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Abstract
Characterizing flow within the right heart (RH) is particularly challenging due to its complex geometries. However, gaining 
insight into RH fluid dynamics is of extreme diagnostic importance, given the high prevalence of acquired and congenital 
heart diseases with impaired RH function. In this proof-of-concept study, we propose a pipeline for patient-specific simula-
tions of RH hemodynamics. We reconstruct the geometry and motion of the patient’s right atrium, ventricle, and pulmonary 
and tricuspid valves, from multi-series cine MRI. For this purpose, we develop a novel and flexible reconstruction procedure 
that, for the first time, integrates patient-specific tricuspid valve dynamics into a computational model, enhancing the accu-
racy of our RH blood flow simulations. We apply this approach to study the hemodynamics in both healthy and repaired-ToF 
RH with severe pulmonary regurgitation, as well as to assess the hemodynamic changes induced by the pulmonary valve 
replacement intervention. Modeling the entire RH enables us to understand the contribution of the superior and inferior vena 
cava inflows to the ventricular filling, as well as the impact of the impaired right atrial function on the ventricular diastole. 
To analyze the turbulent and transitional behavior, we include the large eddy simulation sigma model in our computational 
framework, which reveals how the contribution of the smallest scales in the dissipation of the turbulent energy changes 
among health and disease.

Keywords  Right heart · Tetralogy of Fallot · Pulmonary regurgitation · Computational fluid dynamics · Patient-specific 
analysis · In silico simulations

1  Introduction

The right heart (RH) significantly impacts many congeni-
tal and acquired heart disorders (Dumitrescu et al. 2018). 
Among all, the Tetralogy of Fallot (ToF) is the most com-
mon cyanotic congenital heart disease, occurring in approxi-
mately 1 in 3,500 births and accounting for about 10% of 
all congenital malformations (Buechel and Mertens 2012). 
Infants affected by such pathology undergo a reparative 
surgery in their first months of birth to restore the correct 
blood oxygenation (repaired-ToF). Although the survival 
rate after the intervention has improved markedly over the 
years (Cuypers et al. 2014), repaired-ToF patients often 
exhibit surgical sequelae such as chronic pulmonary insuf-
ficiency, residual right ventricular outflow tract obstruction 
(RVOTO), or scarring (Pass and Cohen 2023). These prob-
lems can lead to several other complications in adulthood, 
including severe pulmonary regurgitation (PR), right ventri-
cle (RV) dilation or hypertrophy, biventricular dysfunction, 
and arrhythmias (Redington 2006), to name a few. These 
dramatically hamper life quality, leading to RH dysfunction 
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and eventually heart failure, which calls for the need for 
additional surgical interventions in adulthood, e.g., through 
pulmonary valve replacement (PVR). In particular, among 
all the late outcomes, PR and residual RVOTO stand out as 
the most important, as it has been shown to be linked to RV 
remodeling processes (Redington 2006; Senthilnathan et al. 
2013; Freling et al. 2014). For these reasons, the appropri-
ately timed PVR intervention is of utmost importance in 
halting the RV remodeling and allowing RH function recov-
ery. Nowadays, the main tools for assessing RV remodeling, 
as well as PR and RVOTO, are cardiac magnetic resonance 
imaging and echocardiography. However, both technologies 
do not provide a comprehensive analysis of intracardiac flow 
pre- and post-PVR (Senthilnathan et al. 2013). In contrast, 
computational fluid dynamics (CFD) models, when suitably 
adjusted to the available patient’s data, could allow for the 
detailed measurement of hemodynamics alteration following 
such intervention, offering a valuable understanding of the 
surgical outcomes in both the short and long term.

Developing in silico models for the RH of repaired-ToF 
patients is a particularly challenging task due to the need to 
account for both the variability of the cardiac morphology 
and the specific cardiac wall movement. The first require-
ment is met by building patient-specific computational mod-
els, which provide insight into local cardiac hemodynamics 
and have proved informative in addressing various queries 
in other clinical contexts as well (Biglino et al. 2017; Fuma-
galli et al. 2024). To address the second requirement, the 
literature presents two approaches that differ in how they 
recover the cardiac chamber’s displacement. In the case of 
fluid–structure interaction (FSI) models, the displacement 
is an unknown of the problem (Bucelli et al. 2023; Viola 
et al. 2022). These models are generally characterized by 
high computational costs, require meticulous calibration of 
the myocardial properties, and need to recover the unloaded 
configuration. In the second approach, the displacement can 
be prescribed either from offline electromechanical simula-
tions (Augustin et al. 2016; Zingaro et al. 2024) or from 
images. In the latter case, we talk about dynamic image-
based CFD (DIB-CFD) models (Bennati et  al. 2023b; 
Chnafa et al. 2016; Fumagalli et al. 2022; Seo et al. 2014; 
Wiputra et al. 2016; Mangual et al. 2012; Collia et al. 2021). 
Despite the main drawback of complex image processing 
needed to recover a meaningful and artifact-free cardiac 
movement, this approach has become a valid alternative to 
the FSI model when detailed dynamical images are avail-
able. Regarding the study of ToF, both FSI (Tang et al. 2010) 
and DIB-CFD models (Wiputra et al. 2018; Loke et al. 2022, 
2024) have been recently developed for the study, e.g., of 
turbulence and stresses characterizing such condition.

So far, DIB-CFD works on RH have solely focused on 
either the ventricular (Mangual et al. 2012; Wiputra et al. 
2018; Loke et al. 2022, 2024) or the atrial chamber (Mareels 

et al. 2004; de Oliveira et al. 2021; Parker et al. 2022), sepa-
rately. However, we observe that the presence of the right 
atrium (RA) ensures the correct inflow to the RV in diastole 
without requiring assumptions about the flow and the veloc-
ity profile at the tricuspid valve orifice. On the other side, 
accurately describing the diastolic phase is crucial to initial-
ize systole in terms of blood velocity and pressure fields. 
Thus, we claim that including both chambers is fundamental 
for the accurate and comprehensive analysis of the whole 
cardiac cycle.

Knowing that RH efficiency depends on the RA–RV 
interplay, modeling both chambers is also especially cru-
cial in the context of ToF, where it has been proved that 
the RA performance is an independent predictor for adverse 
outcomes post-PVR (Ali et al. 2019; Ait-ALi et al. 2020). 
Previous DIB-CFD studies also neglected the presence of 
(and thus the interaction with) the pulmonary and tricuspid 
valves (PV and TV). This omission could represent a signifi-
cant limitation, as blood dynamics is highly influenced by 
the interaction with valves, especially in pathological cases 
and in the context of PVR. In the direction of overcom-
ing these limitations, a first step was performed in Renzi 
et al. (2025), where we presented a novel technique for RH 
reconstruction from multi-oriented cine MRI. This technique 
was then tested in a complete RH, where, however, only the 
systolic phase was considered, and the valve dynamics was 
approximated by an on/off behavior.

In the present study, we want to overcome the previ-
ous limitations by developing a comprehensive DIB-CFD 
model based on time-resolved cine MRI of the whole right 
heart (RV + RA + TV + PV). Specifically, we simulate the 
whole heartbeat, including the patient-specific dynamics of 
the valves and their interaction with blood. Thanks to these 
new elements, we provide a deep analysis of the hemody-
namic changes that occur immediately after the implanta-
tion of a competent PV in severely regurgitant repaired-ToF 
patients. For this purpose, we study the hemodynamics in 
three different scenarios, namely a healthy and two repaired-
ToF cases. We compare some of our results with reference 
literature values and, for the regurgitant repaired-ToF case, 
with available phase-contrast MRI (PC-MRI) measurements 
at the pulmonary valve outflow tract.

In this respect, the main contributions of this work are: 

1.	 The development of fully RH patient-specific DIB-CFD 
simulation for the whole heartbeat with imposed motion 
of ventricle, atrium, pulmonary artery root, pulmonary 
and tricuspid valves, all reconstructed from cine MRI;

2.	 The in silico investigation of hemodynamics changes 
right after PVR;

3.	 The analysis of blood stagnation-related quantities (e.g., 
blood residence time) which were never investigated in 
the context of RH;
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4.	 The introduction of new insights into the comparison 
between the right and left hemodynamics.

The new aspects of this research enable us to bring forth an 
original computational analysis for the repaired-ToF and to 
underscore the suitability of the reconstruction method pro-
posed in Renzi et al. (2025) for DIB-CFD modeling.

2 � Methods

In this section, we detail the image processing procedure for 
the reconstruction of the patient-specific RH geometries and 
tricuspid and pulmonary valves, and we present the math-
ematical model for the description of the blood flow within 
the whole RH and its interaction with the endocardial walls 
and the valves. Finally, we introduce the quantities of inter-
est obtained by post-processing the numerical results.

2.1 � Available clinical data

Clinically indicated and ad hoc cardiac cine MRI studies 
were performed for two subjects at the Division of Radiol-
ogy, University Hospital Verona, Verona, Italy. In particular, 
we have at disposal images for:

–	 a healthy subject, hereafter referred to as H;
–	 a patient with chronic pulmonary valve insufficiency 

(regurgitant fraction, RF, computed from the volumes 
obtained processing the cine MRI series, equal to 38% ) 
after the repair of tetralogy of Fallot in infancy, with 
dilated RV and mild TV stenosis (hereafter referred to 
as ToF).

Ethical review board approval and informed consent were 
obtained from both subjects. The acquisitions were per-
formed using Achieva 1.5T (TX)—DS (Philips, Amsterdam, 
the Netherlands) technology—and consist of slices with 
homogeneous in-plane spatial resolution ranging from 1.15 
to 1.25mm and thickness ranging from 5 to 8mm . All series 
have a time resolution of 30 frames/cardiac cycle. In par-
ticular, the dataset is composed of the following cine MRI 
series: short-axis (SA), four-chamber long-axis (4Ch-LA), 
three-chamber LA (3Ch-LA), and two-chamber LA (2Ch-
LA). In addition, for H, we have rotational images over the 
tricuspid valve (TV-R), at our disposal. This dataset enables 
the complete reconstruction of the right atrium (RA), right 
ventricle (RV), right ventricle outflow tract (RVOT), main 
pulmonary artery (PA), as well as the tricuspid (TV) and 
pulmonary (PV) valves. We refer the reader to Renzi et al. 
(2025) for a detailed description of the used dataset.

Additionally, for ToF we also have a 2D phase-contrast 
MRI (PC-MRI) acquisition on a plane at the level of the 

pulmonary valve outflow tract. The 2D PC-MRI is charac-
terized by a temporal resolution of 20 frames in one car-
diac cycle, an in-plane pixel resolution of 1.25 × 1.25mm , 
a slice thickness of 8mm, and a velocity encoding value of 
200 cm/s. In the present work, these data are used as clini-
cal evidence for comparing the simulated and the patient’s 
flows.

2.2 � Reconstruction of right heart geometry 
and motion

In this study, we obtain the geometries of RH internal walls 
and their motion over the cardiac cycle employing the 
MSMorph procedure presented in Renzi et al. (2025) and 
specifically developed for the generation of patient-specific 
RH configurations from differently oriented cine MRI acqui-
sitions. Figure 1 shows a schematic representation of the 
whole pipeline. Briefly, we segment the right atrial and 
ventricular endocardia on each slice of all cine MRI series 
at disposal for every acquired time instant. The segmenta-
tion is performed in a semiautomatic fashion by applying 
a non-rigid B-Spline-based image registration algorithm 
implemented in the open-source library SimpleElastix 
(https://​simpl​eelas​tix.​github.​io/). Then, we collect the seg-
mented contours referring to the same time instant to obtain 
N sets of atrial and ventricular endocardium contours, being 
N the total number of frames of the cine MRI acquisitions 
(see Fig. 1—step 1). In the second step, we deform a tem-
plate surface over each set of contours to recover two sepa-
rate representations of the atrial and ventricular endocardial 
surfaces (Fig. 1—step 2). Then, we compute the RA and RV 
deformation fields obtained with respect to the reference 
end-systolic configuration by employing another non-rigid 
B-Spline-based registration algorithm in SimpleElastix 
(Fig. 1—step 3).

Finally, we built the surface mesh at the reference end-
systolic configuration, starting from the connection of RA 
and RV surfaces. This allows us to obtain the meshes at each 
frame n by applying the deformation fields previously com-
puted and suitably extended to the TV annulus (see Fig. 1 
bottom panel).

All these geometric preprocessing steps were obtained 
with the software Vascular Modeling Toolkit (vmtk, http://​
www.​vmtk.​org/, Antiga et al. 2008), enriched by additional 
tools for the cardiac surface processing (Fedele and Quar-
teroni 2021).

2.3 � Reconstruction of tricuspid valve geometry 
and motion

In this section, we present a new procedure for the genera-
tion of patient-specific TV geometry and motion, as outlined 
in Fig. 2. The main novelty of our procedure is that it does 

https://simpleelastix.github.io/
http://www.vmtk.org/
http://www.vmtk.org/
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not rely on rotational acquisitions—consisting of 18 views, 
evenly rotated around the axis that connects the center of 
the atrioventricular valve orifice to the ventricular apex—
such as rotational cine MRI (Stevanella et al. 2011; Bennati 
et al. 2023b) or transthoracic real-time three-dimensional 
echocardiography (Votta et al. 2008). Instead, it integrates 
information from any available cine MRI series in which the 
valve is visible by exploiting the deformation of a template.

In particular, to recover the patient-specific TV leaf-
lets’ morphology and motion over the heartbeat, the pro-
posed procedure comprises the following steps which are 
depicted in Fig. 2: 

1.	 The segmentation of the TV leaflets on the available cine 
MRI;

Fig. 1   Flowchart of the reconstruction procedure for the RH 
(Sect. 2.2). Step 1: representation of the endocardial segmentation at 
frame t

n
 ; step 2: representation, at frame t

n
 , of the RA and RV endo-

cardial surface generated starting from a template and the segmented 
contours; step 3: representation of the generation of the RA and RV 
displacement, dn(x) , with respect to a reference configuration, starting 
from the N surfaces (output of step 2); the magnitude of the computed 

displacement at the end-diastolic frame is showed; orange box: final 
results of the procedure: RH surface mesh obtained for the reference 
end-systolic configuration (left), application of the displacement field, 
D

n , computed for the end-systolic (center) and end-diastolic (right) 
frame. IVC: inferior vena cava; LV: left ventricle; PA: pulmonary 
artery; RA: right atrium; RAA: right atrial appendage; RV: right ven-
tricle; SVC: superior vena cava; TO: tricuspid orifice
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Fig. 2   Flowchart of the reconstruction procedure for the TV 
(Sect. 2.3) depicted at two representative instants: the onset diastole 
(light blue boxes and arrows) and end-diastole (purple boxes and 
arrows). Top row: extraction of the annulus from the RH geometry 
for all frames. Full circle (1): leaflets segmentation from cine MRI 
data for all frames. Circle panels A and B: representation of the tem-
plate surfaces for recovering the closed and open TV configurations, 
respectively. Full circle (2): template morphing procedure. Full circle 
(3): TV displacement procedure. Orange box: representation of the 
TV mesh at the reference end-systolic configuration (top) and repre-
sentation of the displacement field magnitude at the onset (middle) 
and at the end (bottom) of diastole. Bottom row—green panel, focus 

on one iteration of the template morphing procedure: a computation 
of the distance between the annulus border on RH and the annulus 
ring on the template, dista ; b representation of the extended dist

a
 on 

the template surface deformed accordingly; c representation of the 
extended distance field computed between the template surface output 
of (b) and the segmented point cloud (black dots), distpc , on the tem-
plate surface deformed accordingly. The newly computed dist

a
 field is 

represented too; d final result of the current iteration. Ao: aorta; IVC: 
inferior vena cava; LA: left atrium; LV: left ventricle; PA: pulmonary 
artery; RA: right atrium; RV: right ventricle; RVOT: right ventricle 
outflow tract; SVC: superior vena cava
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2.	 The deformation of a template surface over the seg-
mented TV;

3.	 The computation of the TV displacement field over the 
heartbeat.

For step 1 (see Fig. 2), we employ all the cine MRI 
series in which the valve is visible, in both the short- and 
long-axis views: For each time frame of these series, we 
manually trace the TV leaflets’ profile. Since all the slices 
of the considered series have an in-plane spatial resolution 
( ≃ 1.15 − 1.25 mm ) comparable with the thickness of the 
leaflets (about 1.5 mm ), we believe that this method, unlike 
using only short-axis views, is able to properly reconstruct 
the valve orifice independently of its inclination (see Fig. 2). 
This step is accomplished by exploiting the Markups module 
of the open-source software 3D Slicer (https://​www.​slicer.​
org/). Then, we collect contours traced at the same frame 
together to obtain N separate point clouds, representing the 
segmentation of the subject’s valve at each frame. We notice 
that these segmentations are highly sparse since the valve is 
usually visible in a small subset of the available cine MRI 
dataset.

Step 2 (depicted in the green panel of Fig. 2 for a diastolic 
frame) consists of (i) the inclusion of a template surface 
into RH endocardial reconstruction and (ii) the deformation 
over the TV segmentations, obtained in step 1, to retrieve 
the leaflet’s morphology. In particular, to attain (i), we first 
compute the distance field between the TV annulus of the 
RH endocardium reconstruction and the closest border of the 
template. Then, we extend this distance field over the entire 
template surface and deform it accordingly. This allows us to 
connect the template surface to the TV annulus. After that, 
in (ii), we compute the pointwise distance between the con-
nected surface and the TV point cloud, and we extend this 
field over the entire surface and warp it accordingly. In order 
to let the surface better resemble the segmented leaflet pro-
files, we iterate (ii) a few times (e.g., two or three). Finally, 
we repeat (i) to compensate for a possible surface detach-
ment from the TV annulus and recover the connection. We 
observe that, as a template for step 2, we employ two differ-
ent surfaces sharing the same connectivity: a disk to recover 
the TV closed configurations and a hole cylinder to recover 
the TV open configurations (see the purple circles in Fig. 2). 
Consequently, the connectivity is preserved among all the N 
TV surfaces, representing the valve’s time evolution.

This feature is exploited in step 3 to trivially recover the 
TV displacement field. Namely, we compute the displace-
ment of each configuration with respect to a reference one 
(e.g., at the end-systolic instant) by simply subtracting the 
node coordinates of their triangulations.

The outcome of the presented procedure is the triangulated 
TV surface at the reference frame together with the definition 
of its displacement fields dn(x) , n = 1,… ,N . Figure 2, orange 

panel, shows the reference surface and magnitude of dn(x) at 
two representative frames.

2.4 � Reconstruction of pulmonary valve geometry 
and motion

In this work, we build the following healthy and repaired-ToF 
scenarios: 

1.	 A healthy case, starting from the RH geometry of sub-
ject H;

2.	 A repaired-ToF with severe pulmonary regurgitation 
(PVReg-ToF), starting from the RH geometry of patient 
ToF;

3.	 A postoperative non-regurgitant scenario, obtained from 
case ii), by considering a virtual transcatheter PVR 
(PVnoReg-ToF).

To this aim, we introduce a procedure to include a competent 
pulmonary valve model in H and PVnoReg-ToF scenarios, 
and regurgitant pulmonary valve model in PVReg-ToF case. 
Since the cine MRI at our disposal does not allow a complete 
reconstruction of the patient-specific leaflets for any frame of 
the cardiac cycle, we employ the procedure followed by Ben-
nati et al. (2023a). Specifically, we geometrically modify the 
PV geometry of the Zygote solid 3D heart model (representing 
the average PV leaflets of a healthy population, https://​www.​
zygote.​com) to match the reconstructed patient’s annulus. This 
geometrical adaptation is achieved by exploiting closest point 
distance-based algorithms available in vmtk (Antiga et al. 
2008; Fedele and Quarteroni 2021). Notice that this PV model 
is available in the fully closed configuration and includes a pre-
defined displacement field to open the valve. By applying this 
displacement field, we are able to obtain the open configura-
tion for the adapted model for H and PVnoReg-ToF scenarios.

In order to replicate the PV insufficiency for the PVReg-
ToF scenario, we consider as closed configuration the one 
obtained by applying a percentage (50%) of the opening avail-
able displacement field. Such percentage is suitably selected 
to induce the same regurgitant fraction (RF) as the patient.

Finally, we recover the opening and closure PV dynamics 
by interpolating the adapted fully open and fully (or par-
tially) closed configurations in time. This interpolation is, 
in practice, realized within the Finite Elements solver (see 
Sect. 2.5.1).

2.5 � Dynamic image‑based computational fluid 
dynamics model

2.5.1 � Modeling details

Starting from the RH surfaces reconstructed as described 
in Sect. 2.2 at the end-systolic instant, we complete the 

https://www.slicer.org/
https://www.slicer.org/
https://www.zygote.com
https://www.zygote.com
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computational domain for the DIB-CFD models of the 
three scenarios introduced in Sect. 1 by including the recon-
structed valves (see Sects. 2.3 and 2.4). We then generate a 
tetrahedral volumetric mesh.

To summarize, in each scenario, the reference RH mesh, 
together with its valves, defines our computational domain 
in the reference configuration Ω̂ . Figure 3a illustrates 

DIB-CFD domain. Here, ΓTV and ΓPV are the surfaces rep-
resenting the TV and PV’s leaflets, respectively. By Σw , we 
denote the boundary comprising the ventricular and atrial 
endocardia and the pulmonary artery, IVC, and SVC walls. 
The outlet section of the pulmonary artery is indicated as 
Σout , and the inlet sections of IVC and SVC as Σin.

Fig. 3   Computational domains and boundary conditions. a On the 
left column the representation of the whole right heart Ω(t) with its 
boundaries showed only for the healthy (H) scenario: ventricle out-
flow Σout(t) (blue); atrial inflows at the superior and inferior vena cava 
Σin(t) (red); ventricular and atrial endocardium and physical wall of 
the pulmonary artery Σw(t) ; surface of the pulmonary valve’s leaflets 
ΓPV(t) ; surface of the tricuspid valve’s leaflets ΓTV(t) . On the central 
and right columns, RH tetrahedric volumetric mesh for the healthy 
subject (H) and the repaired-ToF patient (ToF), respectively. b Tricus-

pid and pulmonary valves in fully open and fully closed configura-
tions for the healthy (H), the regurgitant repaired-ToF (PVReg-ToF), 
and the non-regurgitant repaired-ToF (PVnoReg-ToF) scenarios. c 
Pressure curves at the pulmonary artery (blue line) and inferior and 
superior vena cave (red line), imposed as boundary conditions; val-
ues for H come from the literature (Grignola 2011; Pappano and Wier 
2018); values for PVReg-ToF and PVnoReg-ToF come from cali-
brated lumped parameter model (Criseo et al. 2024)
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In what follows, we detail the mathematical model 
describing the blood flow and its interaction with the endo-
cardium and valves in a moving setting.

We assume that blood behaved as an incompressible 
Newtonian fluid in heart chambers and large vessels 
(Quarteroni et al. 2019) with a density of 1.06 ⋅ 103 kg∕m3 
and dynamic viscosity of 3.5 ⋅ 10−3 Pa ⋅ s . Therefore, we 
consider the Navier–Stokes equations in a moving domain. 
As described in Sect. 2.2, the displacement Dn(x) of the 
domain Ω(t) with respect to its reference configuration Ω̂ 
was reconstructed from cine MRI only for the acquired 
N frames. Hence, we interpolate it in time with splines 
to cover the whole heartbeat duration. This leads to the 
definition of D(x, t) for all t ∈ [0, T] where T indicates the 
subject’s heartbeat duration. D(x, t) is then used to com-
pute the wall velocity to prescribe to the fluid problem that 
is solved in an arbitrary Lagrangian–Eulerian (ALE) for-
mulation (Hirt et al. 1997; Nobile and Formaggia 1999). 
According to this framework, at each t, D(x, t) (which is 
defined on Σw ) is extended within Ω̂ by solving a Linear 
Elasticity problem (Stein et al. 2003). See Africa et al. 
(2024) and Renzi et al. (2025) for further details on the 
used solver. To account for possible transition to turbu-
lence, we consider the large eddy simulation � model 
(Nicoud et al. 2011). Regarding the valves, we model them 
as thick surfaces immersed in the fluid dynamics domain 
without relying on fluid–structure interaction modeling. 
In particular, their presence is managed by the Resistive 
Immersed Implicit Surface (RIIS) method (Fernández 
et al. 2008; Fedele et al. 2017; This et al. 2020). We handle 
differently the valve dynamics in the cases of TV and PV. 
For the TV motion, we linearly interpolate over the heart-
beat duration the reconstructed displacement field dn(x) 
(Sect. 2.3). Instead, the PV motion is achieved by prescrib-
ing opening and closing intervals by images (Fumagalli 
et al. 2020). The valve dynamics is handled by a cosine 
interpolation between the fully closed and fully open valve 
configurations.

2.5.2 � Details on the meshes

As illustrated in Fig. 3, we build tetrahedral meshes of 
the RH cavity with heterogeneous size h for the healthy 
(H) and for the repaired-ToF (ToF) cases, exploiting the 
vmtk meshing tools. The ToF mesh is used in both the 
PVReg-ToF and PVnoReg-ToF scenarios. We refine fur-
ther the mesh element size in the regions occupied by TV 
and PV during their motion. This refinement is done up to 
half the leaflets’ thickness (we assume a constant thickness 
throughout the leaflets equal to 1.5mm ) in order to cor-
rectly represent the valves using the RIIS method. Notice 

that we do not need to build any mesh for the leaflets’ 
valves as they are treated as immersed surfaces according 
to the RIIS method (Fedele et al. 2017). Details about the 
constructed meshes are reported in Table 1.

2.5.3 � Setup of numerical simulation

From the numerical standpoint, we discretize the DIB-CFD 
problem in space by adopting inf–sup stabilized ℙ1 − ℙ1 
finite elements and a SUPG stabilization for advection-dom-
inated flows (Tezduyar and Senga 2006). In time, we employ 
a semi-implicit backward Euler scheme with Δt = 5 × 10−4s . 
This time step and the mesh size (reported in Table 1) are 
selected upon conducting a convergence test as in Bennati 
et al. (2023a): finer meshes or smaller time steps do not yield 
significant differences in the results.

We simulated 7 heartbeats with period T equal to 0.91s 
and 0.96s for H and ToF, respectively, starting from a null 
initial condition. Finally, we prescribe pressure curves, 
which are reported in Fig. 3, as boundary conditions at the 
inlets Σin and the outlet Σout . Specifically, physiological 
pressures for H scenario are taken from Pappano and Wier 
(2018), while pathological pressure curves for PVReg-ToF 
and PVnoReg-ToF scenarios are obtained from a calibrated 
lumped parameter model (details can be found in Criseo 
et al. 2024). The latter are consistent with findings of pulmo-
nary regurgitant and postoperative ToF patients reported in 
the literature (Egbe et al. 2019; Abozied et al. 2024). Notice 
that we assume, for the sake of simplicity, constant-in-time 
pressures for IVC and SVC, since variations in time during 
normal respiration are very small (Scott 1963).

We solve numerically the fluid dynamics problem in 
the moving domains described in Sect. 2.5.1 and simu-
late: the healthy (H), the (pulmonary) regurgitant repaired-
ToF (PVReg-ToF), and the postoperative non-regurgitant 
repaired-ToF (PVnoReg-ToF) scenarios. The simulations are 
executed in ����� (Africa 2022; Africa et al. 2024) (Finite 
Element, FE, C++ library based on deal.II,  Arndt 
et al. 2022, FE core and developed at MOX, Politecnico 

Table 1   Details about the tetrahedral meshes used for the DIB-CFD 
simulations

 Total DOFs include both pressure and velocity DOFs and refer to 
linear finite elements 

Patient H PVReg-ToF/
PVnoReg-
ToF

Number of cells 3, 927, 369 2, 169, 648
Total DOFs 2, 578, 280 1, 462, 132
h
max

k
 [mm] 3.83 3.88

h
mean

k
 [mm] 0.85 0.99

h
min

k
 [mm] 0.32 0.32
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di Milano, within the framework of the iHEART project 
https://​iheart.​polimi.​it) and carried out using 144 parallel 
processes on the Tier-0 EuroHPC supercomputer LEON-
ARDO (hosted by Cineca high-performance computing 
center https://​www.​hpc.​cineca.​it, Bologna, Italy).

2.6 � Computation of post‑processed quantities

We compute the quantity of interest discarding the first 
heartbeat to remove the unphysical influence of the initial 
null solution. In particular, we observe that the numerical 
solution stabilizes thereafter, with variations below 1%, jus-
tifying the removal of only one heartbeat.

To analyze the overall topology of the flow field, we con-
sider the ensemble blood velocity and pressure defined as 
follows:

where u and p are the instantaneous blood velocity and 
pressures, while NHB refers to the total number of simu-
lated heartbeats discarding the first one. We indicate with 
the symbol ⟨⋅⟩ the average over NHB heartbeats of period T. 
We compute the velocity fluctuation field u′ by adopting the 
Reynolds decomposition (Pope 2001) u = ⟨u⟩ − u�, and we 
analyze:

•	 The Reynolds number (Yoganathan et al. 1988) across 
TV and PV, computed as: 

 where � and � are the blood density and molecular vis-
cosity, respectively. We indicated with D the diameter of 
the equivalent circle area of the valve orifice and with V̄  
the cross-sectional fluid velocity obtained by spatially 
averaging the total flow over the valve orifice area;

•	 The root mean square and the standard deviation of the 
velocity fluctuations indicated as u′

rms
 and � , respectively, 

and defined as (Pope 2001): 

 These allow us to quantify and localize the velocity fluc-
tuations among the heartbeats;

•	 The total mean kinetic energy (MKE) and the total tur-
bulent kinetic energy: 

⟨u(x, t)⟩ = 1

NHB

NHB�

n=1

u(x, t + (n − 1)T),

⟨p(x, t)⟩ = 1

NHB

NHB�

n=1

p(x, t + (n − 1)T),

Re =
𝜌V̄D

𝜇
,

u�
rms

=
�

⟨u�
x
⟩2 + ⟨u�

y
⟩2 + ⟨u�

z
⟩2,

�i =
�

⟨u�
i
⟩2 with i = x, y, z.

 where || ⋅ || indicates the Euclidean norm. In particu-
lar, TKE allows to identify the temporal instants where 
velocity fluctuations are more pronounced (Pope 2001);

•	 The turbulence intensity (TI) (Yoganathan et al. 1988; 
Pope 2001): 

 which measures the global strength of turbulence in the 
flow.

Finally, to quantify the stresses on the wall exerted by the 
blood flow and the possible presence of blood stagnation 
regions near the endocardium, we compute the following 
quantities derived from the ensemble velocity (Riccardello 
Jr et al. 2018; Bennati et al. 2023a):

•	 The wall shear stress (WSS), defined as (Katritsis et al. 
2007): 

 where T is the fluid Cauchy stress tensor and n is the 
normal versor;

•	 The time average wall shear stress (TAWSS), computed 
as: 

•	 The relative residence time (RRT), computed as (Him-
burg et al. 2004): 

 where OSI indicates the oscillatory shear index which 
is defined as: 

3 � Reconstruction results

In this section, we focus on the reconstruction results 
obtained by exploiting the MSMorph technique (Renzi et al. 
2025) and the procedures described in Sects. 2.3 and 2.4 for 
the RH and the TV and PV valves, respectively.

MKE = �∫Ω

1

2
‖⟨u⟩‖2,

TKE = �∫Ω

1

2
u�2
rms

,

TI =
TKE

MKE
%,

WSS(x, t) = Tn − (Tn) ⋅ n,

TAWSS(x) = ∫
T

0

WSS dt;

RRT(x) =
1

(1 − 2OSI(x))TAWSS(x)
,

OSI(x) =
‖ ∫ T

0
WSS(x, t)dt‖

∫ T

0
‖WSS(x, t)‖dt

.

https://iheart.polimi.it
https://www.hpc.cineca.it
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In Table 2, we report the indexed RV and RA volumes. 
Notice that for the healthy case H such values fall down in 
physiological ranges, i.e., 54 − 122ml∕m2 for the RV Vmax , 
16 − 60ml∕m2 for RV Vmin , 9 − 45ml∕m2 for RA Vmin , and 
28 − 76ml∕m2 for RA Vmax , see Renzi et al. (2025) and ref-
erence and Table 2 therein. Notice also that PVReg-ToF/
PVnoReg-ToF is instead severely dilated, with, however, no 
evidence of tricuspid regurgitation. Differences in terms of 
morphology is qualitatively shown in Fig. 4, left column, 
which depicts H and PVReg-ToF/PVnoReg-ToF’s RH in the 
reference end-systolic configuration. Regarding wall dynam-
ics, we observe a relevant displacement of the intraventricu-
lar septum at the end of diastole in PVReg-ToF/PVnoReg-
ToF as compared to the control (see Fig. 4 middle column). 
Further alterations of the PVReg-ToF/PVnoReg-ToF RH 

dynamics are revealed by the atrial and ventricular volume 
trends shown in Fig. 4, left column. Specifically, the PVReg-
ToF/PVnoReg-ToF RA is characterized by a poor contrac-
tion and its contribution to the ventricular diastolic filling 
due to the atrial kick is almost absent. As a consequence, we 
observe a prolonged ventricular diastasis.

Concerning valves, Fig. 3b depicts the reconstructed 
TV for both subjects in the fully closed and open con-
figurations. In order to qualitatively assess the fidelity 
to the image, Fig. 5 presents the superposition of these 
results on four-chamber and right ventricle outflow tract 
(RVOT) cine MRI planes. Values of TV orifice area (TOA) 
at the diastolic E-wave and A-wave instants are provided 
in Table 3 together with the values of the PV orifice area 
(POA) at the peak systolic instant. These quantities are 

Table 2   Patients’ volumetric 
indexes

 BSA = body surface area; RV V
max

(ml∕m2) = indexed right ventricle maximum volume reached dur-
ing diastole; RV V

min
(ml∕m2) = indexed right ventricle minimum volume reached during systole; RA 

V
min

(ml∕m2) = indexed right atrium minimum volume reached in diastole; RA V
max

(ml∕m2) = indexed 
right atrium maximum volume reached in systole 

Patient BSA (m2) RV Vmax (ml∕m2) RV Vmin (ml∕m2) RA 
Vmin (ml∕m2)

RA 
Vmax (ml∕m2)

H 1.96 100.6 59.2 37.2 61.0
PVReg-ToF/

PVnoReg-ToF
1.25 178.9 113.5 52.2 63.6

Fig. 4   Reconstructions of the RH in the reference configuration and 
displacement fields for the healthy (H) and repaired-ToF (PVReg-
ToF/PVnoReg-ToF) subjects. On the left column, reference con-
figurations at end-systole with region tags: yellow—right atrium; 
blue—TV annulus; turquoise green—right ventricle; red—inflow and 

outflow sections. On the middle column, magnitude of Dn at end-dias-
tole in the corresponding geometrical configuration. On the right col-
umn, ventricular and atrial volume curve over time for both subjects. 
Times are normalized w.r.t. the subject’s heartbeat period
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calculated in post-processing as the area enclosed by the 
valve at the plane of the leaflet free margins.

The results of adapting the Zygote template PV to the 
subjects’ annulus are shown in Fig. 3b for both the PVReg-
ToF and PVnoReg-ToF scenarios. In particular, we recall 
that to simulate the patient regurgitant fraction (RF) in 
the PVReg-ToF scenario, we further modify the PV tem-
plate by leaving a gap between the leaflet’s free margins 
(see Sect.  2.4). Specifically, to replicate the patient’s 
RF = 38% , we apply 50% of the opening displacement 
defined on the adapted Zygote template, which leads to a 
pulmonary regurgitant area of about 2.42 cm2 . For H and 
PVReg-ToF scenarios, the mean PV opening velocities are 
248mm∕s and 168mm∕s , respectively. The value for the 
healthy case is consistent with literature values reported 
by Nanda et al. (1974). However, to the best of the authors’ 
knowledge, reference values for regurgitant pulmonary 
valves are not currently available. In the PVnoReg-ToF 
scenario, the mean pulmonary valve opening velocity was 
about 430mm∕s , which seems slightly higher than the nor-
mal ranges. In addition, Table 3 reports the normalized 
times indicating the onset of TV opening and closing (PV 
opening and closing, respectively). Fully TV closure is 
reached at the end of the heartbeat for both subjects.

4 � Numerical results

In this section, we present the results of the DIB-CFD anal-
ysis in the three scenarios presented in Sect. 1, namely a 
healthy control (H), a repaired-ToF with severe pulmonary 
regurgitation (PVReg-ToF), and a postoperative non-regur-
gitant repaired-ToF (PVnoReg-ToF).

4.1 � Characterization of flow and pressure fields

In this section, we report and describe the ensemble veloc-
ity field ⟨u⟩ , the flows across the pulmonary and tricuspid 
valves, and the global mean kinetic energy (MKE) for the 
RA and RV.

The maximum ensemble velocities and flows through 
valves are reported in Table 4 for the three scenarios at three 
relevant instants: peak systole and peak diastolic E-wave 
and A-wave. In all three cases, the pulmonary jet during 
systole was characterized by maximum velocity values at 
the pulmonary valve orifice comparable to physiological 4D 
flow measurements available in the literature (Hudani et al. 
2023; François et al. 2012). Regarding the blood velocity 
through TV, we observe that for H it is within the physio-
logical ranges ( < 0.7 m/s ), while PVReg-ToF and PVnoReg-
ToF show an increased value which is classifiable as mild 
stenotic (Baumgartner et al. 2009). A suspect of mild TV 

Table 3   Characterization of 
tricuspid (TV) and pulmonary 
(PV) valves

TOA
Ew

 and TOA
Aw

 indicate the tricuspid orifice area at the E-wave and A-wave instants, respectively; 
POA indicates the pulmonary orifice area; in brackets the values normalized with respect to BSA. to∕T  and 
tc∕T  correspond to the normalized times of the onset of TV opening and closing (PV closing and opening, 
respectively), respectively, expressed as a fraction of the subject’s heartbeat duration. HR: Heart Rate 

Patient TOAEw (cm2) TOAAw (cm2) POA (cm2) to∕T tc∕T HR (bpm)

H 10.10 (5.15) 6.35 (3.24) 5.32 (2.71) 0.36 0.92 64
PVReg-ToF 

PVnoReg-ToF
4.36 (3.49) 3.12 (2.50) 5.84 (4.67) 0.34 0.87 60

Fig. 5   Intersection of the reconstructed TV surfaces (green line) 
with the cine MRI planes for the healthy subject (a and b) and the 
repaired-ToF patient (c and d). Images a and c: RV inflow views; 

images b and d: four-chamber views. Notice that c and d are taken at 
the maximum diastolic TV opening frame, highlighting the mild TV 
stenosis



1234	 F. Renzi et al.

stenosis could be inferred by the values of the normalized 
TOA reported in brackets in Table 3. Notice that, although 
stenosis of TV is a quite rare condition, a few cases of ToF 
patients affected by such condition have been reported in 
the literature (Lev and Eckner 1964; Litovsky et al. 2000).

Table 4 reports also the blood pressure drop across TV. 
H exhibits a pressure drop of about 1 mmHg during dias-
tole, while PVReg-ToF and PVnoReg-ToF showed an aver-
age value of about 3 and 6 mmHg , respectively, during the 
E-wave. During A-wave, both PVReg-ToF and PVnoReg-
ToF had an average TV pressure drop of about 1 mmHg . 
Figure 6 illustrates the time trends of pulmonary and tricus-
pid flows throughout the cardiac cycle together with 3D rep-
resentations of the ensemble velocity magnitude. Regarding 
the reported flows, they correspond to the time derivative of 
the volume curves presented in Fig. 4, which are obtained 
by interpolating the available endocardial configurations 
reconstructed for each cine MRI frame (Sect. 2.2). Notice 
that a (probably) non-physiological behavior of the pulmo-
nary flow rate could be seen at the beginning of systole in 
the PVReg-ToF and PVnoReg-ToF scenarios, likely due to 
the effect of the interpolation between two consecutive cine 
MRI acquisition frames.

Examining the velocity magnitude, we notably observed 
that, in the H case, the flow entering the RV through TV 
during the early diastole did not extend into the apical 
region. This behavior was further highlighted by the flow 
streamlines depicted in Fig. 7. In addition, we detected a 
separation among the inward flows from the inferior vena 
cava (IVC) and the superior vena cava (SVC), persisting 
throughout most of the diastole. Specifically, the blood com-
ing from IVC impinged on the RV anterior wall and then 

flowed mainly toward the RVOT. At the same time, blood 
flow from SVC moved deeper toward the ventricular apex 
without reaching it and drifted upwards behind the tricuspid 
leaflets. In the PVReg-ToF and PVnoReg-ToF cases, at the 
peak E-wave instant, a similar division of the flows from 
SVC and IVC was present (see arrows in Fig. 7). However, 
in the PVReg-ToF scenarios, the flow from IVC reached the 
ventricular apex, while the blood from SVC, after imping-
ing on the anterior wall, deflected upwards. Both PVReg-
ToF and PVnoReg-ToF exhibited high velocities within the 
tricuspid orifice in diastole. Moreover, TV leaflets oriented 
the high-velocity tricuspid jet toward a region of the anterior 
wall closer to the posterior wall.

Concerning the pulmonary regurgitation in the PVReg-
ToF scenario, a counter-rotatory flow coming from the 
pulmonary artery was present and acted as a barrier that 
prevented the tricuspid flow from reaching the RVOT (see 
pink arrow in Fig. 7). The peak pulmonary regurgitation 
occurred at 40% of the heartbeat and was characterized by a 
maximum flow of 149.6 ml∕s ⋅m2 with a maximum veloc-
ity of 1.7 m/s . Moreover, looking at the ensemble pressure 
field shown in Fig. 8, we detected a relevant pressure drop 
below PV around which the pulmonary regurgitation inflow 
recirculates. High pulmonary regurgitant blood velocities 
persisted throughout the E-wave phase, reaching values 
of about 1.3m∕s at peak E-wave instant. Inversion of the 
regurgitant flow direction happened during the late diastole, 
with blood velocity approximately 0.18m∕s at peak A-wave. 
Also, the RV flow streamlines became more disorganized in 
this phase (see Fig. 7).

In the PVnoReg-ToF case, given that it shares the 
same wall displacement as PVReg-ToF, the presence of a 

Table 4   Magnitude of the ensemble velocity ⟨u⟩ and values of maximum flows Q at three instants: t
ps

 indicates peak systole; t
Ew

 and t
Aw

 indicate 
peak E-wave and A-wave, respectively

 TRV indicates the Tricuspid Regurgitant Volume. Flow values are normalized w.r.t the patients’ BSA. Average pressure drop Δp across the 
tricuspid valve during E-wave (Ew) and A-wave (Aw) diastolic phases for the three simulated scenarios. TV = tricuspid valve; PV = pulmonary 
valve 

Scenario ‖⟨u⟩‖ps (m∕s) ‖⟨u⟩‖Ew (m∕s) ‖⟨u⟩‖Aw (m∕s)

H 1.0 0.4 0.4
PVReg-ToF 1.1 1.0 0.7
PVnoReg-ToF 1.3 1.9 0.7

QPV
ps

(ml∕s ⋅m2) QTV
Ew

(ml/s ⋅m2) QTV
Aw

(ml/s ⋅m2)

H 156.7 136.4 97.0
PVReg-ToF 248.7 242.8 54.6
PVnoReg-ToF 248.2 378.8 46.0

TRV (ml∕m2) ΔpEw (mmHg) ΔpAw (mmHg)

H 5.9 1.0 1.0
PVReg-ToF 5.9 2.8 0.9
PVnoReg-ToF 16.9 6.5 1.2



1235Image‑based computational hemodynamics in the right heart﻿	

competent PV causes a relevant depression within RV in 
diastole (see Fig. 8) leading to a significant increase of tri-
cuspid flow (see Table 4). Similar negative diastolic pressure 
values (up to about −20 mmHg , see also Fig. 9) are com-
monly found immediately after pulmonary valve interven-
tion, as reported in Mohr et al. (1986). Consequently to the 
negative ventricular pressure, the tricuspid jet impingement 
region on the anterior wall extended to the ventricular apex 
(see Fig. 6), and in the absence of a reentering pulmonary 

flow, the tricuspid flow was able to directly reach the RVOT 
(see white arrow in Fig. 7).

Ventricular pressure–volume (where for the volume we 
use the indexed quantity to facilitate comparisons among 
the cases) loops (P–V loops) are depicted in Fig. 9 for the 
three scenarios. Remember that pressure values are com-
puted from our simulations while the volume values are 
obtained from the processing of cine MRI, thus explain-
ing some oscillations due to noise in such curves. These 

Fig. 6   Valves’ flows and ensemble velocity magnitude for the three 
simulated scenarios: the healthy control (H), the repaired-ToF with 
severe pulmonary regurgitantion (PVReg-ToF), and the postoperative 
non-regurgitant repaired-ToF (PVnoReg-ToF). On the left columns, 
trends of flows through the pulmonary (PV) and the tricuspid valve 

(TV), with indication of three relevant frames: ps indicate the peak 
systole; Ew indicates the peak E-wave in early diastole; Aw indicates 
the peak A-wave in late diastole. On the right, the volume rendering 
of the ensemble velocity magnitude at the same instants. Blue circles: 
RH anterior view focusing on the jet impingement regions
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results are in agreement with pressure values reported in 
Das et al. (2010). They also proved the absence of isovo-
lumic relaxation in PVReg-ToF due to PV regurgitation, as 
well as reduced ventricular contractility with respect to the 
control case, reflecting literature findings (Das et al. 2010).

Finally, for PVReg-ToF scenario, Fig. 10 shows a com-
parison of the velocity field on the plane depicted in the 
figure for three representative instants between in vivo 
PC-MRI data and our numerical results. Notice in par-
ticular the inversion of flow in t2 and the regurgitation at t3 
characterized by negative values. We observe an excellent 
agreement both quantitatively and in terms of pattern.

4.2 � Analysis of transition to turbulence

For the analysis of the transition to turbulence within the 
RH, we reported the following quantities, which are defined 
in Sect. 2.6: In Table 5, the Reynolds numbers of the flows 
across PV and TV; in Fig. 11, the time trends of the global 
mean kinetic energy (MKE) together with the time trends of 
the global turbulent kinetic energy (TKE) and of the turbu-
lence intensity (TI); in Fig. 12, the velocity fluctuation field 
u′
rms

 and the standard deviation of the velocity fluctuations 
� ; in Fig. 13, the ratio between the sub-grid-scale and the 

Fig. 7   Streamlines at three instants (peak systole tps , peak E-wave tEw , 
and peak A-wave tAw ) for the three simulated scenarios: the healthy 
control (H), the repaired-ToF with severe pulmonary regurgitation 
(PVReg-ToF), and the postoperative non-regurgitant repaired-ToF 
(PVnoReg-ToF). Different color bars are used to indicate flows from 

the pulmonary artery (PA), inferior vena cava (IVC), and superior 
vena cava (SVC). Arrows indicate the main direction of flows: pink 
for the blood flow from PA; blue for the blood flow from SVC; white 
for the blood flow from IVC



1237Image‑based computational hemodynamics in the right heart﻿	

molecular viscosities, �sgs∕� , and the vorticity isosurfaces; 
and finally, in Fig. 13, we also show the percentage of vol-
ume subjected by |�| > 0.1m∕s over the cardiac cycle.

Regarding MKE (Fig. 11) within RV, the typical three-
peak curve (Barker et al. 2019) characterized all scenarios. 
Within RA, we observed that the MKE peak during early 

Fig. 8   Ensemble pressure for the three simulated scenarios: the 
healthy control (H), the repaired-ToF with severe pulmonary regurgi-
tantion (PVReg-ToF), and the postoperative non-regurgitant repaired-

ToF (PVnoReg-ToF). tps indicate the peak systolic instant; tEw indi-
cates the peak E-wave instant in early diastole; tAw indicates the peak 
A-wave instant in late diastole

Fig. 9   Ventricular pressure-indexed volume loops for the three simulated scenarios: the healthy control (H), the repaired-ToF with severe pulmo-
nary regurgitation (PVReg-ToF), and the postoperative non-regurgitant repaired-ToF (PVnoReg-ToF)
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diastole is more pronounced in PVReg-ToF and PVnoReg-
ToF. This is due to the higher blood velocity through the 
TV in those cases. Finally, PVnoReg-ToF showed a spike in 
MKE at the end of diastole, attributable to the high-velocity 
regurgitant flow entering TV during its closure.

Low-velocity oscillations characterized the flow in the 
core of the systolic and diastolic jets, but high u′

rms
 were 

found in the shear layers and the proximity of the valves. 
The highest values (about u�

rms
= 0.1m∕s ) were reached at 

the peak E-wave within the shear layers of the tricuspid jets 
in the H scenario. In PVReg-ToF and PVnoReg-ToF cases, 
velocity oscillations had the same order of magnitude as the 
ensemble velocity, particularly at peak E-wave. Nonetheless, 
the highest values were recorded at the instant of maximum 
regurgitant pulmonary flow and were about 0.29m∕s and 
0.63m∕s for PVReg-ToF and PVnoReg-ToF, respectively. 
Regarding the standard deviation, � , its patterns resembled 
those of u′

rms
 in all scenarios. The peak values of � were iden-

tified during late diastole, at the peak A-wave, in the cases 
of H and PVnoReg-ToF, and corresponded approximately 

to 40% and 23% of the ensemble velocity, respectively. For 
PVReg-ToF, the peak values occurred during the early dias-
tole, at the peak E-wave, and were around 20% of the ensem-
ble velocity. Moreover, we identified the regions with high 
oscillatory behavior, ‖�‖ > 0.1m∕s , in the shear layers sur-
rounding the tricuspid and pulmonary regurgitant jets (see 
Fig. 12). These flow regions are visualized in Fig. 12. Values 
of �sgs∕� displayed in Fig. 13 proved that the sigma-LES 
turbulence model is active in all three scenarios, especially 
within the RV in diastole. The �sgs reached the highest values 
during E-wave: about ten times greater than � in H and more 
than 20 times in PVReg-ToF and PVnoReg-ToF.

Looking at the isosurfaces displayed in Fig. 13, ring vor-
tices detaching from the PV leaflets were detected at peak 
systole. These vortices tended to rise along the pulmonary 
artery, and in the control case, they dissipated before reach-
ing the outlet section, which is just before the pulmonary 
bifurcation plane. Additionally, below the TV, the typical 
“doughnut”-shaped vortex ring (ElBaz et al. 2014; Loke 
et al. 2022) developed in the H case at peak E-wave, and it 

Fig. 10   Normal component of the velocity field on a section at the 
level of the pulmonary valve outflow tract (depicted on the left) 
obtained from PC-MRI data (in vivo column) and from numerical 
simulations (right column). Repaired-ToF patient with pulmonary 
regurgitation (PVReg-ToF). Three instants are considered: t1 = 0.32 s 

corresponds to peak systole; t2 = 0.48 s corresponds to a mid-instant 
of the descending phase of systole; t3 = 0.82 s corresponds to the 
instant of peak regurgitant flow. Positive values mean blood flow 
going toward the lung, negative values mean blood flow coming back 
to the right ventricle
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Fig. 11   First row: global mean kinetic energy; second row: global tur-
bulent kinetic energy; third row: turbulence intensity; fourth row: vol-
ume percentage with standard deviation of the velocity fluctuations 
greater than 0.1 m/s. RV = right ventricle; RA = right atrium; H = 

control scenario; PVReg-ToF = pulmonary regurgitant repaired-ToF 
scenario; PVnoReg-ToF = postoperative non-regurgitant repaired-
ToF scenario
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dissipated before reaching the ventricular apex. In PVReg-
ToF case, the vortices originating from the two valves, 
though more extensive, also dissipated before reaching the 
RV apex. In contrast, in the PVnoReg-ToF scenario, the vor-
ticose structure surrounding the tricuspid high-velocity jet 
extended all the way to the apex. Moreover, this case pre-
sented additional vortices within RA in systole and during 
the early diastole, which were consistent with flow stream-
lines depicted in Fig. 7. Despite these findings, the recorded 
TI remained below 0.3% and comparable with H within both 
RA and RV (see Fig. 11).

4.3 � Analysis of wall stresses and stagnation risk

Wall shear stresses (WSS) for the three scenarios are 
illustrated in Fig. 14. Overall, WSS remained below 1 Pa 
throughout most of the heartbeat. However, peaks exceed-
ing 2Pa were recorded in systole near the pulmonary leaf-
lets’ commissures and at the supraventricular crest in all 
scenarios. At peak E-wave in PVReg-ToF and PVnoReg-
ToF cases, elevated stresses (about 2 Pa ) were found in the 
anterior wall region where the high-velocity tricuspid jet 
impacts, as well as on the vascular walls of SVC and IVC 
due to increased inflow velocity. TAWSS results further 
proved that high WSS were transient. The highest TAWSS 
values stayed around 1 Pa , and it was observed on the RVOT 
wall near the PV annulus, on the pulmonary artery wall, and 
exclusively in the PVnoReg-ToF case, on the septal wall near 
TV. The regions where the flow was slow ( ‖⟨u⟩‖ < 0.2m∕s ), 
such as at the level of the ventricular apex, within RA, and 
within flow shear layers, exhibited high RRT values. In par-
ticular, RRT > 10 Pa−1 was recorded at the apex and on RA 
wall in the H and PVReg-ToF scenarios. Conversely, in the 
PVnoReg-ToF case, the high-velocity tricuspid, SVC, and 
IVC flows effectively washed out these regions.

5 � Discussion

5.1 � Novelties of the present work

Characterizing flow within the right heart (RH) is particu-
larly challenging due to its complex geometries. However, 

gaining insight into RH fluid dynamics is of extreme diag-
nostic importance because of the high incidence of acquired 
and congenital heart diseases with impaired RH function-
ality (Dumitrescu et al. 2018; Buechel and Mertens 2012; 
Haddad et al. 2008).

In this work, we carried out a computational study of the 
fluid dynamics of the RH. Our computational models were 
patient-specific and incorporated both chambers and valves 
with their motion. To the best of the authors’ knowledge, this 
is the first work that addresses the analysis of fluid dynam-
ics within a complete patient-specific RH model (RV + RA 
+ TV + PV + PA) via DIB-CFD simulations. Moreover, 
as far as we are aware, this is the first computational study 
that includes the patient’s TV reconstructed by images; prior 
works on RH hemodynamics typically modeled it by a pla-
nar surface (Loke et al. 2022; Wiputra et al. 2018).

Finally, we introduced a novel method that leverages 
information from all the available series to reconstruct the 
TV shape and motion from multiple cine MRI acquisitions. 
This allowed us to obtain patient-specific TV without rely-
ing on specific acquisitions, such as rotational cine MRI or 
three-dimensional echocardiography. Indeed, the proposed 
technique allowed for the first time, to obtain it by using 
only long-axis and two-/three-/four-chamber views. Owing 
to this, we were able, for the first time, to simulate the pres-
ence of mild tricuspid regurgitation in both healthy and path-
ological patient-specific scenarios, as well as the stenotic 
behavior of the repaired-ToF TV.

Notably, the proposed procedure can also be exploited for 
other dynamic images besides cine MRI, such as echocar-
diography, due to its flexibility with respect to the available 
medical images.

The results of our computational technique have been 
successfully compared with PC-MRI data at different time 
instants along the cardiac cycle (see Fig. 10). We notice that, 
interestingly, the accordance between measures and simula-
tions is excellent at systole and diastole time instants t1 and 
t3 , when the position of the leaflets is almost well defined, 
whereas some small discrepancies arise at the descending 
phase instant t2 , probably due to the movement of the closing 
leaflets. Although not providing a complete and definitive 
validation of our computational framework, this comparison 
highlights that our results have a significant real meaning.

5.2 � Comparison between right and left ventricular 
hemodynamics

Our investigation highlighted key differences and common-
alities between the RV and LV hemodynamics.

Similarly to the LV, the healthy RV generated a ring-
shaped vortex during early diastole, which rolled up at the 
free margins of the TV leaflets. However, unlike in the LV, 
this RV vortex dissipates before reaching the apical region, 

Table 5   Reynolds numbers (Re) of tricuspid and pulmonary flows at 
four instant: t

ps
 represents peak systole; t

r
 is the instant of maximum 

pulmonary regurgitation; t
Ew

 represents peak E-wave; t
Aw

 represents 
peak A-wave

Scenario tps tr tEw tAw

H 4300 − 2700 2400
PVReg-ToF 4100 3900 4700 1200
PVnoReg-ToF 4100 − 7300 1000
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mainly due to the lower inertia of the tricuspid jet (ElBaz 
et al. 2014; Seo et al. 2014; Collia et al. 2021).

Despite these differences, the intraventricular hemody-
namics is macroscopically similar between the left and right 
sides. As illustrated in Fig. 15, the inflow develops into two 
counter-rotating flows in both ventricles: a dominant one 
directed toward the outflow tract and a secondary, smaller 
one behind the valve leaflets. This flow pattern ensures that 
blood efficiently reaches the outflow and enters the circula-
tory system. However, these processes occur in two com-
pletely morphologically different chambers: an ellipsoid-like 
shape in LV and a “crescent” shape in RV. Consequently, 
the atrioventricular valve plays a crucial role in directing 
blood toward the semilunar valves, with their anatomy and 
morphology that are tailor-made to account for the different 
chambers’ shapes.

Specifically, in RV, the chamber’s curvature (in particu-
lar, at the level of the septum and of the crista terminalis) 
facilitates the blood flow into PA, after it impinges on the 
anterior wall; thus, a standard symmetric valve with three 
homogeneous leaflets is sufficient for ensuring the effective 
RV ejection. In contrast, the LV’s nonstandard asymmetric 
valve with two completely different leaflets allows to avoid 
blood stagnation in the apical region. Indeed, it redirects the 
mitral jet to create a circulatory flow toward the aortic valve.

Furthermore, we observe that the presence of a second 
counter-rotating flow within the RV facilitates blood mix-
ing of the apical blood particles, which are not reached by 
the main flow.

Finally, for sake of comparison with the LV literature, 
we computed the standard deviation of the fluctuations of 
the velocity magnitude, SD, as defined in Vergara et al. 
(2017) and Stella et al. (2019). We found that the peak value 
of this quantity during diastole was about 0.1 − 0.17m∕s , 
corresponding to 25 − 33% of the mean velocity. Similar 
results were detected within the left chamber in a recent 
work (Bennati et al. 2023a). This may suggest that, despite 
the hemodynamics conditions differ among LV and RV, 
namely intrachamber pressures and mean blood velocities, 
the mechanisms that regulate the balance between inertial 
and viscous forces act in such a way to ensure a comparable 
filling efficiency in healthy conditions.

5.3 � Characterization of the regurgitant 
repaired‑ToF hemodynamics

Thanks to our patient-specific DIB-CFD simulations, we 
were able to characterize in detail the complex pattern of 
the velocity field in both healthy and congenital RH (H and 
PVReg-ToF, respectively).

The two simulated scenarios differed in terms of cham-
bers and valves’ geometry and motion, as well as in terms 
of boundary conditions. These differences collectively 

contributed to determining their specific hemodynamics. For 
the PVReg-ToF case, a key distinctive feature is the develop-
ment of a high-velocity jet through the TV at peak E-wave 
(see Fig. 6), which impinged on the RV lateral wall, causing 
a localized increase of WSS (see Fig. 14). The deflection of 
the diastolic jet toward the later ventricular wall, rather than 
the RVOT, partially contrasts with recent in vitro findings 
on the effect of pulmonary regurgitation on the fluid dynam-
ics in repaired-ToF RV presented in Mikhail et al. (2020). 
This discrepancy may be attributable to the presence of the 
patient-specific valve in our model, which was not included 
in Mikhail et al. (2020). Indeed, it is know that the evolu-
tion of flow within the chambers is deeply affected by the 
valve morphology (Seo et al. 2014; Bennati et al. 2023b) 
together with the ventricular wall dynamics. Specifically, 
the PVReg-ToF TV was slightly stenotic compared to the 
healthy one ( TOA = 4.36 cm2 against 10.1 cm2 of H sce-
nario, Table 3), leading to a pressure drop across the valve 
of about 7 mmHg , which is outside the physiological ranges 
1 − 3 mmHg (Baumgartner et al. 2009) ( Δp = 2 mmHg for 
H). Additionally, the cardiac motion determined very high 
TV flow at peak E-wave (see Table 4).

Another interesting topic related to the repaired-ToF sim-
ulation is represented by the atrium modeling. The recon-
struction results highlighted the pathological behavior of 
the PVReg-ToF RA during diastole. In particular, Fig. 4 
reveals the characteristic low compliance and increased con-
duit function that are typical features of a repaired-ToF RA 
(Kutty et al. 2017). By introducing the RA–RV coupling, we 
were able to reproduce the effects of this impaired RA func-
tion on the RV diastolic filling, which prolonged its diastasis 
phase. Moreover, effects were also observed on the TV clo-
sure dynamics, which lasted about 130 ms in the PVReg-ToF 
scenario against the 80 ms of H, as it can be deduced from 
the normalized times reported in Table 2. Embedding the 
patient-specific TV dynamics in the model also enabled us to 
capture the tricuspid regurgitation (TR) at the end of diastole 
(see Table 4). TR fell within the physiological ranges (Hahn 
et al. 2022) in both the H and PVReg-ToF cases. As far as we 
are aware, this is the first time that TR has been considered 
in CFD simulations despite its prevalence in 65–85% of the 
population (Arsalan et al. 2017). Given the high incidence 
of ToF, being able to computationally reproduce and analyze 
the effects of this condition on the intracardiac fluid dynam-
ics can be a valuable tool in aiding surgical planning in view 
of avoiding irreversible RV damage in severe and chronic 
scenarios (Chorin et al. 2020).

Furthermore, the modeling of the entire RH system 
allowed us to detail the specific interplay between inflows 
from the superior and inferior vena cava (SVC and IVC, 
respectively), how the two sources of flow contribute to the 
regional ventricular filling, and how this interplay differs 
between healthy and pathological conditions. These results 
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were enhanced by the velocity streamlines depicted in Fig. 7 
and were qualitatively in agreement with literature findings 
(François et al. 2012; ElBaz et al. 2014; Barker et al. 2019; 
Hudani et al. 2023) for both H and PVReg-ToF cases.

5.4 � Characterization of transitional effects

Although the Reynolds numbers computed across valves in 
systole and diastole are quite high (see Table 5), approaching 
the upper limit of the transitional range (Yoganathan et al. 
1988), we did not observe the complete transition to a fully 
turbulent regime in all the simulated scenarios. This can be 
attributable to the fact that the blood acceleration phases 
caused by the heart pulsatility tend to stabilize and laminar-
ize the flow within the chambers in both systole and diastole.

Despite the absence of turbulence, there are still flow 
instabilities within the RA and RV, as showed by the pat-
tern of velocity fluctuations and sub-grid-scale viscosity 
(see Figs. 12 and 13, respectively). Moreover, our highly 
detailed model allowed us to capture the vorticose struc-
ture that characterize the RV hemodynamics and energy 
exchange. The presence of these characteristic structures 
has been well documented in both the computational and 
clinical literature. Among all, we detected the main vortex 
that develops from TV (see Fig. 13) during diastole and that 
features a very regular ringlike shape in healthy RV scenario 
(François et al. 2012; ElBaz et al. 2014; Collia et al. 2021; 
Loke et al. 2024). In the PVReg-ToF case, this diastolic 
ring has a more elongated shape, which might be due to 
the higher jet velocity, the patient’s TV shape (it is known 
that the leaflets of the atrioventricular valves orient the flow 
within the ventricle (Seo et al. 2014)), and the interaction 
with the pulmonary regurgitation jet as it was also detected 
in Loke et al. (2024). The diastolic vortex dissipates in both 
the healthy and pathological scenarios before reaching the 
RV apex. However, while for H, this dissipation is due to the 
relatively low Reynolds number ( RE ≈ 2700 ) of the tricus-
pid jet, in the case of PVReg-ToF, it is due to the interaction 
with pulmonary vortices associated with the regurgitant jet.

We adopted the large eddy simulation � model to describe 
and quantify the turbulent and transitional phenomena. This 
model has already proved to be suitable in simulating fluids 

in enclosed domain and in the presence of shear layers 
(Chnafa et al. 2016; Vergara et al. 2017). Although previ-
ous works described and quantified the turbulent energy 
and energy loss in the context of pulmonary regurgitant 
repaired-ToF (Collia et al. 2021; Loke et al. 2022, 2024), in 
this study we carried out an original analysis by exploring 
the contribution of the different scales to the distribution of 
energy within the healthy and pathological RH. In particu-
lar, by examining the global quantities, we observed that 
the PVReg-ToF presented a lower ratio between mean and 
turbulent kinetic energies (turbulent intensity, TI) compared 
to H, despite the higher Reynold numbers of its tricuspid and 
pulmonary jets (see Fig. 11). Notably, the peak values of the 
standard deviation of the velocity fluctuations (reported in 
Sect. 4.2) also reflected this trend as their percentage with 
respect to the ensemble velocity halved in PVReg-ToF as 
compared to the healthy scenario. At the same time, Fig. 13 
shows a huge increase of the ratio between the sub-grid-
scale viscosity and the molecular viscosity in the PVReg-
ToF scenario, which suggests that the smallest scales con-
tribute more to the dissipation of the turbulent energy with 
respect to H. In summary, in PVReg-ToF case, the laminar 
flow predominates over turbulence on the large scale since 
the velocity fluctuations are dampened by the rapid trans-
fer of the turbulent energy toward the more active small-
est scales. Conversely, within the healthy RH, the turbulent 
energy is more homogeneously distributed among the scales.

To conclude, the observed results suggested that the cha-
otic phenomena at the smallest scales are more pronounced 
in the pathological RH, where are mainly localized below 
the RVOT and the TV leaflets. This also could affect the 
forces exerted among the fluid layers and thus potentially 
damage blood cells or the cardiac wall endothelium (Lu et al. 
2001).

5.5 � Fluid dynamics changes induced by pulmonary 
valve replacement

To investigate the hemodynamics processes occurring imme-
diately after PVR intervention in a repaired-ToF subject, we 
built a non-regurgitant repaired-ToF model (PVnoReg-ToF) 
on top of PVReg-ToF by replacing the regurgitant pulmo-
nary valve with a competent one and by imposing custom-
ized pressure boundary conditions for the fluid problem (see 
Fig. 3).

We start by discussing our hypothesis that PVnoReg-
ToF features the same endocardial displacement field as in 
PVReg-ToF, as well as its consequences on the numerical 
results. This assumption may not reflect a fair comparison 
between the two scenarios since, after PVR, no pulmonary 
regurgitation is expected and the ventricular volume curves 
should change accordingly. Specifically, we may expect 
reduced end-diastolic and end-systolic ventricular volumes 

Fig. 12   Visualization of quantities related to transition to turbulence. 
On the top, results are showed for all the scenarios at three relevant 
instants (peak systole, peak E-wave and peak A-wave). On the left: 
ensemble velocity magnitude on a slice; on the right: root mean 
square of the velocity fluctuations on the same slice. On the bottom, 
we report the results for PVReg-ToF and PVnoReg-ToF obtained 
at the instant t

r
 , when the former features its maximum pulmonary 

regurgitation. From left to right: flow rates at the valves’ planes, mag-
nitude of ensemble velocity, root mean square of the velocity fluctua-
tions, and isosurfaces of standard deviation of the velocity fluctua-
tions ‖�‖ > 0.1m∕s

◂
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in the post-PVR scenario (Lurz et al. 2009; Heng et al. 
2017), reflecting a less dilated heart without suction effects. 
However, we can assume that, as the first approximation, 
immediately after the valve replacement the inertia of the 
beating heart maintains the same displacements of the regur-
gitant case. Only after a period of adjustment—which may 
last for a few minutes according to the study by Lurz et al. 
(2009)—the contraction will become almost physiological, 
with velocity patterns more similar to those observed in the 
healthy case (see Fig. 12). This justifies the meaningfulness 
of our results, at least for the acute regime.

The most marked effect of our hypothesis—using the 
same endocardial displacement of PVReg-ToF to PVnoReg-
ToF, hence introducing an unphysiologically high filling 
through the TV to compensate for the perfect closure of 
the PV—was observed during diastole. Specifically, in 
PVnoReg-ToF, an increased flow rate through TV at peak 
E-wave, associated with elevated velocities and Reynolds 
numbers (Table 5 and Fig. 12). Moreover, the augmented 

kinetic energy of the jet, combined with the absence of the 
flow obstacle given by the pulmonary backflow, increased 
the RV penetration depth, which extended along the entire 
RV longitudinal dimension. Consequently, we observed 
higher WSS on the wall at the apex, though they remained 
transient (TAWSS values were below 0.2Pa), and an 
enhancement, at the same time, of the apical blood washout 
(see Fig. 14). Additionally, flow instabilities grew within the 
overall RH, especially within RA, where vortical structures 
appeared already in diastole (see Figs. 11 and 13). Finally, 
during TV closure, the TR become moderate, increasing up 
to 17 ml∕m2 (Hahn et al. 2022).

These findings suggested that, immediately after the 
intervention, PVR leads to an increased cardiac output, 
with respect to the preoperative case, which may exceed 
the physiological needs of that patient after the adjustment 
induced by PVR. Although the presented results are still pre-
liminary, the observed phenomena could be representative 
of an immediate post-intervention state and could trigger 

Fig. 13   On the left, the ratio between the sub-grid-scale viscosity and the molecular viscosity. On the right, vorticity isosurfaces representing the 
intracardiac flow, created with Q Criterion > 2000
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changes, especially in valve dynamics and cardiac motion, 
which may correlate with restoring RH functionality in 
repaired-ToF patients.

We finally observe that gaining insights into the mid- 
and long-term effects of PVR on repaired-ToF hemody-
namics may require extending this work to investigate 

Fig. 14   Wall shear stresses and stagnation risk. On top, a representa-
tion of the 3D wall shear stress (WSS) patterns on the endocardial 
walls; square boxes: focus on the pulmonary commissures; round 

boxes: visualization of the anterior wall. Bottom panel: time averaged 
WSS (TAWSS) and relative residence time (RRT) patterns on the first 
and second rows, respectively, for the three scenarios
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blood–myocardium interactions, which play a key role in 
cardiac remodeling. This would require fluid–structure inter-
action analyses and/or the integration of long-term tissue 
remodeling models (Wang et al. 2017). A complementary 
or alternative approach is provided by recent proof-of-con-
cept studies (Mojumder et al. 2023; Venet et al. 2024) using 
instantaneous models of ventricular myocardial mechan-
ics, which allow for the quantification of chronic ventricu-
lar overload. This is an important factor of the reversible/
irreversible tissue remodeling, hence possibly an important 
criterion for a timely PVR. We believe that incorporating 
such load assessments into the proposed CFD model could 
improve the interpretation of both hemodynamic changes 
and functional cardiac adaptation following PVR in repaired-
ToF patients.

6 � Limitations

Some limitations characterize this work: 

	 1.	 We analyzed only two patients, one for each category. 
To support the considerations drawn in this work, we 
should consider a larger cohort of control subjects and 
repaired-ToF patients who underwent PVR. However, 
we believe that the presented results are very promis-
ing and could provide an excellent starting point for 
future studies;

	 2.	 Related to the previous point, it is important to note 
that this is a computational study rather than a statis-
tical one. This means that we developed an a priori 
model based on the physical principles, as opposed to 

an a posteriori model based on data and measurements, 
which is typical in statistical approaches. Our aim was 
not to carry out extensive statistical analyses, given 
the relatively small sample size. Instead, we focused 
on providing a proof of concept to demonstrate the 
potential of the proposed methodology. This pipeline 
is particularly suited for systematic replication on a 
patient-specific basis;

	 3.	 Due to the absence of patients’ clinical measurements, 
we could not validate our numerical results. Nonethe-
less, we demonstrated that our findings are both quali-
tatively and quantitatively consistent with the literature 
(Baumgartner et al. 2009; François et al. 2012; Barker 
et al. 2019; Hudani et al. 2023). This highlights the 
significance of our findings in the context of previous 
research, providing confidence in the validity of our 
conclusions despite the lack of direct clinical valida-
tion;

	 4.	 Since normal Neumann boundary conditions were 
imposed at the inlets of our DIB-CFD model, we could 
not reproduce the torsional motion of the SVC and IVC 
inflows (Parker et al. 2022). This limitation could influ-
ence the predicted blood velocity pattern and vortex 
formation within the right atrium. To address it, future 
studies should consider including additional MRI 
scans in the patient’s imaging protocol to acquire the 
vena cava flows. These data could then be exploited 
either as boundary conditions for the CFD model or 
for validating the numerical results;

	 5.	 To study the PVnoReg-ToF scenario, we did not model 
the expected changes in atrial, ventricular, and tricus-
pid valve dynamics, which follow the restoration of 
pulmonary competence and may contribute to the 
inverse remodeling phenomenon (Heng et al. 2017). 
Including the post-PVR cardiac dynamics in the pro-
posed model would have required the processing of 
post-implantation images, which were not available 
for this study. However, we believe that isolating the 
hemodynamic effects induced solely by the presence 
of a competent pulmonary valve still offers valuable 
insights into the underlying mechanisms of this pro-
cess. A possible further development of our work in 
this direction would be the use of FSI models to also 
address blood–myocardium interactions involved in the 
cardiac remodeling phenomenon;

	 6.	 ToF patients are characterized by an asymmetrical flow 
partition among the two pulmonary arteries (Hudani 
et al. 2023), which could affect the downstream blood 
dynamics. However, we did not include the pulmonary 
bifurcation due to limitations of the acquired regions 
in the available cine MRI data;

	 7.	 We did not consider in our simulations the tricuspid 
and pulmonary valve coaptation regions, the sub-val-

Fig. 15   Spatial distribution of the vorticity field at the peak of 
E-wave for two representative healthy cases: left heart of and aorta on 
the left; right heart and pulmonary artery on the right. Notice, high-
lighted by the yellow arrows, the straight inflow through the atrioven-
tricular valve in the right ventricle, in contrast to the deflected blood 
flow entering the left ventricle, as a consequence of the asymmetric 
atrioventricular (mitral) valve. The latter picture has been modified 
from the PhD thesis by Lorenzo Bennati, University of Verona
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vular apparatus, the pulmonary valve’s lunule, and the 
ventricular trabeculations. This is a common choice 
in computational studies for RH (Wiputra et al. 2018; 
Collia et al. 2021; Loke et al. 2022) due to the chal-
lenges in accurately reconstructing the geometry and 
motion of these structures, which requires more spa-
tially and temporally resolved imaging than cine MRI. 
Moreover, the inclusion of the sub-valvular apparatus 
in DIB-CFD models seems to have a minimal impact 
on the hemodynamics, at least not exactly near the leaf-
lets (Crispino et al. 2024). Also, coaptation should not 
influence the systolic results sufficiently far from the 
leaflets. Additionally, the presence of trabeculations 
has been demonstrated to influence the vortex organi-
zation and WSS patterns, in particular at the level of 
the ventricular apex (Sacco et al. 2018), potentially 
affecting the local blood washout predictions. How-
ever, we think it is important to include such modeling 
features for future investigations;

	 8.	 Adapting a healthy valve (from the Zygote 3D heart 
model) to a diseased artery may represent a significant 
geometrical simplification potentially influencing the 
blood flow. In addition, uncertainties in the tricuspid 
valve reconstruction arising from the spatial and tem-
poral resolution of the imaging data may further affect 
the reliability of the numerical results. For these rea-
sons, future studies should investigate the effects of 
possible geometric variations in valve reconstruction 
on the right heart flow dynamics;

	 9.	 Handling the pulmonary valve dynamics through 
cosine interpolation between the fully open and fully 
closed valve configurations may introduce significant 
approximations, particularly in the diseased case, as 
the actual valve opening and closing processes occur 
rapidly and often involve fluttering around the open 
configuration. These phenomena may alter the local 
hemodynamics near the valve. To account for such 
phenomena in view of a more detailed description 
of valve hemodynamics, FSI and contact modeling 
approaches should be adopted in future studies;

	10.	 Dangerous complications, which may appear over time, 
related to ToF patients are related to adverse electro-
physiological events and the functioning of the pump 
due to the presence of scars and hypertrophy. Related 
to the second issue (hypertrophy), we notice that math-
ematical models for cardiac remodeling are nowadays 
too unripe and still underdeveloped to be applied to a 
clinical context. As for the first issue, an electrophysi-
ological study accounting for scars or hypertrophy 
characterizing ToF patients would be possible, but it 
would require different imaging (able to detect scars 
or hypertrophy), it would not exploit the richness of 

time-resolved cine MRI data, and it would need dif-
ferent mathematical and numerical tools.
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