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Abnormal developments of the cardiovascular system are common congenital malformations. Computational fluid dy-
namics and mathematical modeling can be used to perform quantitative predictive assessments of hemodynamic properties in
varied conditions.

This article addresses the development of a coupled 0D-3D model of blood flow in newborns to predict risks of complica-
tions after surgery. The 0D-model of systemic circulations is created by using the analogy between the blood flow in vessels and
the flow of current through an electric circuit. A shunted section of the aorta and pulmonary artery is replaced with a 3D-model
with two-way fluid-solid interaction (FSI). A section in a vessel with the aortic valve is examined in a separate 3D-model. Three-
dimensional geometry is based on real CT-scans of a patient. The algorithm for coupling models of different levels relies on
meeting the condition that pressures and volumetric blood flows are equal at the interaction boundary.

We have developed an algorithm for identifying personal parameters from the results obtained by solving an optimiza-
tion problem. Computational experiments with different individual geometry of the aorta and aortic valve made it possible to
analyze blood flow velocities, near-wall stresses, flows, and valve deformations. Observable near-wall stresses can be con-
sidered risk factors that could cause calcification on valve leaflets and other valve diseases.

Computational solutions in the “aorta — shunt — pulmonary artery” 3D-system allowed obtaining spatial distributions
of velocities, pressures, near-wall stresses and other parameters that are significant in respect to probable pathology devel-
opment. The developed approaches are primarily relevant for decision-making in surgical practice to predict risks of post-
operative complications. In future, our plans are to develop the model so that it covers also saturation and oxygen exchange.
This is necessary for assessing whether oxygen supply to the lungs is adequate.

Keywords: 0D-3D model of blood flow, coupling algorithm, identification of parameters, patient-oriented, aorta, heart
valve, newborn, shunt, risk of postoperative complications.

breakthrough in surgical treatment of cya-
notic heart diseases such as Tetralogy of Fal-

Obstructive lesions of the right ventricu-
lar outflow tract, both isolated and combined

with other congenital heart diseases, account
for 25-30 % of all congenital malformations
of the heart [1]. When an inter-system shunt
was first introduced (in particular, a modified
Blalock — Taussig shunt), it became a real

lot, pulmonary atresia and some others [2, 3].
It is noteworthy that the modified Blalock —
Taussig shunt remains a risky procedure that
may result in extreme volume loads and acute
thrombosis [4, 5]. To select an optimal shunt
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size is a vital task that hasn’t been solved so
far [6, 7].

Aortic valve disease is a most widely
spread cardiovascular pathology. Valve disor-
ders can be congenital when a valve with two
leaflets is formed; or they can develop later
when the valve leaflets become calcified [8,
9]. Valve disease is usually diagnosed by a
physician who examines electrocardiography
images of a specific patient and this estimation
is rather subjective [10]. Exact methods are
needed in this area since they allow quantita-
tive assessments of functions performed by the
aortic valve. Computer modeling makes it pos-
sible to simulate the aortic valve motion with
precision and to obtain relevant data that are
necessary for qualitative and quantitative as-
sessment of the valve functioning [11].

Combined use of computational hydrody-
namics and mathematical modeling has several
advantages. First, we can predict blood flow
properties under varied scenarios of surgery.
Second, modeling results allow identifying
critical health parameters of a specific patient
that can be used as an indication to consider
whether a surgery is advisable or not. Besides,
biomechanical modeling can predict certain
fundamental regularities that are typical for
pathological processes.

At present, there is common understand-
ing that it is necessary to develop complex
multi-scale models to solve such tasks [12].
Experts have created basic principles for 0D,
1D, 3D coupling to identify blood flow proper-
ties [13, 14]. The study [15] addressed cou-
pling of 1D — 3D models with vascular walls
rigidity considered in the process. The authors
of the study [16] coupled a finite-element
model of the aorta and left ventricle and a
OD-circulation model for a patient with diag-
nosed pulmonary arterial hypertension. The
study [17] concentrated on properties of cou-
pled 3D-solid state two-ventricle heart model
and 0D-closed-loop circulation model based
on CircAdapt application. The research work
[18] presented a model that described blood
flow under aortic coarctation; the aortic arch
itself was considered as a three-dimensional
area whereas all the other vessels were de-
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scribed with 0D and 1D models. If we want to
create models that describe complex hydrody-
namics and movements of the aortic valve
leaflets, we should rely on an approach that
involves interaction between a fluid and a
solid body (fluid-solid interaction or FSI) [19,
20]. Two-dimensional (2D) FSI studies have
certain limitations due to the aortic valve being
highly turbulent. These 2D-models should be
adapted to realistic 3D-model geometry [21, 22].

A challenge that doctors often have to
face is related to the necessity to objectify a
surgery to treat the aorta coarctation and to
estimate impacts exerted on blood flow by
properties of a shunt and a place where it is
installed in order to secure proper lung devel-
opment in children with congenital heart dis-
eases. To solve this, it is advisable to create a
patient-specific blood flow model at several
scale levels. The previous stage in our research
involved developing a conceptual 0D-3D
scheme of systemic circulation in newborns
with the modified Blalock — Taussig shunt
(Figure 1); we considered the results of
0D-model in detail [23]. The 0D-model of sys-
temic circulation is created by using the anal-
ogy between the blood flow in vessels and the
flow of current through an electric circuit.
A shunted section of the aorta and pulmonary
artery is replaced with a 3D-model with two-
way fluid-solid interaction (FSI). A section in
a vessel with the aortic valve is examined in a
separate 3D-model. The present study concen-
trates on algorithms for coupling developed
models of different levels and some results of
3D-modeling that make it possible to predict
whether shunting is effective as well as risks
of complication after surgery.

In this study, we aimed to develop a cou-
pled 0D-3D model of blood flow in newborns
to predict risks of complications after surgery.

Materials and methods. The mathemati-
cal statement of the 0D task includes several
tens of differential and algebraic equations.
We applied Runge — Kutta 4™ order method to
find a numeric solution to them [23].

Geometry of the 3D-aortic valve model
was created by using real CT-scans of a patient
(Figure 2). The scans were transformed into a
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three-dimensional solid-state model with In-
Vesalius software. A computational mesh was
created with Meshmixer software package.
The fluid equations were solved by using CFD
FLUENT software package; we applied Na-
vier — Stokes equations and Continuity equa-
tions for an incompressible and homogeneous
fluid. Any impacts exerted by gravity or heat

transfer between blood and the aortic valve
were neglected in the models since their influ-
ence on the leaflet deformity was very slight.
We applied the k— model [24] to simulate tur-
bulence in the aortic valve. The aorta and
valve leaflets were modeled as hyper-elastic
and the elasticity law was set with the Ogden
1* order hyper-elastic model [24].
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Figure 1. The conceptual scheme of systemic circulation [23]

b

Figure 2. a shows CT scans of a patient’s chest; b is a solid-state model;
c is a created computational mesh
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A similar approach was used to simulate a
three-dimensional flow in the shunted section
of the aorta and pulmonary artery.

The algorithm for coupling models of dif-
ferent levels relies on meeting the condition
that pressures and volume blood flows are
equal at the interaction boundary [25]. Let us
consider stages in the iteration algorithm:
1) blood flows and pressures that were identi-
fied at the initialization stage are fed into the
3D-model for solution; 2) pressures at the inlet
and blood flows at the outlet are calculated
within the stationary task in the 3D-model;
3) values calculated at the stage 2 are again
returned into the 0D-model as boundary condi-
tions to solve the equations and determine
blood flows at the inlet to the aorta and pul-
monary artery and pressures at the outlets;
4) convergence conditions at the boundaries
are checked:

O _ p Ok :
‘Pm £ ‘ <OF,);

0)(k 0)(k-1
‘Q(i)( X )_Q(i)( X )‘ < 5Q(i)9 (1)

where P(I.)(O)“‘) is the pressure at the i-th boun-

dary at the zero moment at the k-th iteration
(k=1 for the 1% iteration);

0, ™" is the volume flow at the i-th

boundary at the zero moment at the k-th
iteration;

Ok

00, are values of convergence
criteria.

If the criteria (1) are met, we consider that
the solution has been found at the zero step and

we can move to the next time step. Otherwise, the
values Q(i)(o)(k) at the inlets and P(i)(o)(k) at the

outlets are again fed into the 3D-model, and the
algorithm is repeated starting from the stage 2.
The algorithm for identifying patient-
specific parameters is based on finding such
a solution to the optimization task that would
provide the periodicity of the solution on
blood flow and pressure at any point in the
O0D-model. We are planning to consider this
algorithm in detail in our next articles.
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Results and discussion. A time-dependent
velocity at the inlet to the aortic valve was set
as a sinusoid with the maximum flow velocity
being 0.4 m/sec at peak systole. Shear strain
velocity exceeded 50 sec”' for large arteries and
blood viscosity was almost constant due to high
shear velocity [26]. Therefore, blood was con-
sidered a Newtonian fluid with constant density
being 1050 kg/m’ and dynamic viscosity being
0.0035 Pa-sec [20].

Computational experiments made it pos-
sible to analyze several properties of flow with
different individual geometry of the aorta and
valve. Figure 3 shows the most eligible com-
putational mesh considering better conver-
gence for a case when peak values of flow
properties are observed. Such values are typi-
cal for pathological states.

Figure 4a shows how velocities are dis-
tributed in the aorta. The peak velocity
reaches 1.874 m/sec at the narrowest sec-
tions and this is by 4.68 times higher than
flow velocity at the inlet to the aorta. Tur-
bulence zones are also visible. The highest
wall shear stress value is at the valve leaf-
lets from the incoming flow (Figure 4b).
The highest value is 209.4 Pa whereas was
shear stress at the aorta wall reaches only
15 Pa. Figure 4B shows shifts against the
initial state (at the zero moment) up to its
position after computations. The Figure 4d
has sections painted red that means they are
the most susceptible to elastic deformations.
They are interleaflet triangles. The results
show shifts of the valve leaflets and aorta
walls. We can also see blood turbulences in
the area close to the semilunar cusps. These
observable wall shear stresses can be con-
sidered risk factors that can induce calcifi-
cation of the valve leaflet and other valve
diseases.

A model where the shunt was in the cen-
tral position was taken as a computational area
within the 3D “aorta — shunt — pulmonary ar-
tery” system. The solution to the task made it
possible to identify distribution of some
hemodynamic parameters that had medical
significance. These parameters were velocity
properties of blood flow, pressure on vessel

Health Risk Analysis. 2022. no. 4
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Figure 3. Visual images of computational meshes
(from left to right: aorta cross section, aorta wall, valve leaflet)
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Figure 4. Distribution of flow properties in the aorta: a is for velocities; b, wall shear stresses;
¢, shifts of the aortic valve leaflets; d, equivalent elastic deformations of the aortic valve leaflets

walls, wall shear stresses, and wall shear
stresses averaged over the cardiac cycle. The
results were obtained at a moment that corre-
sponded to the maximum value of the volume

blood flow # = 0.125 sec. The velocity distribu-
tion under using 0D-boundary conditions is
well in line with the data available in other re-
search works [25] (Figure 5a) in spite of dif-
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ferent model geometries. The maximum ve-
locities are observed in the area where the
shunt and the artery are joined and in the shunt
itself; the lowest ones are detected in the pul-
monary artery area. The maximum blood flow
values are detected in the shunt area (values
vary within 6 m/sec). As for shear stress dis-
tribution, it is noteworthy that the results are
consistent with those available in literature
[25] (Figure 5b) both qualitatively and quanti-
tatively. The maximum values are detected in
the area where the aorta branches and in the
shunt and vary within the limit of 100 Pa. The
lowest values are mostly observed in the pul-
monary artery and the ascending and descend-
ing part of the aorta. When comparing the re-
sults, we should note that there were also some

pressure

lilfr

15

c

differences detected in the modeling. The ve-
locity distribution is different from those de-
scribed in literature where the maximum ve-
locities reached only 3.6 m/sec [27]. The same
goes for distribution of shear stresses and pres-
sures averaged over the cardiac cycle. The
maximum shear stress values differ by more
than twice: 40 Pa in the articles [27, 28] and
100 Pa as in the Figure 5b. The maximum
pressure values also differ by 2 times: 13.89
kPa in the works [27, 28] and 26 kPa in our
study (Figure 5c). The maximum values of
shear stresses averaged over the cardiac cycle
differ by more than 3 times: 45 Pa in the works
[27, 28] and 150 Pa in the Figure 5d. These
differences arise solely due to different ap-
proaches to simulating blood flow, namely,

shear stress

wall shear stresses average
over the cardiac cyele

. 150

112

Figure 5. Distribution of blood properties in the 3D “aorta — shunt — pulmonary artery” system: « is velocity;
b, shear stress; ¢, pressure; d, wall shear stresses average over the cardiac cycle
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different boundary conditions. In the work
[27], some average velocity profiles are set at
the inlet and some constant pressures are set at
the outlets. In our study, these boundary condi-
tions are determined by finding a joint solution
to the OD-3D systemic circulation model.
A result obtained for a specific patient can be
interpreted as a high risk of complications de-
veloping in the middle term when the shunt is
placed in the central position.

Conclusion. We have developed a coupled
0D-3D model of blood flow in newborns to pre-
dict risks of complications after surgery. The
results obtained by 0D-modeling make it possi-
ble to predict how blood flow would be distrib-
uted in varied body parts and to estimate changes
in blood flow into the lungs after shunting.
On the other hand, three-dimensional tasking to
simulate blood flow in the aortic valve and
“aorta — shunt — pulmonary artery” system al-
lows predicting significant hemodynamic pa-
rameters with spatial distribution thereby making
it possible to visualize the most critical points.

The results obtained by patient-specific
modeling have been shown to establish con-
siderably different hemodynamic properties
when coupled models are used. This empha-

sizes the importance of using patient-
specific model parameters. The developed
approaches, first of all, can be useful for
decision-making in surgical practices to
predict risks of complications under differ-
ent variants of surgery. At present, this task
might be too difficult to solve due to huge
computational powers necessary to accom-
plish the required calculations.

In future we plane to develop an algo-
rithm for selecting optimal shunting parame-
ters such as a place where a shunt would be
located and its size by performing a relevant
numeric experiment. It is also advisable to
develop approaches that could be used to as-
sess risks of shunt thrombosis. We plan to
develop the model so that it covers saturation
and oxygen exchange. This is necessary for
assessing whether oxygen supply to the lungs
is adequate.
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