Numerical simulation of blood flows in human aorta
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1 Introduction

In recent years, congenital diseases such as hypoplastic left heart syndrome constitute an important
issue for our society. For these and other diseases related to blood flows, fluid dynamics can be useful
to elucidate the mechanisms of targeted diseases. Differences in the vessel morphology can produce
different flow characteristics, stress distributions, and ultimately different outcomes. Therefore, the
characterization of the morphologies of these vessels poses an important clinical question. In this paper,
an example from hypoplastic left heart syndrome illustrating relations between geometrical characteristics
of blood vessels and flow structures is discussed.

2 Numerical method

We adopted incompressible Navier—Stokes equations as governing equations.
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where ¢, u; (i = 1,2,3), p, p, and v respectively represent time, velocity, pressure, density, and the kine-
matic viscosity of blood. We assumed that blood can be regarded as a Newtonian fluid in large arteries.
We also assumed the blood vessel as a rigid body. We utilized finite element formulation with the
streamline-upwind /Petrov-Galerkin (SUPG) and pressure-stabilizing/Petrov-Galerkin (PSPG) methods
to solve the problem numerically.

3 A patient-specific simulation

Our target is the geometry around an anastomosis site of aortic arch and pulmonary artery after Norwood
surgery, which is one step taken during surgeries for hypoplastic left heart syndrome. Geometry of the
target is extracted from a CT-Scan with boundary conditions obtained from ultrasound measurements.

Figure 1(a) and (b) portray the boundaries in our model; I'; represents the vessel wall; I's denotes
the cross-section of the pulmonary artery which is the inflow boundary in our model; I's is the original
ascending aorta but the flow rate is very small because of the congenital disease; I'y, I's, and I' respec-
tively represent the brachiocephalic trunk, left carotid artery, and left subclavian artery; I'7 is the outflow
boundary which follows down to the abdominal aorta. The vessel wall I'; is assumed to be rigid. On



Ii(i = 2,3,4,5,6), the velocity profiles obtained from ultrasound measurements are given as Dirichlet
boundary conditions. We present zero-traction on I'7 to be a free outflow boundary.

u;=0 on Iy x(0,7),(i=1,2,3),
wi=v! on T;x(0,T),(i=1,23)(j=234,5,6), (2)
0i=0 on I'7x(0,T),(i=123),
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where v] are ultrasound measurement data shown in Fig. 2.
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Figure 1: Target region configuration.
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Figure 2: Velocity profiles.

The anastomosis site forms a thin slit between the pulmonary artery and aortic arch. Figure 3 shows
velocity magnitudes on a cross-section where the flows through the slit are apparent. The cross-section
location is presented in Fig. 1(c). In Fig. 3, it is apparent that counterclockwise circulation is induced in
the aortic arch at the systolic phase.



(a) Early systolic phase (¢t = 0.04) (b) Peak systolic phase (¢t = 0.15) (c) Late systolic phase (t = 0.3)

Figure 3: Velocity magnitudes on a cross-section at the aortic arch.

Then, the circulation in the aortic arch is visualized more closely by drawing instantaneous streamlines
at the peak systolic phase in Fig. 4, which shows that the circulation induced by the thin slit at the
anastomosis site is distributed widely along the aortic arch and that it flows down to the descending
aorta.

Figure 4: Front and back views of instantaneous streamlines at the aortic arch

Figure 5 portrays the instantaneous streamlines and energy dissipation function defined as
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where e;; is the rate of strain tensor at the peak systolic phase.

From a clinical perspective, energy dissipation distribution is an important quantity because it imposes
a load on the heart directly. In Fig. 5(b), high energy dissipation is apparent at the anastomosis site,
which can be understood straightforwardly because the velocity is very high there. Although high energy
dissipation is also apparent in the descending aorta, it cannot be understood straightforwardly. This
dissipation apparently derives from spiral flow there, which is generated at the aortic arch immediately
after blood passes out of the thin anastomosis channel as depicted in Fig. 4. Here, a relation can be found
between geometrical characteristics and energy dissipation patterns through flow structures.



(a) Instantaneous streamlines (b) Energy dissipation distribution

Figure 5: Streamlines and energy dissipation in the aortic arch and the descending aorta.

4 Conclusions

We presented an example of a computational approach to elucidate the relation between geometrical
characteristics and flow structures in hypoplastic left heart syndrome. For broader difficulties of clinical
medicine, such as clinically meaningful classification of disease states and decision-making support for
treatment strategies, pose several mathematical issues. Through close collaboration between mathemat-
ical science and clinical medicine, these analyses can be expected to yield greater understanding leading
to better risk assessment.
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