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Abstract. Pulmonary regurgitation is the most common, clinically-important, complication that affects an increasing population of adult patients with congenital heart disease,
primarily with repaired tetralogy of Fallot. Without intervention, the condition can lead
to abnormal dilatation of the right ventricle, arrhythmias, heart failure, or death. Pulmonary valve replacement (PVR) is a frequent re-operation, the clinical decision for which
is currently relying on symptoms, including arrhythmias and measures of the right ventricular volume. However, there is no common consensus on the reliability of these criteria
and further studies are needed for an accurate and timely assessment for PVR treatment.
The overall objective of this work is to hemodynamically characterise the pulmonary bifurcation in adult patients with congenital heart disease, pre- and post-operatively, and
help establish novel metrics for a more accurate assessment for PVR, contributing to
better surgical planning. In this study, we present preliminary computational fluid dynamic results in simplified models of the pulmonary trunk and its branches, in order to
investigate the effect of the bifurcation angle on the flow. Physiological vessel dimensions
and boundary conditions were used, in both symmetric and asymmetric geometries, and
blood flow was simulated by solving the incompressible Navier-Stokes equations. Increase
of the branching angle altered the flow development within the bifurcation, and had evident effects on the flow separation downstream of the junction. Shear stresses on the
wall connecting the two artery branches were found, for the first time, dependent also
on the origin of each branch, having a greater effect on the left pulmonary artery. These
results demonstrate the impact of geometry on velocity, pressure, and wall shear stresses
in the pulmonary bifurcation and contribute to a better understanding of the underlying
flow mechanisms. Future studies will involve 3D reconstruction of patient-specific models
of the pulmonary bifurcation, obtained from MRI images of adult patients with repaired
tetralogy of Fallot, that need or have undergone pulmonary valve replacement.
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INTRODUCTION

Congenital Heart Disease (CHD) lesions occur during embryonic development and are
defined, according to Mitchell et al. [1], as ‘gross structural abnormalities of the heart or
intrathoracic great vessels that is actually or potentially of functional significance’ . During
the ‘50s, only 10-15% of newborns with such lesions survived until puberty [2]. However,
due to advancements in medical diagnostic modalities and the success of paediatric surgical procedures, over the last decades, most children survive to adulthood and, as a result,
a new cohort of patients exists that is no longer limited to paediatric clinical practice [3].
This increasing population of adult patients with CHD experience complex cardiovascular
abnormalities which require specialised medical attention, including frequent monitoring,
re-operations, and new surgical treatments [4].
Tetralogy of Fallot (ToF) can be considered one of the most common cyanotic types
of CHD. Patients suffering from ToF are diagnosed with four defects: a ventricular septal defect, an overriding aorta, pulmonary stenosis, and right ventricular hypertrophy
[5]. These are usually detected in infancy and surgical repair is recommended to prevent
cyanosis. Although patients with repaired defects have long survival rates and they live
unobstructed lives, they are at risk of chronic complications. Pulmonary artery kinking,
which can cause stenosis of the left pulmonary artery (LPA), and pulmonary valve regurgitation, in which blood can leak back to the right ventricle, are some of the most
frequent indications for surgical re-intervention [6, 7, 8]. Pulmonary regurgitation, a frequent consequence of the repair of the right ventricular outflow tract, can be tolerated
for long periods, especially if the leak is mild to moderate; when severe and chronic conditions arise, however, it ultimately leads to right ventricular dilatation and dysfunction.
LPA re-stenosis exacerbates right ventricular function [9], and pulmonary valve replacement (PVR) is deemed necessary in the cases of severe valve regurgitation [6, 7, 10].
Assessment of the clinical indications and the right timing for PVR is a key challenge
for clinicians. The clinical decision for surgical intervention is currently relying on symptoms, including arrhythmias, and measures of right ventricular dilatation, at e.g. 80-90
mL/m2 end-systolic and 150-160 mL/m2 end-diastolic volumes [11, 12]. However, the
reliability of these criteria is yet ambiguous and the correct timing for surgical treatment
of asymptomatic regurgitation cases remains an open question [7].
Computational fluid dynamics (CFD) can be used as a tool to help the assessment
of cardiovascular diseases, through quantification of hemodynamic parameters, such as
velocity, pressure, and wall shear stresses. Computational models can, therefore, support
clinical diagnosis, treatment, and surgical planing [13]. In that context, there is a number
of previous studies that investigate the blood flow in the pulmonary arteries of congenital
heart patients, utilising computational methods [16, 17]. The angle between the left
and right pulmonary arteries (LPA and RPA, respectively) appear to influence valve
regurgitation and the post-operative hemodynamics [8, 14, 15]. However, further analysis
is required on the geometry-dependent effects on the underlying mechanisms of flow within
the pulmonary bifurcation.
This study presents a preliminary computational investigation of the flow development

2

Maria Boumpouli, Mark Danton, Terence Gourlay and Asimina Kazakidi

in idealised two-dimensional models of the pulmonary bifurcation, using physiological
vessel dimensions and boundary conditions. Five different geometries were created with
varying angles between the main pulmonary artery (MPA) and its branches (Section 2).
Computational fluid dynamic results are presented, including velocity streamlines, velocity and pressure distribution, and wall shear stress profiles (Section 3). These results
contribute to a better understanding of the hemodynamic environment in the pulmonary
bifurcation and may help identify a flow-dependent metric that could determine the optimal timing for pulmonary valve replacement.
2
2.1

MATERIALS AND METHODS
Pulmonary arterial geometries

Five different geometries, which represent the pulmonary bifurcation, were created in
SolidWorksTM . A schematic representation of the models is presented in Figure 1. In all
models, the diameter of the main pulmonary artery (MPA), D, is assumed 26 mm [18],
while the diameters of the left and right pulmonary arteries (LPA, RPA, respectively)
are assumed equal, both at 20 mm (0.77D). These values are physiologically relevant,
observed in healthy subjects [18]. To investigate the effect of the angle between the main
pulmonary artery and its branches, on the flow, the following geometries were assumed:
(a) a symmetric Y-Junction with the angle between MPA and both branches being 120o
(similar, on average, to pulmonary bifurcations of normal subjects [14], Figure 1a),
(b) an asymmetric Y-Junction where the MPA–LPA angle is 100o and the MPA–RPA
angle is 150o (previously related to pulmonary bifurcations of CHD patients [15]).
Figure 1b presents three variations for this junction, with the following specifications,
to investigate further geometric effects:
(i) Model 1 assumes a common origin (at O) for the MPA and branch centrelines
(Figure 1b-i);
(ii) Model 2 has a common origin for the MPA and LPA, at point O, while the RPA
centreline originates at 0.1154D upstream of O (Figure 1b-ii);
(iii) Model 3 assumes displaced origins for both the LPA and RPA centrelines, by
0.1154D downstream and 0.3846D upstream of point O (Figure 1b-iii),
(c) a T-Junction where the angle between the MPA and both branches is 90o , representing
the extreme case of LPA kinking [15, 8] (Figure 1c).
In all models, the MPA length (measured as the distance from the MPA inlet to point O)
is set to 3.85D and the length of each of the LPA and RPA branches (measured from the
MPA centreline to the branch outlet) is 2.3D. A fillet of radius 0.38D was used to join
the top and side walls of the junction, in all models. Figure 1a displays additionally the
location of a reference line (RL), indicated by arrows in the symmetric Y-Junction, and
the topWall, as both are used in the analysis.
2.2

Mesh generation requirements

The computational mesh was generated using the commercial software ANSA v17.1,
BETA CAE Systems. An initial investigation was conducted to assess the influence
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Figure 1: A schematic representation of five different models assumed for the pulmonary bifurcation,
where D is the diameter of the main pulmonary artery (MPA): (a) a symmetric Y-Junction; (b) an
asymmetric Y-Junction in three variations, (b-i) model 1, (b-ii) model 2, (b-iii) model 3 (downsized by
0.6 times); and (c) a T-Junction. The arrows in (a) indicate a reference line (RL) used later in the
analysis, and the topWall boundary. LPA: Left pulmonary artery. RPA: Right pulmonary artery.

of different element types on the computational solution, for the particular geometries.
Although triangular elements are usually preferred for more complex models of the pulmonary arteries, they may induce non-orthogonality issues in OpenFOAM R . To that
end, two meshes were tested for the symmetric Y-Junction model, with roughly the same
total number of elements: (a) 4798 (Figure 2a) and (b) 4888 (Figure 2b) total number of
elements, which included primarily quadrilateral and triangular elements, respectively; in
both cases, a boundary layer of quadrilateral elements was adopted close to the walls of
the artery, in order to capture the near-wall velocities and shear stresses in the bifurcation. The effect of element type was evaluated by calculating the integral of the velocity
profile along the x-position at the reference line (Figure 1a). No difference was found between the individual integrals. The quadrilateral elements were adopted in this study to
facilitate simulations with the selected solver. The decision regarding the elements used
have been previoulsy validated by Arbia et al. (2014), where better results were obtained
when axisymmetric elements oriented along the direction of flow were used [19].
A grid independence analysis was also performed in the symmetric Y-Junction model
(Figure 2c), using quadrilateral-based meshes with various total numbers of elements
(Table 1). The velocities of the models were compared taking into account the maximum
velocity magnitude at the reference line. In the presented results, meshes with a total
number of approximately 5000 elements were used for all models, as grid independency
results were obtained for a total number of elements above 4798.
Table 1: Grip independence analysis for the symmetric Y-Junction model (Figure 2a).

Test
Total number of elements

1
148

2
367

4

3
1246

4
3090

5
4798

6
6638
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Figure 2: Computational grids of the pulmonary models with a surface mesh of (a) primarily quadrilateral elements and (b) primarily triangle elements. A boundary layer mesh is adopted near the walls of
the models. (c) Grip independence analysis test, based on the maximum velocity value obtained at the
reference point of the symmetric Y-Junction model.

2.3

Numerical approximations

The computational simulations were performed assuming steady, fully-developed laminar flow at the MPA inlet. Blood was considered incompressible, governed by the Newtonian Navier-Stokes equations:
∇ · ~u = 0
ρ

∂u
+ ρ(u · ∇)u = −∇p + µ∇2 u
∂t

(1)
(2)

where u = [ux , uy , uz ] is the velocity vector, ρ is the fluid density, p is the static pressure
and µ is the dynamic viscosity. The density and viscosity of the blood were ρ =1060
kg/m3 and µ = 4 · 10−3 Pa s, respectively [8].
Flow is characterised by the Reynolds number:
Re = U D/ν

(3)

where U is a characteristic velocity, here the mean MPA velocity, and ν the kinematic
viscosity of the fluid. In all models presented here, a parabolic velocity profile was assigned
at the inlet boundary of the MPA, with a mean velocity U of 0.1 m/s, which corresponds
to a Reynolds number of 650. The velocity was chosen by taking into account averaged
mean velocities observed in pulmonary arteries of healthy subjects [20, 21]. A zeropressure condition was assigned at the RPA and LPA boundaries, expressed relative to the
normal mean pulmonary artery pressure at rest (8-20 mm Hg). The numerical calculations
were performed using the simpleFoam solver of OpenFOAM R , for steady incompressible,
laminar flow. The walls of the models were assumed rigid and no-slip boundary condition
were assigned.
2.4

Computational analysis

To characterise the flow development in the arterial models of Figure 1, streamlines and
contours of velocity, pressure distribution, and wall shear stress profiles were extracted.
Velocity values were non-dimensionalised by dividing all values with the mean inlet value.
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Wall shear stress values were non-dimensionalised by the value at the inlet walls. Possible
boundary effects were investigated and the boundary conditions were found not to impact
the results for the assumed Reynolds number.
3

RESULTS

In this study, the effect of the angle on the heamodynamics of the pulmonary bifurcation was investigated using five different geometries (Figure 1), at Reynolds number
650. Figure 3 presents streamlines of (a) the symmetric Y-Junction (Figure 3a), (b) the
asymmetric Y-Junction, in three model variations (Figure 3b-i, 3b-ii, 3b-iii,), and (c) the
T-Junction (Figure 3c). Arrows along the streamlines indicate the direction of fluid flow
from the main pulmonary artery (MPA) to the daughter branches, the left (LPA) and
right (RPA) pulmonary arteries. Recirculation zones are observed near the walls for the
90o , 100o and 120o branching angles, in regions downstream of the reference line (RL),
which is at the entrance to the junction. An extended recirculation area was seen for the
100o branching angle of the LPA, at the asymmetric Y-Junction model 1 (Figure 3b-i),
while no recirculation zone was found for the 150o branching angle of the RPA, in the
same model. The asymmetric Y-Junction models 2 and 3 (Figure 3b-ii, 3b-iii) exhibited,
however, small recirculation zones at the origin of the RPA.
Figures 4 and 5 display contours of non-dimensional velocity and pressure distribution, respectively, for (a) the symmetric Y-Junction (Figure 4a), (b) the asymmetric
Y-Junction, in three model variations (Figure 4b-i, 4b-ii, 4b-iii,), and (c) the T-Junction
(Figure 4c) respectively; the non-dimensionalisation is based on division with the mean
velocity assigned at the inlet (MPA). Red colour indicates higher value of velocity, while
blue colour represents lower values. Higher velocities are observed along the centre of the
MPA for all models, with lower velocities occurring adjacent to the walls. The stagnation point (indicated with an arrow and the letter S in Figure 4) was identified for all
models, at the point of zero local velocity, with clear higher pressure values (Figure 5).
The stagnation point for the symmetric Y-Junction, the T-Junction, and model 3 of the
asymmetric Y-Junction was found along the MPA centreline, whereas for models 1 and
2 of the asymmetric Y-Junction the stagnation point was 0.003235 D and 0.001646 D,
respectively, towards the LPA.
Wall Shear Stress (WSS) profiles along the topWall (as noted in Figure 1) are plotted
in Figure 6, non-dimensionalised by the value at the inlet walls (equal to 0.3364 kg/m · s2 ,
or 3.364 dynes/cm2 ). The x-axis in the plots has been normalised, based on D, and the
plots were moved so that the stagnation point falls at zero position for all models, to
represent distance from the stagnation point. The results indicate a significant increase
of the WSS in the RPA for model 1 of the asymmetric Y-Junction, as compared to the
symmetric Y-Junction and the T-Junction (Figure 6a), and even higher WSS values for
models 2 and 3 (Figure 6b). In the LPA, model 1 of the asymmetric Y-Junction shows
similar WSS values to the symmetric Y-Junction, both of which exhibit higher WSS than
the T-Junction. However, WSS values in the LPA of model 3 are smaller than those in
model 1, and close to values of the T-Junction; model 2 shows intermediate values of
WSS.
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Figure 3: Velocity streamlines in (a) the symmetric Y-Junction; (b) the asymmetric Y-Junction in three
variations, (b-i) model 1, (b-ii) model 2, (b-iii) model 3; and (c) the T-Junction, for a Reynolds number
of 650. Recirculation zones are visible downstream of the bifurcation entrance at a 90o , 100o and 120o
angle. Arrows indicate the direction of fluid flow.

Figure 4: Contours of non-dimensional velocity, based on the mean inlet velocity, in (a) the symmetric
Y-Junction; (b) the asymmetric Y-Junction in three variations, (b-i) model 1, (b-ii) model 2, (b-iii) model
3; and (c) the T-Junction (Re=650). The stagnation point (S) is indicated in all models.

Figure 5: Pressure distribution in (a) the symmetric Y-Junction, (b) the asymmetric Y-Junction, and
(c) the T-Junction (Re=650). Pressure values are expressed relative to the normal mean pulmonary
artery pressure at rest (8-20 mm Hg). The stagnation point (S) is indicated in all models.
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(a)

(b)

Figure 6: Wall shear stress profiles along the the topWall. The x-axis in the plots has been normalised,
based on D, and the plots were moved so that the stagnation point falls at zero position for all models,
to represent distance from the stagnation point.

4

DISCUSSION

Congenital heart defects constitute a great challenge to the medical sector, with an
increasing number of studies focusing on the anticipated clinical outcomes and possible
treatments. Repaired tetralogy of Fallot patients often require re-operations, primarily
due to valve regurgitation, generated over the years after repair of the right ventricular
outflow trunk and pulmonary branch re-stenosis or kinking. Pulmonary valve replacement
is deemed essential for those patients, however the correct timing for re-operation is
often unclear and relies on symptoms. Many studies lately focus on characterising the
hemodynamic environment in the pulmonary artery using computational methods, either
to better understand the effect of various geometric and hemodynamic conditions, or to
visualise new surgical procedures [15, 14, 17, 19, 22, 23, 24, 25, 26, 27, 28].
In this study, we presented a preliminary investigation on the effect of the angle of the
pulmonary bifurcation through different computational models. A symmetric Y-Junction
was assumed first, with the angles between the main pulmonary artery and its branches
being 120o . This geometry represents control adults, as the angles of healthy left and
right pulmonary branches have been found approximately at 112o and 125o angle with
the MPA, respectively [14]. Subsequently, an asymmetric Y-Junction was considered,
with a 100o angle of LPA with MPA and a 150o angle of RPA with MPA, which is more
representative of patients with ToF [14]. This junction was modelled in three variations
to investigate the effect of the origin of branches. Finally, a fifth case was created, based
on a T-Junction (90o angle between MPA and both LPA, RPA), which could be seen as
an extreme case of LPA kinking [14, 8]. Streamlines, velocity and pressure distribution,
and wall shear stress profiles were compared to assess the effects of angle and geometrical
features on the flow development within the pulmonary bifurcation.
Streamlines in all models (Figure 3) demonstrated the existence of recirculation zones
in the majority of the branching angles (90o , 100o , and 120o angles), for both the LPA and
RPA, immediately downstream of the entrance to the junction; however, an increase of
the branching angle (Figures 3a, 3b-i, and 3c) does not appear to correlate with increasing
regions of recirculation zones, for the same Reynolds number, as the recirculation zone for
the 100o angle (Figure 3b-i) is more extended than for 90o and 120o . Model variations for
the 150o angle had a less clear impact on the velocity streamlines, as model 1 showed no
8
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recirculation zone in the RPA, wheres models 2 and 3 had some recirculation occurring
at the entrance, for the same bifurcation angle and Reynolds number. Previous studies
that investigated the effect of angle in the pulmonary bifurcation using angles between
90o and 150o , have found development of recirculation zones for bifurcation angles at and
below 100o [14, 8]. Zhang et al. (2016) [8] investigated the effect of the LPA branching
angle on flow within the RPA, for a much higher Reynolds number of 7000, and observed
that recirculation zones developed at the lower wall of the entrance to the RPA, when
the angle of the LPA declined to 120o . On the other hand, Chern et al. (2012), did not
observe any recirculation zones in normal subject with 112o angle of LPA and 125o of
RPA [14]. The results of the current study are in agreement with Chern et al. (2008) [15]
where recirculation was observed in the 100o angle, but not in the 150o angle (if model 1 is
assumed for the asymmetric Y-Junction), and with Tang et al. (2012) [18] were swirling
flows were observed in the proximal arteries of normal subjects. However, our results for
models 2 and 3 of the asymmetric Y-Junction differ with the above studies, demonstrating
that the development of a recirculation zone in the RPA is affected by the origin of the
branch, for the same branching angle.
The velocity distribution was compared in the different models and no abrupt changes
were observed, except for model 3 of the asymmetric Y-Junction, where smaller local velocity values were seen around the junction. As expected, higher velocities were observed
at the centre of the main pulmonary artery of the models, with the lower velocities near
the walls due to the no-slip boundary condition. Moderate velocities were identified in the
centre of the branches of the pulmonary models. A rapid drop is also apparent at the entrance to the pulmonary branches, with the local velocity becoming zero instantaneously,
at the stagnation point. These results are in agreement with velocity patterns found in
various previous studies [26, 27, 29] and with identified effects of bifurcation angle [8]. As
the flow from the main pulmonary artery, impinges upon the wall between LPA and RPA,
the stagnation point becomes an area of highest relative pressure. High values were also
found in a region around the stagnation point for all models, the extent of which varied
for each model; it was enlarged for the T-Junction and moderate for all junctions, with
slight eccentric areas for models 2 and 3 of the asymmetric Y-Junction.
Wall shear stress is one of the most important hemodynamic parameters, particularly
for its role in the function of endothelial cells in the systemic circulation and the development of atherosclerosis [30]. In this study, WSS profiles were plotted for all models
along the top wall, expressed as normalised distance from the stagnation point, to allow
comparison.
WSS along the top wall of the bifurcation increases with increasing branching angle,
for both LPA and RPA; however WSS is also dependent on the origin of each branch
(as demonstrated in Figure 6b), having a greater effect on the LPA. To the best of the
author’s knowledge, the latter has not been studied before.
Several limitations exist in this study, including primarily the assumptions of twodimensional geometries, and non-pulsatile flow, however the results offer an important
evaluation of some key geometrical effects on the flow in models of the pulmonary bifurcation. The novelty of this work is two-fold: it makes a direct comparison of various
9
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simplified models of the pulmonary bifurcation, by changing the branching angle, and
demonstrates a new effect of the branching origin on the hemodynamic conditions. Further investigation is required for the asymmetric Y-Junction.
Future work will involve further investigation of the effect of geometric and hemodynamic parameters, including higher Reynolds numbers. Stenosed pulmonary branches
will be created and the effect of Reynolds number will be tested. In addition, 3-D
patient-specific computational models, pre- and post-operative of the pulmonary valve
replacement will be reconstructed using MRI image data of adult patients with repaired
tetralogy of Fallot. The hemodynamic characterisation of these models will be crucial
for the identification of a computational metric to assess the right timing for the pulmonary valve replacement, which remains ambiguous. Such a metric can be particularly
valuable for both the clinicians and the patients, as it could help towards a more timely
decision-making and better surgical outcomes.
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