11]. In brief, 

simulations were performed with two fluids 1 and 2 with identical rheological properties (see above). In 

the beginning, the entire domain was filled with fluid 1 (old blood), afterwards the volume fractions 

were switched and simulations with fluid 2 (new blood) were performed for three cycles. Treatment of 

both fluids were expressed with the Volume of Fluid methodology. For more details see [11]. 

The results of the fluid analysis for the SRV group are shown as mean value +- standard deviation. 

Furthermore, statistical comparison between the SRV group and the individual LV was performed with 

a one-sample t-test and a significance threshold of p=0.001.  
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Results 

Flow description 

Figure 1 shows the flow field inside the ventricle for patient (#3) with SRV and patient (#7) with a 

healthy LV during diastole and systole. Six time points of the cardiac cycle are represented; E-wave, 

diastase, A-wave, start systole, peak systole, end systole. The blood flow over a cycle and the movement 

of the vortex is shown through blue isosurfaces based on the Q-value. Furthermore, the TKE is repre-

sented in the observed time points. For better visualization purposes different scales for TKE and Q-

Value were applied, see (Table 2). 

 

Figure 1: Turbulent kinetic Energy (J/kg) and vortex structure formation with Q-value (1/s) for subject #3 (SRV) and subject #7 

(LV) 

The presented SRV of subject #3 has an EDV of 55 ml and an EF of 51%. The beginning of the E- and 

A-wave can be recognized by a developing vortex at the tricuspid valve (inlet). During diastasis, the E-

wave vortex only propagates in the upper third of the ventricle. The second developing vortex of the A-

wave propagates comparably. During systole, an elongated vortex develops in the central part of the 

ventricle and is ejected at the end of systole. The presented SRV-case is exemplary for all five examined 

SRV-patients where a similar vortex progression can be observed. In all cases the vortex formation does 

not extend to the apex of the ventricle.  

The exemplary blood flow in a healthy ventricle is also shown in Figure 1. The healthy subject has an 

LV with an EDV of 54 ml and an EF of 58%. During the E-wave, a circular vortex is formed starting 

from the mitral valve. During diastasis, the vortex and the TKE maximum move towards the apex. Dur-

ing A-wave, the vortices are mixed and scattered eddies can be observed. At the beginning of systole, 

elongated vortices migrate to the outlet and are ejected until the end of systole. 

TKE is almost an order of magnitude higher in the healthy LV in comparison to subject #3. The differ-

ences in vortex formation are further underlined by the lower threshold of the Q-criterion to achieve any 

visualization of the flow structures (6000 s-1 – LV vs. 4000 s-1 - SRV). 
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Flow analysis 

The results for the flow analysis for five cardiac cycles of each patient are summarized in Table 2.  

 

Table 2:  Results for single right ventricle (SRV) group (mean value, standard deviation) and left ventricle (LV) patient.  

 
SRV LV #6 P-value   LV #7  P-value  

TKE_ges (J/kg) 0.881 ± 0.708 23.713 <1e-5  5.438 0.00014 

TKE_sys/ TKE_ges (-) 0.543 ± 0.165 0.442 0.24313  0.386 0.09976 

VFT (-) 1.16 ± 0.53 4.26 0.00019  3.96 0.00028 

EF (%) 46.4 ± 4.71 58 0.00533  67 0.00062 

Washout (%)       

  1.Cycle 43.79 ± 9.77  63.05 0.01162  57.43 0.03544 

  2.Cycle 64.86 ± 9.54 87.26 0.00630  85.54 0.00836 

  3.Cycle 76.32 ± 6.64 95.51 0.00296  94.88 0.00335 

 

The TKE of 0,881 ± 0,708 (J/kg) in SRV patients is significantly lower than in the compared healthy 

patients. Additionally, it is observed that the SRV ratio of systolic TKE to total TKE is slightly higher 

in SRV patients than in healthy patients. However, in two cases of SRV patients, the ratio was 73% and 

75%, respectively. 

VFT for the SRV patients was with 1.16 ± 0.53 significantly lower than the compared healthy LV pa-

tients. The two healthy LV patients show a VFT of 4.26 and 3.96. 

The SRV patients exhibit a significantly lower EF than the LV patients. The mean deviation for the SRV 

is 4.71% and out of the five SRV patients examined, two patients show an EF of more than 50%. 

According to Table 2, the average inflow of new blood (phase 2) in SRV after a cycle is 43.79%. After 

the second cycle, the percentage for SRV is 64.86% and over the course of three cycles, an average of 

76.32% of the new blood is present in the SRV. For LV patients #6 and #7, 95.51% and 94.88% of the 

new blood is present after three cycles which are significantly higher than the SRV group (p=0.008 and 

p=0.0033).  
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Figure 2: Left: Washout simulation for subject #3 (SRV) and subject #7 (LV). Time point of diastase for tree cardiac cycles. Blue 

old blood, red new blood. Right: Volume percentage distribution of ejected volume to the total ventricle volume for SRV patients 

and LV patients. 

The washout characteristics of SRV (patient #3) and healthy LV (patient #7) are shown in Figure 2, left 

pane. Within three cardiac cycles the time point of diastasis is displayed. The distribution of new blood 

(phase 2) colored red in the SRV during the first cycle is only in the upper part of the ventricle. This 

structure continues to develop in the second cycle towards the apex. At the end of the third cycle, how-

ever, residual blood (phase 1) colored blue is still visible in the apex. A lack of washout in the apex is 

observed in all SRV patients. In contrast, during diastole of the LV of the first cycle, new blood is 

distributed in the area below the valve and in the apex. This distribution can also be seen in the diastase 

of the second cycle. At the end of the third cycle, the ventricle is 95% filled with new blood. 

The graph in Figure 2 right shows the volume percentage distribution of ejected volume to the total 

ventricle volume for SRV patients and LV patients. A mean value curve is plotted for the SRV and LV 

patient group. 
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Discussion 

In this study, the flows in the pathological SRV and healthy LV were analyzed using 3D data acquired 

with echocardiography. For this purpose, data from five Fontan patients and two healthy patients were 

implemented in a moving mesh simulation model. The results of the flow simulation identified signifi-

cant difference in the ventricles. 

Intraventricular flow 

The investigation of blood flow within the ventricle is based on the moving mesh model, which includes 

the movement of the ventricular outer wall as a boundary condition. The model was used to perform 

patient-specific analyses of cardiac flows and to investigate the differences between SRV and LV for 

seven subjects. 

The vortex formation in healthy ventricles compared to pathological SRV, showed a more distinct de-

velopment in healthy patients. According to the literature, a main vortex forms in the middle of the 

ventricle up to the apex [12]. With the SRV, one vortex forms at the beginning of each of the E and A 

waves at the inlet, splits into several elongated vertebrae, and remains in the middle of the ventricle until 

the end of systole. Blood flows towards the apex and towards the ventricular wall only up to half of the 

ventricle, which was also observed in Lampropoulos et al. [13]. Vortex formation was lower in the SRV 

compared to the LV.  

EF is one of the basic evaluation factors in echocardiography for cardiac function [14]. Regarding the 

SRV patients, the mean EF was 46.4%, and of the patients studied, two had an EF greater than 50%. In 

the clinic, a value above 50% is taken as an indication of a patient considered healthy [15]. However, 

the flow simulations conducted in this study depict a significantly deficient cardiac output for SRV 

patients. 

VFT is a dimensionless factor that has been used in several studies as an indication of an optimally 

forming vortex during diastole. Healthy patients have a VFT around 4 [12]. A significantly lower value 

indicates a weak diastolic filling phase. The examined SRV had VFT values of 1.16 ± 0.53. This sug-

gests a weak diastolic vortex. This vortex stores kinetic energy, which initiates the ejection of blood 

during late diastasis. The formation of a weak diastolic vortex can also be observed in the examined 

TKE. SRV patients have significantly lower TKE than the compared patients with healthy ventricles. 

Optimal filling and formation of TKE during diastole is necessary for sufficient energy for ventricular 

ejection during systole [13]. 

The washout simulations highlight the weakly forming vortex during diastole and the related insufficient 

filling of the ventricle. It was observed that residual blood remains longer in the apex of the SRV com-

pared to the LV. After three cycles, SRV patients have an average residual volume of 24% in the ven-

tricle. Healthy patients with LV have a residual volume between 5 and 7% after three cycles [12]. The 

washout simulations in this study are able to provide a clear representation regarding the performance 

of a ventricle. 

During the study, a counterintuitive relation between TKE and VFT was observed in two SRV patients 

(#1, #3). These patients showed an increased TKE (2.178 J/kg; 1.041 J/kg) compared to the average 

value (0.881 J/kg), which indicates good ventricular performance. However, the VFT (0.62; 0.62) for 

these patients was below the mean value (1.16), indicating a decreased diastole and therefore a weakened 

performance. In parallel, an increased systolic TKE to total cycle recorded TKE ratio (75.2%, 73.4%) 

to the mean (54.3%) was observed. This may suggest that in the SRV patients the weak diastole is 

compensated with an increased systole. This relationship should be further investigated in future work. 
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Moving mesh methodology and handling of the geometrical data 

The advantage of the acquisition technique with the iE33 Philips ultrasound scanner is the possibility of 

patient-friendly and time-discrete imaging of a cardiac cycle. 3D echocardiography is a non-invasive 

and reliable technique that can be used at the bedside. Disadvantages of this imaging technique (related 

to its application in CFD simulations with a moving mesh methodology) are on the one hand the quality 

of the outer mesh for the geometric form. During ventricular contraction, the triangular mesh, which is 

constant for all time steps, causes strong deformations of the individual cells. This can lead to distorted 

cell nodes or illogical shapes. A manual editing of the geometry outer surface allows to obtain feasible 

mesh models for numerical analysis, but is time-consuming. On the other hand the impossibility of the 

imaging of the mitral and aortic valve shows up a second disadvantage. Here additional data with e.g. 

transesophageal echocardiography might be an imaging modality for good resolution of the valve struc-

tured.  

 

Limitations and outlook  

Due to the limited field of view of the ultrasound images and the insufficient possibility of evaluating 

clinical 3D-data using the software ImageArena, one of the most important limitations was the lack of 

information about the valves and the atrium. The dynamics of the valve and the geometry of the atrium 

affect the specific properties of the inflow jet [9]. To reduce further inaccuracies of spatial description 

and low time resolution, parameters were integrated primarily over the entire ventricular volume and 

cardiac cycles. 

Another challenge in the evaluation of univenticular hearts is the inhomogeneous Fontan patient popu-

lation. The complexity of the pathology present and the surgical history of these patients is often highly 

individualized. Because of this limitation, we have focused only on the anatomy of singular right ven-

tricles in this study for the time being. 

The study was limited by the small amount of the analyzed patients. The limited number of the patient 

group resulted from the poor quality of the acquired 3D models and the time-consuming processing of 

them. Nevertheless statistical significant results could be observed for washout, TKE and VFT. 

Further work should focus on evaluating and comparing a greater number of patients with univentricular 

hearts and healthy hearts. That way, the correlations observed in this work could be further quantified. 

The complex patient history of Fontan patients and the related anatomical conditions must always be 

kept in mind.  

Furthermore, it is important to integrate a directed flow into the simulation model. Preferably under 

integration of heart valves. Subsequently, the simulation models require a qualified validation. This 

could be done in the form of a suitable PIV study.  

 

Conclusion 

Looking at the EF of SRV, the cardiac work could be assumed to be moderate, but the comparison with 

the numerical analysis shows otherwise. Especially the washout is a clear indicator. 

This study has shown significant differences in intraventricular flow between healthy patients and Fon-

tan patients. Weak vortex formation during diastole is characteristic for the examined SRV patients. 

This correlation is also evident in the significantly lower TKE and in the weaker washout. 
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It should be considered that the studied patients have an average EF of 46%, indicating only moderately 

impaired cardiac conduction, but according to our washout simulations up to 20% less blood is trans-

ported through the ventricle compared to the healthy ventricle. This relationship and its relevance to the 

clinic should be further investigated. 
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