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Abstract

Purpose—Patients with repaired Tetralogy of Fallot (rTOF) will develop dilation of the right 

ventricle (RV) from chronic pulmonary insufficiency and require pulmonary valve replacement 

(PVR). Cardiac MRI (cMRI) is used to guide therapy but has limitations in studying novel 

intracardiac flow parameters. This pilot study aimed to demonstrate feasibility of reconstructing 

RV motion and simulating intracardiac flow in rTOF patients, exclusively using conventional 

cMRI and an immersed-boundary method computational fluid dynamic (CFD) solver.

Methods—Four rTOF patients and three normal controls underwent cMRI including 4D 

flow. 3D RV models were segmented from cMRI images. Feature-tracking software captured 

RV endocardial contours from cMRI long-axis and short-axis cine stacks. RV motion was 

reconstructed via diffeomorphic mapping (Deformetrica, deformetrica.org), serving as the domain 

boundary for CFD. Fully-resolved direct numerical simulations were performed over several 

cardiac cycles. Intracardiac vorticity, kinetic energy (KE) and turbulent kinetic energy (TKE) 
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was measured. For validation, RV motion was compared to manual tracings, results of KE were 

compared between CFD and 4D flow.

Results—Diastolic vorticity and TKE in rTOF patients were 4.12±2.42mJ/L and 115±27/s, 

compared to 2.96±2.16mJ/L and 78±45/s in controls. There was good agreement between RV 

motion and manual tracings. The difference in diastolic KE between CFD and 4D flow by 

Bland-Altman analysis was −0.89910-2 mJ/mL (95% limits of agreement: - 1.351*10−2mJ/mL to 

1.171*10−2mJ/mL).

Conclusion—This CFD framework can produce intracardiac flow in rTOF patients. CFD has the 

potential for predicting the effects of PVR in rTOF patients and improve the clinical indications 

guided by cMRI.
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Background

Tetralogy of Fallot (TOF) is the most common cyanotic congenital heart defect [1], 

consisting of a large ventricular septal defect and right ventricular outflow tract (RVOT) 

obstruction. The repair of TOF typically occurs in infancy, involving patch closure of the 

ventricular septal defect and transannular patch across the RVOT. As a result, patients 

with repaired Tetralogy of Fallot (rTOF) will often have the surgical sequelae of chronic 

pulmonary valvar insufficiency (PI). Chronic PI leads to right ventricular (RV) enlargement 

and energy loss [2], increasing the risk of RV deterioration, ventricular arrhythmias and 

mortality [3]. Older rTOF patients will require pulmonary valve replacement (PVR) to treat 

these sequelae [4, 5].

Timing of PVR is the focus of most recent studies related to rTOF [4, 6, 7]. There are 

risks associated with early or late PVR: on one hand, RV dysfunction may be irreversible 

if PVR is postponed until rTOF patients develop clinical symptoms [8, 9]. On the other 

hand, implanted pulmonary valves have limited durability (surgical PVR estimated to be 

approximately 15 years, percutaneous PVR potentially shorter) [10], and aggressive early 

intervention leads to increased number of future interventions with incremental risk. Thus, 

methods to guide PVR therapy and predict the hemodynamic benefit of PVR are desired.

Measurements of RV size by cardiac magnetic resonance imaging (cMRI) have provided 

critical thresholds for PVR intervention [5, 6]. These measurements include indexed 

RV end-diastolic volume (RVEDVi), indexed RV end-systolic volume (RVESVi) and RV 

ejection fraction (RVEF). However, current guidelines acknowledge the inconsistent use 

of conventional cMRI measurements alone to dictate therapy [5, 6]. Conventional cMRI 

measurements do not incorporate the diverse RV morphological changes and RV motion in 

rTOF [11, 12]. The link between abnormal RV morphology and PI in rTOF patients has not 

been clarified. The post-operative RV motion and intracardiac flow abnormalities have not 

been comprehensively studied.
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Recent advances in cMRI now allow for time resolved three-dimensional imaging (4D 

flow) of intracardiac flow. With 4D flow, it is observed that intracardiac flow parameters 

such as vorticity (the local spinning motion of blood), kinetic energy (KE) and turbulent 

kinetic energy (TKE) are altered in rTOF patients [13-15]. Intracardiac flow parameters are 

thus promising hemodynamic biomarkers to potentially guide timing of PVR. However, 4D 

flow imaging have limitations in spatial and temporal resolution [16], prohibiting detailed 

visualization and study of intracardiac flow abnormalities. Additionally, the use of 4D flow 

alone cannot predict the changes in RV intracardiac flow to guide PVR therapy.

Computational modeling such as computational fluid dynamics (CFD) is key to 

comprehensive flow analysis and prediction of hemodynamic changes after procedural 

interventions [17]. Computational models have been previously developed to estimate 

functional changes based on RV material parameter values (such as elasticity) in rTOF 

patients after PVR, relying on cMRI geometric data and cardiac catheterization pressure 

recordings [18, 19]. In similar fashion, a CFD-based method could change input boundary 

conditions, removing the intracardiac and morphological effect of PI and determine changes 

to intracardiac flow. CFD may further predict the effect of varying PVR techniques, 

including surgical placement with or without RVOT plication, percutaneous placement, or 

“hybrid” approaches [20, 21]. Thus, CFD potentially offers risk-benefit analysis of PVR 

based on specific clinical data, allowing for a customized and optimized approach for each 

individual patient.

In this pilot study, we aim to develop a comprehensive method to reconstruct RV motion and 

simulate intracardiac flow in rTOF patients. This method exclusively uses conventional two-

dimensional cMRI cine images, diffeomorphic mapping software, and a robust immersed-

boundary method CFD solver [22]. We hypothesize that such a CFD approach to RV 

intracardiac flow is feasible using boundary conditions generated from cMRI data, and that 

this approach can identify important intracardiac flow abnormalities in rTOF patients.

Methods

CMR imaging

This study was approved by the Institutional Review Boards of all participating institutions, 

with all patients prospectively enrolled after informed consent. Four rTOF patients and 

three normal controls underwent clinically-indicated cMRI studies using a Siemens 1.5T 

scanner. The rTOF patients all had undergone transannular patch with no significant 

residual ventricular septal defect, tricuspid regurgitation or pulmonary stenosis. cMRI 

data included cine imaging (long-axis and short-axis cine), contrast-enhanced magnetic 

resonance angiography (MRA), three-dimensional steady state free precession imaging (3D 

SSFP), two-dimensional phase contrast (2D-PC) across the pulmonary valve (Venc set 

between 2 m/s – 2.5 m/s) and 4D flow sequences. The cine sequence parameters included 

FOV = 350 x 220 mm, matrix = 256 x 155, TE = 1.19 ms, TR = 31.13 ms, slice thickness 

= 6-8 mm. All cines were reconstructed into 30 images per cardiac cycle. The MRA and 3D 

SSFP covered the entire heart with voxel size ~ 1.4 x 1.4 x 1.4 mm. The 4D flow sequence 

parameters included FOV = 400–480 x 190–230 mm, matrix = 160 x 77, TE = 2.19 ms, TR 
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= 37.9 ms, slice thickness = 2.5–3 mm and venc between 2 m/s - 2.5 m/s. The 4D flow data 

was only used for validation purposes.

3D Model

3D end-diastolic models of the RV were created from MRA and 3D SSFP 

datasets, according to lab standard segmentation [23, 24] using commercially available 

software (Mimics; Materialise, Leuven, Netherlands). The three-dimensional (3D) models 

incorporated the three components of the RV including RV inflow, RV body/apex, and 

RVOT, with extra delineation of tricuspid valve annulus and pulmonary valve annulus 

(Figure 1a).

RV motion reconstruction with Feature Tracking and Diffeomorphic Mapping Software

Cines acquired in continuous short axis slices were obtained to evaluate wall motion. 

Each short-axis cine was used for feature tracking analysis with QStrain V2.0 (Medis 

Medical Imaging Systems, Leiden, Netherlands), a semi-automated process that requires 

manual contour of the end-diastolic RV endocardial border to initiate tracking. In cases of 

insufficient tracking with apparent deviations, the RV endocardial contours were manually 

adjusted. The same process was also applied to long-axis views (Figure 1b). The moving 

endocardial borders of the entire RV were then extracted and formatted as data contour 

points.

To create a continuous representation of RV motion, the data contour points from QStrain 

were combined with the 3D end-diastolic model of the RV using smooth mappings 

known as diffeomorphism. A similar method has been previously demonstrated by Biffi 

et al on the left ventricle in aortic stenosis patients [25]. The approach relied on an 

image registration technique based on a control-point instance of the Large Deformation 

Diffeomorphic Geometric Mapping (LDDMM) implemented into the open-source software 

Deformetrica [26]. Using Deformetrica, the motion of the surface mesh from the 3D 

model throughout the cardiac cycle was guided by endocardial data contour points in 

both short-axis and long-axis trajectories. The data contour points were used to compute 

mappings (diffeomorphisms) that transformed a given reference phase (e.g. diastole) into 

each of the 30 phases of the cardiac cycle. The final transformation was obtained by linear 

superposition of the two mappings in the short-axis and long-axis planes. The computed 

diffeomorphisms were then applied to the end-diastolic, 3D triangulated surface mesh, to 

yield 30 meshes with the same connectivity properties that served as boundary conditions 

for the simulations. Trigonometric interpolation with N/2 Fourier modes, where N=30 is 

the number of reconstructed cardiac phases, was eventually used to increase the temporal 

resolution as required for accurate time integration of the Navier-Stokes equations. This 

procedure also provided the time history of the RV volume over the cardiac cycle.

Immersed Boundary Method

Direct numerical simulations were performed using an in-house CFD solver based on the 

immersed boundary method (IBM) to solve the Navier-Stokes equations for incompressible 

flow, assuming a Newtonian model for the blood with μ = 4 x 10−3 Pa · s and ρ = 1 

kg/m3 [27]. Spatial discretization relied on a staggered second-order scheme, while time 
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advancement employed a fractional-step formulation, where both advective and diffusive 

terms were advanced with an explicit third-order Runge-Kutta scheme. The moving RV 

geometry was immersed in a cubic domain, with periodic boundaries along two directions, 

and inlet/outlet boundary conditions along the third one to ensure proper washout of the 

fluid domain outside the RV. The position and velocity of each point discretizing the RV 

wall, which is not aligned with the computational grid, was obtained from the trigonometric 

interpolation procedure described above and enforced using a moving least-squares IBM 

approach. The details on the overall formulation can be found in [22, 28]. The overall 

mesh size was on average of ~10 million grid points, leading to a typical spatial resolution 

of ~0.60 mm. The time step size in all computations was primarily dictated by accuracy 

considerations. In direct-forcing IBM, such as the one utilized in the present work, it is well 

known that due to the operator splitting between the IBM and the fractional-step scheme, 

the boundary conditions on the immersed body are only accurate to order O(Dt^2) [29] 

potentially leading to spurious transpiration through the boundary. We found that a time 

step size equal to 2x10−5s was able to guarantee negligible errors for the global mass 

conservation within the immersed body. The computations took on average 20 hours per 

cardiac cycle when run in parallel on 16 processors at a high-end workstation.

Boundary Conditions

The tricuspid valve annulus and pulmonary valve annulus were represented by simple 

planes whose permeability was modulated depending on the phase of the cardiac cycle. 

The positions of these planes were guided by clinical imaging (see subsection “3D model”, 

Figure 1a) and followed the corresponding changes in RV wall motion. The boundary 

conditions were derived as follows:

• The tricuspid inflow boundary condition was derived from mass conservation. 

For normal controls, the tricuspid inflow was directly related to RV volumetric 

change (dV/dt). For rTOF patients, the tricuspid valve flow rate was computed 

by subtracting RV dV/dt against the diastolic PI flow rate from 2D-PC (Figure 

1c), then uniformly distributed across the tricuspid valve plane. The velocity at 

the tricuspid valve annulus plane was explicitly imposed using the IBM.

• For outflow boundary condition in controls, the pulmonary valve was assumed 

to be either fully open/closed in systole and diastole respectively. For rTOF 

patients, the pulmonary valve was assumed to be fully open during systole; 

during diastole, the pulmonary valve was also assumed to be open, absent of 

residual pulmonary valve tissue. As the tricuspid inflow and RV dV/dt is already 

prescribed in the simulation, the regurgitant volume and regurgitant fraction by 

2D-PC measurement is maintained by mass conservation (Figure 1c).

Quantification of Intracardiac Flow

The CFD velocity fields were extracted using in-house MATLAB codes. The ventricular 

reconstruction used to define the boundary conditions for the simulations was also exploited 

for post-processing purposes. The segmented and moving RV geometry, including the 

RVOT, was used to isolate the domain of interest for extraction of the results. KE, TKE 
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and vorticity were computed for each phase of the cardiac cycle and spatially integrated over 

the RV volume to yield their mean values. KE, TKE and vorticity were defined as:

KE = 1
2ρ(vx2 + vy2 + vz2)

TKE = 1
2ρ((u′)2 + (v′)2 + (w′)2)

V orticity = ∇ × v

Where ρ is density, v is velocity over the three orthogonal directions (x, y and z); u’, v’ and 

w’ are standard deviation of velocities (i.e. fluctuation), and ∇ is the gradient operator of the 

velocity field); u’, v’ and w’ were computed with respect to phase-averaged velocity fields, 

with statistics accumulated over 5 cardiac cycles. Values of these parameters in diastole 

were singled out for further analysis. In addition, the Q-criterion [30] was used to visualize 

the topology of coherent vortical structures, creating isosurfaces with Q Criterion > 5000. 

Phase-averaged velocity fields were visualized using velocity vectors to allow for direct 

comparison with 4D flow.

Reynolds calculation

The peak Reynolds number [27] across the tricuspid valve and pulmonary valve was also 

calculated in early diastole, using the following equation:

Re = ρvD
μ

Where Re = Reynolds number, ρ = 1 kg/m3, μ = 4 x 10−3 Pa · s, D is the local diameter and v 
is velocity. D was locally obtained by measuring the area across the TV and PV. v across the 

TV and PV was obtained by spatially averaging the total flow over the measured area.

Validation of RV motion reconstruction with cine imaging

For each patient, a specific slice of cMRI cine imaging not used for feature tracing (axial 

cine or separate RVOT cine) was selected for validation of RV motion reconstruction 

process. In each specific slice, the contour of the RV and main pulmonary artery was manual 

traced through the cardiac cycle. An overlay of reconstructed RV motion was compared 

against manual tracing. The similarity and degree of overlap with manual tracings were 

represented as the Dice coefficient [31], with 0 = no overlap; 1 = complete overlap.

Comparison between CFD and 4D flow

CFD results were compared against 4D flow using both qualitatively and quantitatively. 

For quantitative comparison, the diastolic KE was computed from 4D flow, using the same 

procedure described above (see subsection “Quantification of Intracardiac Flows”). The 
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diastolic KE computed from CFD was then normalized over time and directly compared to 

4D flow results. Paraview V4.3 [32] and MATLAB were used for qualitative comparison 

by visualizing the phase-averaged velocity fields during late diastolic filling across a 

longitudinal slice of the RV, such that the tricuspid valve plane and portion of the RVOT 

were included. The flow pattern in this longitudinal slice was qualitatively compared 

between CFD and 4D flow.

Statistical Evaluation

Statistical analysis was performed with Prism 8.4.0 (GraphPad Software, California, USA). 

For RV motion, the mean Dice coefficient is reported. Good agreement was defined as Dice 

coefficient >0.700 [33]. Bland-Altman analysis was also performed to plot the agreement 

between CFD and 4D flow.

Results

Demographics

Four rTOF patients (aged 15 ± 9 years, body surface area 1.5 ± 0.3 m2) and three normal 

controls (aged 15 ± 5 years, body surface area 1.5 ± 0.4 m2) and were included (Table 1). 

All rTOF patients had increased RV size – the mean RVEDVi was 150±29 mL/m2, RVESVi 

was 78±23 mL/m2, and RVEF was 48±5%. Using current guidelines [5], rTOF 2 would have 

been considered a potential PVR candidate based on cMRI criteria alone.

Intracardiac Flow Quantification

Vorticity and TKE results for rTOF patients and controls for both early and late peak 

diastole are shown in Table 2. The mean TKE of rTOF patients was 2.48 ± 1.86 mJ/L and 

4.12 ± 2.42 mJ/L respectively, compared to 1.40 ± 1.06 mJ/L and 2.96 ± 2.16 mJ/L for 

controls. The mean vorticity of rTOF patients was 115 ± 27 /s and 93 ± 43 L/s respectively, 

compared to 78 ± 45 /s and 77 ± 38 /s for control. For all rTOF cases, the peak Reynolds 

number at early diastole at both tricuspid inflow (3800 ± 700) and PI jet (2700 ± 1100) was 

in the upper transitional range for turbulence [27]. The control cases had an early-diastolic 

Reynolds number of 2600 ± 890 at tricuspid inflow (Table 3).

Qualitative Observations of RV Motion Reconstruction

The reconstructed RV motion of one normal control and rTOF patients are depicted in 

Supplementary Video 1. The RV of the normal control had an expected pyramidal shape 

that contracted in longitudinal fashion. Meanwhile, the four rTOF cases had different, 

heterogenous RV morphology and motion, despite some having similar indexed size and 

ejection fraction (rTOF 1 and rTOF 4). The rTOF cases demonstrated larger circumferential 

motion in comparison to the normal control.

Qualitative Observations of Intracardiac Flow

The relative differences in flow are demonstrated as vector flow streamlines (Figure 2) and 

the topology of vorticity isosurfaces (Figure 3, Supplementary Video 2). In control cases, 

an organized, “donut”-shaped ring-vortex was visualized surrounding the tricuspid inflow 
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during diastole. The superior edge of the diastolic vortex propagated in a counterclockwise 

pattern directly towards the RVOT. Most of these flow features dissipated before reaching 

the RV apex. During systole, the flow translated into a helical twist along the RVOT. 

In comparison, the rTOF simulations in diastole demonstrated turbulent-like, chaotic flow 

formation starting in the RVOT, propagating through the RV body into the apex. The 

diastolic vortex from the tricuspid valve, whilst also present in rTOF patients, was disrupted 

by the jet of PI.

Cine validation of RV motion reconstruction

The mean Dice coefficient was calculated to be 0.887±0.0197, demonstrating good 

agreement between manual tracings and reconstructed RV motion. The main source of 

discrepancy was noted in the distal pulmonary arteries, a result of pulmonary artery 

pulsations that were not fully captured by cine imaging (Figure 4, Supplementary Video 

3).

Comparison between Intracardiac Flow Simulation and 4D Flow

The comparison of diastolic KE profiles between 4D flow and CFD are shown in Figure 

5 and Figure 6. The difference between CFD and 4D flow by Bland-Altman analysis 

(Figure 6) was −0.899 *10−2 mJ/mL (95% limits of agreement: −1.351 *10−2 mJ/mL to 

1.171*10−2 mJ/mL). Comparisons between CFD and 4D flow phase-averaged velocity fields 

at late diastolic filling are shown in Figure 7. In the CFD simulations at this phase of 

the cardiac cycle, the RV was characterized by a complex flow pattern resulting from the 

interaction between the tricuspid diastolic vortex and the jet of PI. Overall, the chaotic flow 

formation from this interaction is also displayed by 4D flow. The main source of discrepancy 

appeared to be magnitude and direction of flow acceleration across tricuspid valve annulus 

and pulmonary valve annulus, where interaction with tissue (particularly residual pulmonary 

valve tissue) were not incorporated into the CFD model.

Discussion

This is the first study to exclusively use clinical cMRI data and create direct numerical 

simulations of RV intracardiac flow in rTOF patients. The main findings of this pilot study 

include: (1) feasibility of methodology in normal control and rTOF patients, (2) validation of 

RV motion reconstruction from cMRI images for boundary conditions and (3) alterations to 

diastolic intracardiac flow of the rTOF patients when compared to normal controls.

Conventional cMRI volumetric measurements provide critical information to inform the 

timing of PVR. However, we conjecture that there are patient-specific, clinically relevant 

RV abnormalities not captured by volumetric measurements. Comprehensive visualization 

of patient-specific intracardiac flow must be taken into consideration to demonstrate this 

complex interplay between RV shape, RV motion and PI. Statistical shape modeling studies 

have demonstrated morphological changes beyond “simple” measurements of RVEDVi and 

RVESVi [11, 12]. Leonardi et al and Mansi et al developed a shape analysis framework 

that correlated end-diastolic RV shape with PI and RV dilation [11, 34]. Akinesis of the 

RVOT free wall, a result of the transannular patch, also varies with surgical technique and 
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peri-operative conditions [35]. The efficiency of the RV is decreased in rTOF patients [2, 

36]; Shibata et al demonstrated that diastolic flow energy losses correlated with cardiac 

enlargement and RV deterioration [36]. Potential mechanical sources of energy loss include 

volume overload from PI, viscous dissipation from turbulent flows, and impaired diastolic 

filling.

The comparison of diastolic intracardiac flow topology between control and rTOF patients 

in our small exploratory series is striking, as demonstrated in Figure 3. In control cases, 

the “donut” of diastolic vortex from tricuspid inflow is consistent with earlier computational 

studies of RV intracardiac flow (derived from 3D echocardiography) [37-39] and in-vivo 

observations of 4D flow [40]. Early work by Dr. Pasipoularides demonstrated the role of 

the diastolic vortex in reducing the “convective deceleration load” from tricuspid inflow and 

improve ventricular filling [38]. The direct propagation of the RV vortex into the RVOT also 

facilitates the helical twist observed in systole [41], that in turn may prevent flow separation 

at the branch pulmonary arteries [42]. In rTOF simulations, the native diastolic vortex has 

reduced significance in the dilated RV, another observation seen in Pasipoularides’ work 

[37].

More importantly, the diastolic vortex is significantly disrupted by collision with PI and 

results in less coherent vortical structures in the RV. This phenomenon of “kinematic 

obstruction” is also observed with in-vitro planar time-resolved particle image velocimetry 

of aortic regurgitation in the left ventricle [43], and more recently in an RV double 

activation simulator mimicking PR in rTOF patients [44]. PI blocks the formation of a 

coherent “donut” ring-vortex from tricuspid inflow into the RV and leads to viscous energy 

dissipation. When PI is severe, it generates the dominant vortical flow in the RV [44] and in 

turn propagates disturbed flow into RV apex, altering the mechanotransductive environment 

and likely contributing to RV shape adaptations [45, 46]. The source of TKE and vorticity 

in rTOF is likely from this flow propagation, in combination with the higher Reynolds 

number across both the tricuspid inflow and PI jet observed in this study. The degree of 

flow disturbance is affected by multiple factors, including timing of the PI jet, its relative 

direction, position and magnitude to the diastolic vortex, as well as boundary layer changes 

from RV motion. Of note, the tricuspid vortex also demonstrates physiologic variation in 

both structure and magnitude, as demonstrated by Figure 3 and the quantitative results of 

TKE and vorticity (particularly Control 2, likely a result of the higher Reynolds number 

from tricuspid inflow). Thus, it will be important to consider the regional contributions 

of the tricuspid inflow vs. RVOT towards TKE and vorticity, beyond measuring these 

intracardiac flow globally.

cMRI remains the best imaging modality to provide boundary conditions for RV simulation 

in rTOF. cMRI allows for visualization and quantification of regional wall motion via 

feature tracking [47-49]. With improved techniques in feature tracking and segmentation, 

there are now semi-automated/fully automated methods to model RV kinematics directly 

from image data [50-52]. In rTOF patients, there are alterations to longitudinal and 

circumferential wall motion in rTOF patients [48, 49]. The normal RV wall motion is 

usually derived from longitudinal contraction, recognized by tricuspid annular plane systolic 

excursion or longitudinal strain [53]. However for rTOF patients, the post-operative RVOT 
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patch modification and chronic physiology of PI leads to RVOT akinesia, adaptive changes 

to increased volume load, and electro-mechanical dyssychrony from right bundle branch 

block [49], all of which affect the circumferential motion of the RV. Thus, both long-axis 

and short-axis views are needed to represent RV motion in rTOF patients. 3D modeling 

by cMRI can also demonstrate adaptive remodeling in different regions of the RV. In 

rTOF patients, the RV has regional enlargement of the apex and RVOT, and a reduction in 

curvature along the ventricular septum [12]. The RVOT also has heterogenous shape features 

[54] which influence flow characteristics of PI. Thus, patient-specific CFD simulations need 

cMRI data in order to incorporate complex RV shapes and RV motion, particularly the 

longitudinal contraction of the RV.

Our study coupled cMRI data with an IBM-solver, a logical next step in studying RV 

intracardiac flow patterns. The use of computational solvers to study intracardiac flow is 

well documented [55], initially focusing on two-dimensional flow patterns across heart 

valves [56]. Solvers have now advanced to incorporate full 3D models with increasingly 

realistic interactions between blood and wall motion over time [57-59]. The IBM method 

has been widely employed for the simulation of left ventricular flow dynamics in 

conjunction with cMRI or computed tomography [60]. For the RV, IBM solvers have 

been previously coupled with 3D echocardiography [39]. In this work we employ a 

robust IBM technique that ensures smoothness of the flow fields while maintaining good 

overall accuracy. This method is compatible with cMRI, ensuring boundary conditions 

from data with diagnostic-quality spatial/temporal resolution and high reproducibility [61]. 

The resulting computational framework is remarkably flexible and suitable for potential 

incorporation into clinical workflow. The unique combination with diffeomorphic mapping 

software also informed the longitudinal movement of the tricuspid inflow, which likely has 

a role in diastolic vortex formation. By relying only on cine and 2D-PC, the methodology 

allows for larger retrospective studies of rTOF cohorts (including studies where 4D flow is 

not available) to identify clinically relevant ranges of intracardiac vorticity and TKE, similar 

to Haggerty et al when they performed computational modeling of 100 patient-specific 

Fontan patients derived from conventional cMRI imaging [62]. To predict the effect of 

PVR, we envision a process that will: (1) incorporate a pulmonary valve with fully resolved 

opening/closing motion, (2) anticipate the resulting change in RV wall motion [63, 64] and 

(3) repeat numerical simulation to estimate the alterations in flow.

Tang et al has previously developed a computational method relying on cMRI and cardiac 

catheterization data to estimate functional changes after surgical PVR and plication of 

the RVOT, based on RV elasticity [18, 19]. Our approach differs significantly from this 

methodology in several aspects: (1) the exclusive use of non-invasive clinical data, whereas 

Tang et al’s method also relies on pressure recordings from invasive cardiac catheterization; 

(2) incorporating patient-specific longitudinal and circumferential motion in one continuous 

model, whereas Tang et al’s method uses a “shrink” estimation process to define RV shape 

in systole and diastole as separate phases; and (3) specific focus on intracardiac flow, 

whereas Tang et al’s method aims to simulate stress, strain and Young’s modulus of the RV 

myocardium.
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The alterations in vorticity and TKE in rTOF patients are consistent with in-vivo 4D 

flow studies. Hirtler et al and Frediksson et al have prospectively demonstrated flow 

abnormalities in rTOF patients with 4D flow [13, 15]. Hirtler et al demonstrated significant 

differences in vorticity between rTOF patients and normal controls. Significant correlations 

were also found between vorticity, PI and RVEDVi [13]. Frediksson demonstrated that 

rTOF patients with worse PI had higher TKE values when compared to normal controls. 

Furthermore, peak total RV TKE was significantly correlated with RVEDVi [15]. These 

studies demonstrate the relationship between flow abnormalities, energy loss and functional 

impairment in rTOF patients, as well as the potential for using intracardiac flow biomarkers 

that are more sensitive than volumetry. Our CFD framework now provides a path to develop 

a fundamental understanding of the interactions between PI and RV motion. This research 

will guide the development of metrics derived from 4D flow measurements, and potentially 

develop a prediction model to study the effect of PVR on abnormal vorticity and TKE.

Study Limitations and Future Work

This pilot study is limited by the small number of rTOF and control cases used for 

simulation, thus no statistical analysis was performed to compare the two groups; further 

studies are needed before the qualitative observations of intracardiac flow are generalizable 

for rTOF patients. Another major limitation includes the significant differences in spatial 

and temporal resolution between acquired cMRI data (used to create the boundary 

conditions) and CFD, which impacts the comparison between the two methodologies. Some 

notable discrepancies were observed between CFD and 4D flow. Potential sources for 

discrepancy include the lack of residual pulmonary valve tissue during diastole, which likely 

created the localized regions of flow acceleration in the 4D flow datasets. The addition of 

residual pulmonary valve tissue will be essential in determining the magnitude and direction 

of PI flow back into the RV. Additionally, the 3D end-diastolic model of the RV, which 

was smoothed to facilitate diffeomorphic mapping. The segmentation/smoothing process 

removes RV trabeculations and papillary muscles, and the loss of endocardial detail may 

influence vortex mechanics in the CFD simulation [65]. The current methodology also 

assumed fully open/closed states across the tricuspid valve thus would not account for 

tricuspid regurgitation. The right atrium was also not incorporated as conventional cMRI 

imaging of rTOF do not focus on its features. Furthermore, direct clinical measurement 

of tricuspid inflow (a critical boundary condition) by 2D-PC was not feasible and instead 

derived from mass conservation. The sensitivity of these features to intracardiac flow results 

require further study, however these limitations will likely improve with advances in cMRI 

techniques that allow for dynamic whole-heart 3D imaging [66] and accurate valve-tracking 

flow measurements by 4D flow [67].

Future work includes incorporation of tricuspid valve/residual pulmonary valve tissue into 

CFD simulation to add potential effects of pulmonary stenosis or tricuspid regurgitation. We 

plan to investigate the regional contributions of PI in the RVOT towards TKE and vorticity, 

by varying the boundary conditions in the same model similarly to other in-vitro studies 

[43, 44], or by comparing TKE and vorticity to other forms of volume-overloaded RVs 

from atrial-level shunts. We plan to simulate of a broad cohort of rTOF patients to correlate 

intracardiac flow parameters with RV morphology and clinical outcomes, identifying key 
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physiologic flow features that relate to clinical RV dysfunction and exercise intolerance [9]. 

Our long-term goal is to develop a CFD-based method that can remove the intracardiac 

and morphological effect of PI to determine the benefit of PVR. This would likely include 

predicting the alterations to RV shape using statistical shape modeling [11, 34] and RV 

kinematics by coupling strain with fluid-structure-electrophysiology interactions [59, 63, 

64].

Conclusion

Our study is the first to use exclusively use conventional cMRI images to simulate RV 

intracardiac flow in rTOF patients. With this CFD method, highly resolved intracardiac flow 

can be recreated and directly quantified. This computational framework has the potential to 

predict intracardiac changes after PVR, improving its clinical indications guided by cMRI.
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Figure 1. Clinical imaging data used for reconstruction of right ventricular (RV) motion and 
simulation.
a) Standard segmentation techniques were applied to recreate the right ventricle. The 

tricuspid valve annlus and pulmonary valve annulus are also demarcated to establish inflow/

outflow. b) Feature tracking was applied to cine imaging in both short-axis and long-axis 

views (blue points and red points respectively). c) Inflow boundary condition across the 

tricupisd valve are derived from mass conservation, by subtracting RV volumetric change 

(dV/dt) against the flow rate of pulmonary insufficiency from 2D phase contrast (2D-PC).
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Figure 2. Vector flow streamlines representing right ventricular (RV) intracardiac flow 
simulation between normal control and repaired Tetralogy of Fallot (rTOF) patient.
In the control case, an organized “donut” ring-vortex is formed from the tricuspid valve 

(TV) inflow, with the superior edge propagating towards the right ventricular outflow tract 

(RVOT). The rTOF cases are characterized by collision of pulmonary insufficiency (PI) and 

TV inflow in the RV body.
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Figure 3. Vorticity isosurfaces representing right ventricular (RV) intracardiac flow simulation 
between normal control and repaired Tetralogy of Fallot (rTOF) patients.
Vortical isosurfaces were created with Q Criterion > 5000. In rTOF patients, there is chaotic 

flow that propagates into RV body and apex.

Loke et al. Page 19

Cardiovasc Eng Technol. Author manuscript; available in PMC 2023 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Comparison of endocardial border between manual tracings and reconstructed right 
ventricular (RV) motion.
The end-systolic and end-diastolic frames for case rTOF 3 were shown as an example. Good 

agreement noted through systole (top pictures) and diastole (bottom pictures). The main 

discrepancies were noted in the distal pulmonary artery during systole (white arrows).
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Figure 5. Comparison of diastolic kinetic energy (KE) between 4D flow and Computational Fluid 
Dynamic simulation (CFD) of repaired Tetralogy of Fallot (rTOF) patients.
Four rTOF patients had 4D flow measurements for comparison against CFD results. Flow 

curves were adjusted to the same time scale T. The diastolic KE as measured by CFD 

(dotted line) overall strongly correlated with 4D flow measurements (r = 0.854, p < 0.0001).
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Figure 6. Bland-Altman analysis of diastolic kinetic energy (KE) measurement profile between 
4D flow and Computational Fluid Dynamic simulation (CFD) of repaired Tetralogy of Fallot 
(rTOF) patients.
The mean difference between 4D flow and CFD was −0.0008987 mJ/mL (95% limits of 

agreement: −0.01351 mJ/mL to 0.01171 mJ/mL).
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Figure 7. Comparison of diastolic intracardiac flow profile between 4D flow and Computational 
Fluid Dynamic simulation (CFD) of repaired Tetralogy of Fallot (rTOF) patients.
Overall, the chaotic flow pattern predicted by CFD is also noted by 4D flow, with notable 

discrepancies in flow magnitude and direction at the native pulmonary valve annulus.
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Table 1.

Patient Demographics included in pilot study.

Subject Age BSA (m2)
RVEDVi
(mL/m2)

RVESVi
(mL/m2)

RVEF (%) PVRF (%)

rTOF 1 6 1.02 148 75 50 40

rTOF 2 12 1.29 191 114 41 50

rTOF 3 17 1.38 158 85 46 30

rTOF 4 30 1.83 148 68 54 30

Control 1 10 1.09 108 50 53 n/a

Control 2 17 1.53 87 42 53 n/a

Control 3 19 1.91 85 38 55 n/a

Three normal controls and four repaired Tetralogy of Fallot (rTOF) patients were included in the study. Age, body surface area (BSA), indexed 
RV end-diastolic volume (RVEDVi), indexed RV end-systolic volume (RVESVi), RV ejection fraction (RVEF) and pulmonary valve regurgitant 
fraction (PVRF) were reported.
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Table 2.

Intracardiac Flow Quantification Results by Computational Fluid Dynamic simulation (CFD).

Subject TKE in early
diastole (mJ/L)

TKE in late
diastole (mJ/L)

Vorticity in early
diastole (1/s)

Vorticity in late
diastole (1/s)

rTOF 1 1.2 2.4 103 62

rTOF 2 5.1 6.5 107 123

rTOF 3 2.5 5.9 156 136

rTOF 4 1.1 1.7 96 51

Control 1 0.2 0.5 43 38

Control 2 2.2 4.5 130 115

Control 3 1.8 3.9 63 78

The CFD results of three normal controls and four repaired Tetralogy of Fallot (rTOF) patients are shown for both early diastole and late diastole. 
The mean TKE of rTOF patients was 2.48 ± 1.86 mJ/L and 4.12 ± 2.42 mJ/L respectively, compared to 1.40 ± 1.06 mJ/L and 2.96 ± 2.16 mJ/L for 
controls. The mean vorticity of rTOF patients was 115 ± 27 /s and 93 ± 43 L/s respectively, compared to 78 ± 45 /s and 77 ± 38 /s for control.
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Table 3.

Local Reynolds (Re) number across the tricuspid valve (TV), and from pulmonary insufficiency (PI) in early 

diastole.

Subject Re across TV in early diastole Re from PI in early diastole

rTOF 1 4380 2580

rTOF 2 2800 4000

rTOF 3 4160 2900

rTOF 4 3900 1300

Control 1 1800 N/A (no PI)

Control 2 3570 N/A (no PI)

Control 3 2450 N/A (no PI)
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