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Abstract

Congenital heart disease, which affects more than one million newborns 
globally each year, contributes to an increased risk of cardiovascular disease 
and ultimately reduced life expectancy. Computational fluid dynamics (CFD) 
enables detailed, non-invasive characterization of complex physiological 
pressure and flow fields, thus improving our understanding of congenital heart 
disease hemodynamics.

In recent years, this has driven clinical decision-making, surgical planning, 
and the evaluation of innovative surgical techniques. In this mini review, CFD 
methods applied to the study of congenital abnormalities, with a focus on the 
aorta and pulmonary bifurcation, are discussed. The clinical relevance and 
future directions of CFD modelling are also reviewed.

Congenital Abnormalities of the Aorta and Pulmonary 
Bifurcation

Globally, an estimated 1.35 million newborns are diagnosed each 
year with congenital heart disease (CHD)1, defined as structural 
abnormalities of the heart, and/or great vessels, which are present 
from birth. The American Heart Association defines 21 malformations 
in the category of CHD2, ranging from minor lesions, such as bicuspid 
aortic valve (BAV), to severe, such as coarctation of the aorta (CoA) 
and tetralogy of Fallot (TOF). Congenital abnormalities of the 
aorta and pulmonary bifurcation contribute to an increased risk of 
cardiovascular disease and ultimately reduced life expectancy3-4.

Approximately 8% of CHD patients have coarctation of the aorta5, 
defined as a narrowing of the vessel which leads to an obstruction 
of blood flow. If symptomatic, surgical intervention is required to 
widen the aortic segment and long-term monitoring is essential due 
to the risk of hypertension and aneurysm formation. Furthermore, 
Tetralogy of Fallot, the most common cyanotic congenital heart 
disease, accounts for 6.1% of CHDs5. TOF patients are diagnosed 
with four cardiac defects: right ventricular hypertrophy, pulmonary 
stenosis, overriding aorta and ventricular septal defect, which require 
surgical intervention early in childhood. However, these patients 
are still at risk of needing further surgical treatment, particularly 
if pulmonary regurgitation and branch pulmonary obstruction 
are present6. The optimal timing for clinicians to treat pulmonary 
regurgitation and branch pulmonary obstruction is a challenge and 
requires improved understanding of the hemodynamic alterations 
in the pulmonary arterial bifurcation. In a recent publication by 
Boumpouli et al., 20207 (with title “Blood flow simulations in the 
pulmonary bifurcation in relation to adult patients with repaired 
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tetralogy of Fallot”, Med Eng Phys 85:123-138), the 
underlying blood flow characteristics in the pulmonary 
trunk were studied using computational fluid dynamics 
methods7.

Computational Fluid Dynamics (CFD)
Blood flow simulations, using patient-specific 

geometries and boundary conditions, can improve our 
understanding of the underlying hemodynamics, strengthen 
the diagnostic potential, and enhance the possibility for 
personalized patient-specific medicine. This non-invasive 
method enables detailed characterization of complex 
physiological pressure and flow fields, and the computation 
of variables not measurable in-vivo. Increasingly complex 
models of arterial vessels have deepened our knowledge 
of the relationship between anatomical and hemodynamic 
factors related to the initiation and progression of 
cardiovascular diseases. Patient-specific and multi-
scale models have enhanced prognostic capabilities and 
progressed towards customization in patient treatment. 
It is, therefore, unsurprising that computational fluid 
dynamics is increasingly applied to the study of CHD8-11.

 A computational fluid dynamic workflow can be broadly 
divided into three general steps: pre-processing (where 
the fluid domain is defined and discretized), processing 
(where the fluid problem is numerically solved), and post-
processing (where the problem solution is visualized 
and analyzed) (Figure 112 details for the MR images can 
be found in13). For hemodynamics problems, the specific 
details of each step can be performed with a varying degree 
of patient-specificity, physiological accuracy and numerical 
complexity. In the pre-processing stage, the fluid domain 
can be one- (1D), two- (2D) or three-dimensional (3D), in 
the case of simplified geometries; zero-dimensional (0D, 
lumped-parameter models), assuming the circulatory 
system analogous to electric circuits to capture peripheral 
resistance, arterial compliance, impedance, and 
inertance14; reconstructed from clinical images, in the case 
of patient-specific geometries; or coupled, for example 
combining 0D with 3D flow analysis or with a solid domain 
for fluid-structure interaction. Although simplified, 
lower-order models can provide information about the 
general characteristics of the flow, including velocity and 

pressure, while also facilitate the investigation of various 
morphological parameters and boundary conditions7.

During the discretization process in body-conforming 
methods, the fluid domain is subdivided into a finite 
number of subdomains, depending on the numerical 
approximation scheme. The fluid problem is, in turn, 
further defined by assigning appropriate initial and 
boundary conditions (BCs) at the model boundaries 
(inlets, outlets, walls, periodic and symmetry faces etc.). 
For physiological flows, the inlet and outlet BCs can include 
quasi-steady or transient pulsatile flows, obtained from the 
literature or patient clinical measurements using Doppler 
ultrasonography and/or magnetic resonance imaging11.

Physiologically-correct time-dependent and/or time 
and space varying velocity profiles can be extracted 
and assigned at the boundaries of the models15. Unless 
modelling highly compliant vessels or the contraction 
of the heart, the interface between the vessel and lumen 
(fluid domain wall) can be assumed rigid for large vessels 
such as the aorta and pulmonary bifurcation, as the overall 
characteristics of the flow are not affected16.

In the processing stage, the continuous fluid problem 
is solved using the incompressible Navier-Stokes equations 
which govern the flow of viscous Newtonian or non-
Newtonian fluids7. The resulting fluid solution from a CFD 
analysis provides detailed information on fundamental 
quantities, such as velocity and pressure fields (including 
3D streamlines, 2D slices, 2D vector-fields etc.), from which 
other secondary flow parameters can be calculated at the 
post-processing stage, at every discrete position. The fluid 
solution can, therefore, be visualized through additional 
hemodynamic parameters, such as Wall Shear Stress 
(WSS), oscillatory shear index, relative residence time, etc., 
which are useful to identify areas where flow departs from 
a laminar, unidirectional pattern, and are commonly used 
in cardiovascular modelling.

CFD Studies on CHD Hemodynamics
Several groups have studied the hemodynamics behind 

a variety of congenital cardiovascular malformations9,17,18. 
Computational models of bicuspid aortic valve, which 
accounts for greater morbidity and mortality than all other 

Computational solutionCT or MRI stack Contours extraction Implicit surface Computational mesh

Figure 1. Subject-specific computational fluid dynamic workflow for the aortic arch12.
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congenital heart diseases combined, revealed turbulent jet 
flow through the valve and high shear stress on the aortic 
wall19,20. In a computational analysis of a BAV patient, 
conducted by the authors, highly disturbed flow was 
found in the ascending aorta, and elevated, heterogeneous 
wall shear stress patterns at the inner and outer walls of 
the descending aorta18. Flow characteristics such as the 
Reynolds number (Re), branch flow division and reverse 
flow, affect the wall shear stress patterns in the descending 
thoracic aorta, where increasing Re results in lower wall 
shear stress at the lateral sides of branch ostia21,22. The 
impaired hemodynamics in CHD patients can lead to 
secondary pathologies, including aortic stenosis, dilatation, 
and aneurysms. In CHD patients with coarctation of the 
aorta, computational studies have revealed significantly 
altered flow dynamics, with a pressure-drop across the 
coarctation site, and a stenotic velocity jet resulting in 
elevated wall shear stress downstream23,24. We reported 
similar findings in a CoA patient18.

Several authors have successfully reported the use of 
MRI-based CFD as an alternative to invasive diagnostic 
catheterization in coarctation of the aorta25,26. In 2015, 
Cosentino et al.27 published a case study on the use of 
patient-specific modelling to optimise the intervention in 
an individual with complex re-coarctation of the aorta and 
Capelli et al.9 utilized CFD simulations to optimise the sizing 
and positioning of CoA stenting. Szopos et al. 28 suggested 
increased surveillance of “gothic” arch patients with 
coarctation repair after evaluating fluid-wall interactions 
using CFD. 

Computational investigations of endovascular 
coarctation stent repair found negligible increases in 
cardiac work when compared to open surgical repair, and a 
greater percentage of low TAWSS along the anterior wall of 
the descending aorta29. 

Computational methods have been utilized in various 
studies in order to understand the hemodynamic 
environment in the pulmonary bifurcation of healthy 
and diseased populations. The pulmonary junction is 
found hemodynamically efficient in healthy subjects30, 
with a 10% decrease in energy efficiency under exercise 
conditions31. In patients with TOF, decreasing the angle of 
the left pulmonary artery results in an increase of energy 
loss32. Flow recirculation occurs in the left pulmonary 
artery (LPA) branch in both healthy and TOF patients7,30,32, 
which is also the branch where regurgitation appears 
first in the repaired TOF population33. Branch stenosis, 
commonly observed in the LPA branch of TOF patients, 
can also alter the flow environment by displacing the point 
where flow impinges, a critical location in the wall shear 
stress distribution and differential branch pressure7,32,34, 
while also promoting an asymmetrical flow split in the two 
branches35. In addition, vortices appear in stenotic regions 

of the pulmonary branches, compared to the helical flow 
which is visible in non-stenotic branches35. Comparison of 
wall shear stress patterns between healthy and diseased 
populations has revealed that WSS is significantly lower 
in the proximal pulmonary arterial branches, in the case of 
pulmonary hypertension31.

Clinical Relevance and Future Direction
Computational fluid dynamics  has increasingly driven  

in recent years  clinical decision-making, surgical planning, 
and the evaluation of innovative surgical techniques by 
improving our understanding of congenital heart disease 
hemodynamics. Considering the excess of morbidity and 
mortality associated with CHD, and the impact of early 
detection and appropriate treatment in survival rates, 
CFD could be routinely used in the clinical management 
of these patients. Shear stress parameters have been linked 
to atherosclerosis and aneurysms, and therefore many 
studies have tried to evaluate the correlation between 
hemodynamic parameters and disease development. 
Endothelial cells line the vessel wall and remodel in 
response to variations in wall shear stress. Specifically, 
decreased and increased levels of WSS result in an increase 
in the production of endothelin-1 (ET-1) and nitric oxide 
(NO), respectively11. ET-1 is a potent vasoconstrictor and 
NO is a potent vasodilator, which they in turn regulate the 
proliferation of smooth muscle cells and collagen synthesis11. 
In addition, mixing of flow, which is found in curved 
and tortuous arteries, creates a beneficial environment 
correlated with the prevention of thrombus formation36. In 
the recent publication by the authors, the measurement of 
the mean pressure ratios in the pulmonary bifurcation, and 
flow splits between the left and right pulmonary branches, 
are hemodynamic markers proposed for the assessment 
of left pulmonary stenosis, right ventricular dysfunction 
and pulmonary valve replacement7. CFD tools can also 
be utilized for the design of medical devices, including 
mechanical heart valves, stents and grafts.

Placement of such devices alters the hemodynamic 
environment, and it is of immense importance to 
understand such changes and ensure the durability 
and proper function of them when surgically placed in 
patients11. A surgical planning tool named Advanced 
Surgical Planning Interactive Research Environment 
(ASPIRE) was developed in 1998 in order to help clinicians 
assess different surgical plans37, and similar techniques 
have since applied this methodology in order to evaluate 
various surgical procedures38,39. Similarly, HeartFlow 
(HeartFlow Inc., CA)40, a diagnostic tool which utilizes 
CFD to provide cardiologists with a hemodynamic model 
of the coronary arteries, facilitates customized treatment 
planning.

Looking towards the future, CFD modelling applied to 
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the study of congenital heart disease should have patient 
outcomes at the forefront. In order to translate these 
methods into the clinical practice, evidence of CFD-driven 
treatment and patient outcomes across a variety of ages, 
gender, and cardiovascular conditions are essential. If 
these methods are to be used alongside traditional Doppler 
echocardiography and magnetic resonance imaging, effort 
should also be directed towards making these methods 
cost- and time-efficient as well as user-friendly.
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