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ABSTRACT

Introduction: The increased survival rate of patients with congenital heart disease (CHD) has made it
likely that 70%-95% of infants with CHDs surviving into adulthood often require careful follow-up and
(repeat) interventions. Patients with CHDs often have abnormal blood flow patterns, due to both
primary cardiac defect and the consequent surgical or endovascular repair.

Area covered: Computational fluid dynamics (CFD) alone or coupled with advanced imaging tools can
assess blood flow patterns of CHDs to both understand their pathophysiology and anticipate the results
of surgical or interventional repair.

Expert opinion: CFD is a mathematical technique that quantifies and describes the characteristics of
fluid flow using the laws of physics. Through dedicated software based on virtual reconstruction and
simulation and patients’ real data coming from computed tomography, magnetic resonance imaging,
and 3/4 D-ultrasound, reconstruction of models of circulation of most CHD can be accomplished. CFD
can provide insights about the pathophysiology of coronary artery anomalies, interatrial shunts,
coarctation of the aorta and aortic bicuspid valve, tetralogy of Fallot and univentricular heart, with
the capability in some cases of simulating different types of surgical or interventional repair and
tailoring the treatment on the basis of these findings.
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1. Introduction

Congenital heart disease (CHD) has an incidence of 8 per 1000
births [1]. Advances in diagnostics, perioperative care, surgical and
in particular endovascular techniques increased the survival rate of
patients with CHD but unfortunately, although 70%-95% of
infants with CHDs survive into adulthood [2], the rate of long-
term morbidity, which often requires (repeat) intervention, has
increased over the last decades. Patients with CHDs have often
abnormal blood flow patterns, due to both primary cardiac defect
and the consequent surgical or endovascular repair [3].

These abnormal blood flow patterns may contribute to
impairing cardiac and vascular functions increasing the likeli-
hood of recurrent hospitalizations and repeated interventions.
In this regard, since the pioneering work of de Leval and collea-
gues in 1996 [4], computational fluid dynamic (CFD) is increas-
ingly offering a unique chance to understand pathophysiology of
CHDs before and after intervention and to tailor the proper repair
to the specific patients before the intervention [5].

The aim of the present review is to outline the findings of
CFD in the study of pathophysiology of different CHDs and its
applications to endovascular and surgical repair planning.

2. Computational fluid dynamics
2.1. Definition

CFD is a technique based on computer simulations used to
analyze systems involving fluid flow [6]. CFD is suitable for
a wide range of industrial and non-industrial application
areas, including aircraft and automotive aerodynamics,
ship hydrodynamics, turbomachinery, meteorology, and
biomedical engineering, among the others [7]. In cardio-
vascular field, CFD is usually used to investigate the blood
flow patterns within the heart and/or the vessels by con-
sidering the laws of physics that describe the fluid motion.
The biological effects, such as auto-regulation, healing, and
growth, and so on, are seldom modeled. More in detail,
the governing equations of fluid motion are the continuity
equation (eq. 1), deriving from the mass conservation, and
the Navier-Stokes equations (eq. 2), deriving from the
momentum conservation, which can be expressed in case
of incompressible and Newtonian fluid as follows

V-v=0 (1)
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Article highlights

Patients affected by congenital heart disease are increasingly reach-
ing the adulthood, usually having abnormalities of the cardiac blood
flow patterns due to the cardiac abnormalities or/and the related
surgery

Assessment of the blood flow patterns can be very difficult, in
particular in operated patients with current imaging tools
Computational fluid dynamics alone or coupled with current imaging
techniques can be used to understand the underlying pathophysiol-
ogy of congenital heart disease

Computational fluid dynamics alone or coupled with current imaging
techniques can be used to model different types of surgical and
interventional procedures, anticipating their results and helping in
planning patient-tailored procedures

7]
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where V is the gradient operator, v the velocity vector, p is
the blood density, t is the time, p is the pressure, g is the
gravity. These non-linear, partial differential equations cannot
be solved analytically in case of complex three-dimensional
geometries. Thus, numerical techniques, usually based on the
finite volume or finite element method, are adopted to solve
the discretized form of the equations within CFD software
packages [7]. First, by means of the volume meshing, the
fluid domain (i.e. continuum of interest) is subdivided into
smaller, non-overlapping sub-domains called elements.
Secondly, the governing equations are integrated over all
the elements of the domain and then converted into a system
of non-linear algebraic equations. Lastly, the resulting set of
algebraic equations (often in the order of millions of equa-
tions) is solved using computer workstations or high-perfor-
mance computing clusters. Nowadays, the current capability
of parallel computer processing allows the solution of the
governing equations of fluid motion under non-steady condi-
tion in complex anatomies within reasonable computational
time. Typically, resolving a time-accurate model can require
one or more days of computations, considering a fluid domain
discretized into one million elements (or more) and few car-
diac cycles, each subdivided into hundreds of timesteps [8].

2.2. CFD analysis: workflow

The main steps of a patient-specific CFD analysis are summar-
ized in Figure 1 [9,10]. Vessels and cardiac chambers are
virtually reconstructed based on the measurements of vessel
size and length obtained by quantitative coronary angiogra-
phy, computed tomography or MRI analyses or, in the field of
coronary artery anomalies, by processing intravascular images
(i.e. intravascular ultrasound or optical coherence tomogra-
phy). Typically, the computational grid is characterized by
tetrahedral (or hexahedral) elements within the fluid domain
and a boundary layer close to the wall, which is introduced to
better capture the high-velocity gradients at the wall. Thirdly,
the set-up of the CFD simulation is defined. In particular, the
physical model (e.g. unsteady flow with or without the inclu-
sion of a turbulent model), blood properties (i.e. blood density
and viscosity), initial conditions, boundary conditions, and
solver settings are set. The definition of the initial conditions
and boundary conditions, which are prescribed values of the
calculated quantities (i.e. velocity and pressure) at certain
times and locations, is needed for the resolution of the gov-
erning equations.

To extract the boundary conditions from different imaging
techniques makes the CFD simulations patients’ specific and
more realistic [11,12]: consequently, in order to formulate a
well-posed problem, most researchers must guess parameters
such as flow boundary conditions, vessel wall properties, and
sometimes even geometric vessel parameters if patient ima-
ging is not of sufficient quality. It has been shown that these
factors and others can significantly alter the flow solution. It is
critical to determine the amount of uncertainty introduced by
the flow’s inlet and outlet conditions, since they are difficult
and expensive to measure, in order to evaluate the degree to
which cardiovascular flow simulations are accurate. As a mat-
ter of fact the outlet boundary conditions influence a larger
percent of the solution domain. Boundary conditions can be
derived from imaging data or experimental measurements,
such as MRI data, Doppler ultrasound, catheter-based pressure
and velocity measurements or transesophageal echocardio-
graphy: more accurate they are, more realistic becomes the
simulation. Fourth, the CFD simulation is run on a computer
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Figure 1. Main steps of patient-specific CFD analyses in the field of CHD. Images inspired from Corsini C et al [51].



Table 1. Examples of flow phenomena that can be characterized by CFD with
the calculation of specific hemodynamic quantities.

Flow phenomena Hemodynamic quantities

Pressure field Static pressure, dynamic pressure,
total pressure, pressure drop
Flow distributions

Flow energy losses Energetic performance indexes
derived from the velocity vector
field

Abnormal flow patterns (including  Velocity, vorticity
re-circulating flows, stagnation
flow, vortexes)

Distribution of wall shear stress

along the wall surface

Wall shear stress — based descriptors
(e.g. time-averaged wall shear
stress, oscillatory shear index, wall
shear stress gradient, etc.)

workstation or high-performance computing cluster by taking
advantage of their parallel computing features. Lastly, the
solution of the CFD analysis is obtained and the results are
post-processed in order to extract the hemodynamic quanti-
ties of interest, detailed in the following sub-section.

Virtual endovascular or surgical interventions can be simu-
lated after 3D computer reconstruction of the stent, valve or
conduit, adding material properties, elasticity, rigidity, dia-
meter, length and put into the software all the steps of the
simulated procedure (for example, atmosphere of balloon
inflation, duration of the inflation, postdilatation, etc.). Then
the results of such interventions can be evaluated by 0-dimen-
sional and 1 dimensional models. Zero-D models provide a
concise way to evaluate the hemodynamic interactions among
the cardiovascular organs, whilst one-D (distributed para-
meter) models add the facility to represent efficiently the
effects of pulse wave transmission in the arterial network at
greatly reduced computational expense compared to higher
dimensional computational fluid dynamics studies [13].

2.3. CFD analysis: quantities of interest

The main flow phenomena in this field that can be character-
ized by CFD and the corresponding hemodynamic quantities
of interest are reported in Table 1. The hemodynamic para-
meters derived from both pressure and velocity fields are
analyzed. The pressure in the vessels and chambers is
expressed in pascal (Pa) or mmHg, according to the
International System of Units. The vorticity magnitude
(expressed in 1/s) is defined as the magnitude of the vorticity
vector; the vorticity vector is a measure of the rotation of a
fluid element as it moves through the domain and it may be
representative of pathological conditions when far from the
baseline [14]. The wall shear stress (WSS) (expressed in Pa), is
defined as the frictional force of the flowing blood along the
wall surface per unit area. WSS values deflecting from a base-
line value are indexes of abnormalities leading to thrombus
formation, abnormal vessel modeling and pathological remo-
deling, arterial damage [15]. Another important quantity to be
evaluated is the power (energy per unit time, measured in
watt) dissipated when the blood flows in arteries. Minimizing
this loss of energy when designing or re-routing the blood in
surgical connections is an index of a good streamlining of the
blood [4].
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3. Embryonicheart development

Hemodynamic begins shaping the growth of the developing
heart from the early embryonic stages. Blood circulation starts
with the beating of the primitive tubular heart (around the
beginning of the fourth gestational week in human develop-
ment) [16]. From this time on, the dynamics of blood flow
regulates many aspects of cardiovascular development. For
instance, genesis of vessels and capillaries, and even differ-
ences between arterial and venous phenotypes, are deter-
mined by blood flow characteristics [9]. In the heart, the
interaction between blood flow and cardiac tissues also deter-
mines how the heart continues to develop [17,18]. The under-
standing of these types of blood flow help identify the causes
of congenital heart malformation. Detailed CFD models of
both the developing vasculature and the heart, together
with experimental data on adaptations to blood flow, have
been undertaken in zebrafish and chick’'s embryo heart in
order to elucidate important aspects of the complex mechan-
isms by which blood flow dynamics regulates cardiovascular
growth and development. In humans the models so far are
based on four-dimensional ultrasound scans of 20-week-old
normal human fetuses. Image analyses of ultrasound scans
revealed the motion of the heart walls that was used in the
generation of CFD models of the fetuses’ left and right ven-
tricles. In both left and right ventricles, CFD simulations of fetal
heart, imaged by echocardiogram, reveal complex flow pat-
terns and the presence of flow vortex rings, which generate
significant WSS on the endocardium, potentially playing an
important role on cardiac efficiency [19]. Indeed, CFD enables
the quantification of WSS, which is otherwise extremely diffi-
cult using only in vivo measured flow data. Detailed CFD
models of both the developing vasculature and the heart,
together with experimental data on adaptations to blood
flow, are starting to elucidate important aspects of the intri-
cate mechanisms by which blood flow dynamics regulates
cardiovascular growth and development. Wall shear stresses
play a substantial role in cardiovascular adaptations to flow,
but they are difficult to estimate using only measured flow
data. Once blood flow dynamics have

been simulated, CFD models offer the advantage of rela-
tively easy quantification of wall shear stresses on endothelial
and endocardial walls, derived from flow variables.

4. CFD applications to congenital heart disease

Table 2. Congenital heart diseases evaluable by CFD and inherent purposes.

Intervention simulation/
Pathophysiology planning

Coronary artery anomalies +++ +++
Atrial septal defect/Patent ++ +
foramen ovale

Disease

Coarctation of aorta +++ +++
Bicuspid aortic valve +++ +
Tetralogy of Fallot ++ +
Pulmonary valve insufficiency + +++
Norwood circulation +++ ++
Fontan circulation +++ 4+

+++: very useful; ++ moderately useful; + poorly useful; — non useful
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CFD has been applied in the past and is currently used in
different CHDs in order to both understand pathophysiology,
and anticipate and plan surgical or interventional procedures
(Table 2).

4.1. Congenital coronary artery anomalies

Coronary artery anomalies (CAAs) occur in 0.64% to 5.60% of
patients undergoing coronary angiography [20,21]. The major-
ity of CAAs pathophysiology and clinical history have been
fully clarified in the past 30 years. Myocardial bridges and
anomalous origin from the opposite sinus (ACAOS) constitute
the most clinically investigated pathologies among the wide
spectrum of coronary artery anomalies (CAAs), since they have
been related with myocardial infarction and sudden cardiac
death [22].

Myocardial bridges (MB) were assessed by Javadzadegan et
al. [23] using CFD, by dividing patient-specific myocardial
bridge models (n = 10) by length. A direct relationship
between myocardial bridge length and hemodynamic pertur-
bations emerged in this study. Long myocardial bridge length
seems to be associated with lower WSS and higher residence
time in the proximal segment to the bridge, and a higher WSS
and shorter residence time within the bridge, as compared to
short length. More recently Sharzehee M et al. [24] showed
that increasing the MB length (by 140%) only had significant
impact on the pressure drop in the severe MB (39% increase at
the exercise). However, increasing the stenosis length drama-
tically increased the pressure drop in both moderate and
severe stenoses at all flow rates (31% and 93% increase at
the exercise, respectively). Both CFD and experimental results
confirmed that the MB had a higher maximum and a lower
mean pressure drop in comparison with the stenosis, regard-
less of MB/stenosis severity.

The description of ACAOS is currently based on the termi-
nology introduced by Angelini et al. [25], which includes an L
or R prefix to indicate the (Right or Left) coronary artery
involved and a suffix to indicate the proximal course: intra-
mural (IM), pre-pulmonic (PP), subpulmonic (SP), retro-aortic
(RA), retrocardiac (RC) and wrapped around the apex (WA).
Rigatelli et al. computationally investigated the

25 50

pathophysiology of Left ACAOS with and without IM course
[26]. After reviewing both the angiographic and computed
tomography findings of 13 consecutive athletes, CFD models
were created to simulate the conditions of extreme effort. In
particular, vorticity magnitude, static pressure, and WSS were
analyzed in models of L-ACAOS with no IM course and L-
ACAOS-IM at rest and during exercise. The mean vorticity
magnitude and WSS significantly increased from rest to exer-
cise in both models, in the right coronary artery, left anterior
descending, and left circumflex coronary arteries. The mean
static pressure (1.118e+004 vs 1.164e+004 Pa, p < 0.001), as
well as the mean vorticity magnitude and mean WSS (7012.78
1/s vs 9019.56 1/s, p < 0.001, A = 2006.78 1/s and 3.02 Pa vs
2.11 Pa, p < 0.001, A = 0.91 Pa) significantly increased with
exercise in the L-ACAOS-IM model. This net increment was
transmitted to the entire left coronary system in L-ACAOS-IM
but not in L-ACAOS with no IM. More recently, we analyzed
the pathophysiology of L- and R-ACAOS with IM course in
relation to eventual stenting of the IM course [27] suggesting
that the phasic stenosis inside IM (‘squeezing’) can be pro-
duced by a combined mechanism of compression and twist-
ing, which causes a net pressure reduction drop leading to
myocardial ischemia (Figure 1). These hypotheses seem in part
confirmed by the study of Razavi et al. [28] which showed that
different flow patterns exist natively between right and left
anomalous coronary arteries. Surgical unroofing of the vessel
may normalize time-averaged WSS but with variance related
to the AO.

CFD in this context helped to define the mechanism of
myocardial ischemia in ACAOS which seems to be induced
by compression and squeezing of the intramural segment (IM)
with pressure drop at its end.

4.2. Interatrial shunts

Interatrial shunts include patent foramen ovale (PFO), secun-
dum atrial septal defect (secundum ASD), sinus venosus ASD
and ostium primum ASD [29]. There are very few studies about
CFD in interatrial shunts. Rigatelli et al. investigated the patho-
physiology of right-to-left shunting in patients with patent
foramen ovale by means of CFD [30]. In this study, the right

7.5

wall-shear

Figure 2. Computational fluid dynamics simulation of a right anomalous coronary origin from the opposite sinus with particular focus on the intramural course
before (A) and after (B) stenting. Note the changing in the wall shear stress within the intramural segment and along the coronary artery.



and left atrial chambers connection from MRI data of a pool of
patients with mild or permanent right-to-left (RL) shunting
was reconstructed. By performing CFD simulations, a higher
vorticity was observed in the case of permanent R-L shunt
involving the wall of the left atrium (LA), especially at the left
atrial appendage (LAA, Figure 2). Conversely, when the degree
of the shunt diminished, the vorticity in the same area resulted
lower. Moreover, a marked gradient of total pressure (defined
as the sum of static and dynamic pressures, measured in
pascal (Pa) was found across the PFO. A higher vorticity mag-
nitude was observed in the permanent shunt both in the LA
(117.32 vs 110.25, p = 0.001) and at the LAA (33.29 vs 21.25, p
= 0.001) when compared to mild shunt. CFD confirmed a
potential additional mechanism of PFO-mediated embolism:
the stagnation of blood flow in LA in patients with permanent
RL shunt suggested by the high vortex magnitude potentially
increases chance of microthrombi formation in the LA: this
hypothesis has been clinically postulated years ago [31] and
finally found a confirmation by CFD.figure 3

4.3. Bicuspid aortic valve

Bicuspid aortic valve (BAV), which is not only associated with
valve dysfunction but also with aortic pathology such as aortic
dilatation and even dissection, represents the most common
congenital heart abnormality [32]. The abnormal arrangement
of the aortic valve leaflets in BAV generates an abnormal flow
pattern in the ascending aorta depending on the type of
leaflet fusion [33,34]. Emendi et al. [35] demonstrated that
fluid-structure interaction derived from RMI predicted direc-
tion and magnitude of the flow jet impinging onto the aortic

5.5e+02
5.3e+02
5e+02

4.7e+02
4 4e+02
4.1e+02

patent foramen ovale

3.9e+02
3.6e+02
3.3e+02
3e+02

2.8e+02
2.5e+02
2.2e+02
1.9e+02
1.7e+02

Vorticity magnitude (1/s)

1.4e+02
1.1e+02
84

56

19

1

Rigth atrium
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wall as well as location and extension of secondary flows and
vortices developing at systole.

Rigatelli et al. demonstrated that such an abnormal flow
pattern assessed by CFD can be worsened in terms of aberrant
distribution of aortic WSS by a concomitant coronary artery
disease of proximal major coronary arteries such as the left
main stem [36]. Some authors comparing the blood flow in
BAV versus normal (non-dilated) aortas with tricuspid aortic
valves by means of CFD analyses showed an altered WSS
distribution in all different BAV fusion types [37,38]. Both 4D-
flow cardiovascular MRI and CFD analyses showed abnormal
WSS distribution in patients with BAV even before aortic dila-
tion occurs, suggesting that abnormal WSS could precede
anatomical remodeling of the aorta. WSS monitoring in addi-
tion to routine aortic dimensions has the potential to allow
early identification of young asymptomatic patients at risk of
progression of aortopathy [39], guiding the surgeon to rein-
force the aortic sites at increased risk, as recently sug-
gested [40].

4.4. Coarctation of the aorta

Coarctation of the aorta (CoA) is a narrowing of the upper
descending thoracic aorta, generally distal to the origin of the
left subclavian artery near the insertion of the ligamentum
arteriosum. CoA accounts for approximately 5%-8% of all
CHDs [41]. The diagnostic imaging tools currently used in
clinical practice provide dimensions, velocities, and pressure
gradients, but cannot characterize the aortic blood flow and
its effects on the aortic wall. CFD coupled with cardiac MRI can
offer a more comprehensive evaluation of the transaortic

Left atrial appendage

Left atrium

Interatrial septum

Figure 3. Computational fluid dynamics investigation of a patient with a high-grade Right-to-Left shunt (permanent shunt without Valsalva) through a patent
foramen ovale, demonstrating a region of stagnant flow (blue), usually not present in patients with no or mild shunt.
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gradient, which is usually uncorrected in sedated patients, and
blood flow patterns inside the aorta and anticipating the
potential effects of stenting or surgical repair [42]. CFD has
been used for surgical planning in patients to aid surgeons
and physicians in clinical decision making [43,44]. Models of
the patient’s anatomy after several different types of surgery
or stenting can be generated, and CFD analyses based on
patient-specific boundary conditions can be performed to
assess the expected hemodynamic after surgery. Capelli et al.
[45] used CFD tools to identify the maximum expansion dia-
meter of the aorta allowed for the covered stent at the level of
the narrowing in the descending aorta in order to avoid
obstruction of the origin of the aberrant right subclavian
artery and compression of the bronchi. The CFD analyses
quantified a decrease in the peak velocity as well as the
pressure gradient, which in all the virtually treated CoA
dropped from an average of 15.5 mmHg pre-implant to
1.9 mmHg after stenting, anticipating the results obtained in
the real patients in the cath-lab (Figure 4).

CFD in aortic coarctation has the potential to anticipate the
decrease in pressure gradient after stenting and to select the
proper stent length.

4.5. Tetralogy of Fallot

The Tetralogy of Fallot (ToF) is a major congenital cardiac
disease including pulmonary stenosis, ventricular septal
defect, overriding aorta and right ventricle (RV) hypertrophy,
which result in cyanosis and accounts for 7%-10% of all CHDs
[46]. The surgical widening of the right ventricular outflow
tract usually produces a certain degree of pulmonary valve
regurgitation (PR), which can result in RV volume and pressure
overload over time. PR could also play a role in the formation
of vortex flow in PAs, although the etiology is still poorly
understood. In general, flow vortices are associated with

velocity (m s—1)
p4.0

1.

pre-stenting

alteration in WSS and affect endothelial function [47]. CFD
could potentially identify parameters suitable for the predic-
tion of outcomes in patients with repaired ToF and refine the
timing for pulmonary valve replacement. Moreover, CFD
coupled with virtual procedure simulation could be used to
anticipate the results and tailor possible percutaneous pul-
monary valve implantation according to the patients’ anatomy
and flow patterns, as already showed by Capelli et al. [48].

4.6. Univentricular heart

Patients with only a single functional ventricle usually undergo
consecutive palliative surgery resulting in a three-stage proce-
dure [48,49]: a) Norwood procedure [Blalock-Taussig shunts,
central shunts, right ventricle-to-pulmonary artery conduit and
the hybrid Norwood], (b) Glenn or hemi-Fontan procedures,
and (c) complete Fontan procedure (or total cavopulmonary
connection) in which the superior and inferior caval veins are
connected to the PA. The completion of the Fontan circulation
can be done with either the extra cardiac conduit or the lateral
tunnel approach [50].

4.7. Norwood circulation

Migliavacca et al. [51] investigated the Norwood circulation
by means of CFD analyzing the shunt pressure drop-flow
relationships, varying shunt implantation angles, diameter,
curvature, and input pulsatility and found, as expected,
that shunt diameter was the main determinant of graft
flow. The researchers found that most of the pressure
drop occurred close to the proximal anastomosis, and
curved grafts resulted in a lower pressure drop as com-
pared with straight grafts, due to reduced flow-line skew-
ness toward the lateral graft wall near the proximal
anastomosis. Subsequently, the same research group com-
pared the variants of the Norwood reconstructive surgeries

g 24

2.2

P

post-stenting

Figure 4. Comparison of the velocity streamlines for an aortic coarctation (CoA) before and after the virtual implantation of a stent to relieve the restriction of the
descending aorta. Within the post-stenting geometry, the peak velocity decreases and the downstream flow is less disturbed (with permission from Capelli et al

[42]).
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Figure 5. THree-dimensional models of the hybrid Norwood operation with varying ascending aorta and aortic arch diameters (left, DAoA), aortic coarctation
diameters (right, Dcoa), and PA banding diameters (bottom, DPAB). The model considered as a reference is depicted in the center. On these models CFD can be
applied to understand changes of blood flow throughout the different morphologies (modified from Baker et al [50]).

with post-operative catheterization and Doppler data by
carrying out a multi-scale CFD analysis [52]. The Norwood
operation with a modified Blalock-Taussig shunt was com-
pared with the right ventricle to pulmonary artery shunt
modification. The model predicted that the right ventricle
shunt would result in higher aortic diastolic pressure,
decreased pulmonary arterial pressure, lower pulmonary
to systemic flow, and higher coronary perfusion relative
to the innominate artery-to-right pulmonary artery shunt.
CFD by means of simulation of different diameter and
length of shunt can be used to predict which configuration

allows for the most favorable hemodynamic pattern [53]
(Figure 5).

4.8. B) Fontan circulation

The hemodynamic assessment in Fontan circulation is difficult
because of the abnormal position and geometry of the

systemic ventricle, the extent of the Fontan circuit and the
passive nature of flow to the pulmonary circulation. Blood
flow to the pulmonary circulation in Fontan patients is sub-
jected to the intrathoracic pressure changes during respira-
tion, systemic venous pressure, systolic and diastolic
performance of the systemic ventricle, and the peripheral
muscle pump. As already suggested [54], energy loss within
the total caval-pulmonary connection is an important factor
for Fontan hemodynamic and should be minimized as much
as possible acting on vessel size, anastomosis shape, total
blood flow, and pulmonary/caval flow distribution [55,56].
Haggerty et al. [57] used CMR-based CFD to evaluate the
hemodynamic profiles in 100 Fontan patients, with a focus on
power loss within the Fontan circuit, showing that stenosis in
the Fontan tunnel and undersized pulmonary arteries were
associated with increased power loss, thereby having a clearly
negative effect on Fontan hemodynamic. Rijnberg FM recently
using CFD that hepatic venous flow is non-uniformly distrib-
uted within the Fontan conduit and that individual
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inaccuracies in hepatic fluid distribution quantification poten-
tially having a clinical impact [58].

CFD was used for surgical planning in such patients to aid
surgeons and physicians in clinical decision making [59] pro-
viding insight into preoperative blood flow. Models of the
patient’s anatomy after several different types of surgery can
be virtually generated, and patient-specific boundary condi-
tions can be used to assess the expected hemodynamic after
surgery [60,61]. On this regard, Tang et al. [62] suggested
recently the use of a rigid wall assumption on evaluation of
time-averaged intra-atrial total cavopulmonary connection
hemodynamic metric under resting breath-held condition.

5. Conclusions

CFD alone as virtual simulation of real phenomena in CHD, or
coupled with MRI and 3D ultrasound data, offers a unique
opportunity to understand not only the cardiac development
and potential congenital abnormalities, but also the patho-
physiology of CHDs. Furthermore, in several cases, CFD can
help anticipate the results of surgical or interventional repair
in terms of flow patterns and WSS.

6. Expert opinion

CFD has been applied to CHDs since the early 1990s in
order to investigate pathophysiology of complications from
extensive surgical repair such as the Norwood or Fontan
operations. The basis of CFD and related simulations have
remained substantially the same since their postulation in
the ‘80s and ‘90s. With the development of more efficient
and robust software three-dimensional vessel reconstruction
and execution of hemodynamic analysis, the field of appli-
cation of CFD has recently moved to the assessment of
more common CHDs such as interatrial shunts and coarcta-
tion [63]. The availability and demonstrated efficacy of the
transcatheter valvular implantation [64] at both tricuspid

A

RVOT

and pulmonary sites in order to repair the well-known
complication of Tetralogy of Fallot has induced a rise in
the application of CFD is such a field aimed to select a
patient’s specific device (Figure 6) or to predict complica-
tion of valve implantation (e.g. frame fracture). Clearly, some
points of improvement do exist. First, a more open knowl-
edge is needed of geometrical characteristics and mechan-
ical properties of the current devices — atrial septal defect
occlusion devices, coarctation stents, and transcatheter
valves - which are hardly widely available and would be
essential for building up realistic computational models to
perform CFD analyses. Secondly, use of established models
of different CHDs already available for clinical application as
in the percutaneous coronary field has begun to happen.
Thirdly, the development of validated three-dimensional
vessel reconstruction and CFD software, easily accessible
within the hospital to operators without biomechanical
engineering background, including clinicians and radiologist
technicians. Lastly, the decrease in price of the specific
software should be advocated in order to expand the adop-
tion of such a technology all-over the world, in particular in
less developed areas where paradoxically CHDs tend to be
more and more prevalent.

Further improvement in the quality of available virtual
simulation software and the enhanced capabilities of cou-
pling with existing in vivo diagnostic tool as MRI, 3D and
4D ultrasound, optical coherence tomography, intravascu-
lar ultrasound imaging, and angiographic equipment are
likely to push forward such a technology in the clinical
practice making the transition from off-line assessment
and planning to on-line evaluation and treatment more
effective.
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