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ORIGINAL ARTICLE

Christoph L. Bara, MD - Janko F. Verhey, PhD

Simulation of the fluid dynamics in artificial aortic roots: comparison of two

different types of prostheses

Abstract As a consequence of the growing number of
elderly people, the incidence of degenerative aortic diseases
continues to increase. Often, artificial aortic roots are
needed to replace the native tissue. Some physical charac-
teristics of the artificial aortic root, however, are quite dif-
ferent from native aorta and need to be optimized. The
supposed benefit of a prosthesis with artificial sinuses of
Valsalva could first be checked by numerical calculations.
Two simplified base geometries were used for simulating
the flow and pressure distributions, especially in the coro-
nary arteries. One model approximates the ascending aorta
as a tube, and the other uses a design with toroidal dilation
of the aortic root to approximate the native geometry of the
sinuses of Valsalva. The flow and pressure distributions in
both models were compared in the ascending aorta as well
as in the right and the left coronary arteries. Both the pres-
sure and the velocity distribution in the coronary artery
region were not significantly higher in the model with the
sinus design compared to the tube model. The sinus design
only slightly increased the mean pressures and the velocities
in both the ascending aorta and in the coronary arteries.
Higher pressure in the coronary arteries should improve the
blood circulation and decrease the risk of a surgery-related
coronary incident. The sinus design did not show the hoped-
for benefits, and therefore it is only a minor factor in opti-
mizing future aortic root prostheses.
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Introduction

Aortic surgery has rapidly developed in recent years."” The
growing number of elderly patients and the increasing inci-
dence of degenerative aortic disease has stimulated the
search for a gold standard treatment. New techniques for
root replacement, e.g., the valve-sparing option described
by David and Feindel’ and the remodeling technique first
described by Yacoub et al.,” are gaining wide attention and
increasing acceptance. Both of these techniques require,
however, a structurally intact aortic valve that must be suit-
able for reconstruction. Therefore, beside valve reconstruc-
tion, the standard composite root replacement using a
Dacron tube with a mechanical valve still has a place in
treatment of patients with aortic aneurysm.*’ In this type of
surgery, the aortic root is replaced and the coronary arteries
are reimplanted into the artificial tube. Some physical char-
acteristics of the tube, however, are quite different to that
of the native aorta. One of the most important differences
is the lack of elasticity of the wall and, most obviously, the
replacement aorta has a constant diameter over its whole
length. In contrast, native aorta is normally bulbous at its
root, i.e., until 4-5 cm above the valve it is pear-shaped and
thus wider than the rest of the aorta. In addition, the wall
is characterized by its great flexibility and distensibility, and
these are crucial to its normal function.*” The functional
consequence of this structure, the so called Windkessel
(compression chamber) mechanism, optimizes the blood
flow and causes a continuous aortic flow despite the pulsa-
tile nature of cardiac output.”” Therefore, one of the main
objectives in improving the characteristics of aortic prosthe-
ses is the development of a tube with some kind of a buffer
similar to the human aortic root. Since there is little data
regarding the recommended form and dimensions of the
prosthesis, it would be of great interest to examine the influ-
ence of different lengths and widths and of the degree of
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curvature of the artificial aortic root on the quality of blood
flow. On the other hand, the benefit of a prosthesis with
some kind of artificial sinuses of Valsalva is still not clearly
documented, especially for the coronary arteries." The aim
of this study was to compare the flow characteristics of two
aortic root models in an experimental computer simulation
and to discover if the sinus design might be superior in
terms of coronary flow.

Computational fluid dynamics (CFD) as a computational
technology provides detailed performance assessment for a
design and helps to reduce the need for costly experimenta-
tion. CFD enables sophisticated analysis to predict fluid
flow behavior as well as heat transfer, mass transfer (e.g.,
perspiration, dissolution), phase change (e.g., freezing,
boiling), chemical reaction (e.g., combustion), mechanical
movement (e.g., impeller turning), and stress or deforma-
tion of a related structure. CFD allows the user to build a
computational model that represents a system or device
(e.g., the aortic root); then fluid flow physics' is applied to
the device, and the software outputs a prediction of the fluid
dynamics.

The use of CFD analysis even streamlines attempts to
design and manufacture total artificial hearts (TAHs)."”'"* In
this undertaking, the cardiovascular simulation is a coupled
problem."” Not only is blood an inhomogeneous, anisotro-
pic, non-Newtonian fluid, but also the boundaries of the
flow, (the arteries, veins, and heart) are not rigid, and in
many instances, these factors can have a pronounced effect
on the flow. As a consequence, CFD analysis is basically
used to provide an efficient method of carrying out sensitiv-
ity studies on key design parameters for selected parts of
the heart. In the past, native as well as artificial geometries

Fig. 1. Prosthesis model

of ventricles,'*"® valves and leaflets,””* and vessels* were

investigated and modeled. A good recent overview is given
by Yoganathan et al.”’

Such analyses can identify which parameters are the
most significant for device design. Flow modeling provides
engineers with the ability to accurately determine the per-
formance of design concepts, reducing the need for physical
testing and the building of prototypes. In this article we
focus on the design of an aortic root prosthesis. To the
knowledge of the authors, very few studies mention the
aortic root and ascending aorta region or include them in
their models.”* > Yet in 1997, Makhijani et al.”” emphasized
that the computer model has potential for being a powerful
design tool for bioprosthetic aortic valves. This is an open
challenge. None of the above-mentioned reports deals with
the development of new and optimized designs of aortic
root prostheses.

Methods

The simplified base geometry of the two prostheses
described in this article was generated from real anatomical
geometries similar to the models used in clinical practice.
The parameters of the two base models are described in
Fig. 1. One of the base models was created without a sinus
design (model M1) and the other model has a sinus design
(model M2). All the values were set according to average
anatomical findings and could be modified in the model. On
the assumption that the influence of a given aortic valve is
essentially the same in both types of prostheses, i.e., with or
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without the sinus design, we did not additionally calculate
the flow across the valve.

Both models have in common the diameters of the inlet
(the aortic valve) and the outlets (the ascending aorta and
the left and the right coronary arteries). A diameter of
25 mm was set at the base of the aortic valve. The diameter
of the left main coronary artery was set at 4 mm and that
of the right coronary artery at 3 mm. The ascending part of
the aorta had a diameter of 25 mm. The coronary arteries
were placed at a distance of 15 mm above the aortic valve.
In the model, the left main coronary artery is straight, has
a length of 10 mm, and a coronary angle vy of 90°. The right
coronary artery has a curvature of 90°, and at a length of
3 mm, the coronary angle o was set at 110°. The angle
between the two coronary arteries was set at 120° (Fig. 1,
lower part).

For model M2, the sinus design was approximated by a
toroidal shape with an outer diameter of 35 mm and a
height in the longitudinal y-axis of 10 mm (Fig. 1 and Fig.
2). In order to have comparable models, the overall lengths
of the two models were the same. No geometrical parame-
ter was modified in this study.

The model idealizes the fluid dynamics by assuming
a laminar flow for the velocity profile. The parameters,

especially the volume flow [, follow the law of
Hagen—Poiseuille:
4
T orticValve
v = SR 1)
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The blood viscosity m used in the modeling was n =
3.5-107 Pa-s, 1 and r are the length and radius of the duct,
Ap is the pressure drop, m is the mathematical constant
(approximately 3.1416). The parameter sets for both geom-
etry and fluid dynamics idealize the real anatomy and physi-
ology. In particular, this means:

The walls of the models are rigid.

Blood is treated as a noncompressible fluid. As a result

the continuous mass flow equation can be applied.

— Capillarity is neglected.

— Blood pressure is assumed to be homogeneous, as it
would occur in a person lying down at normal atmo-
spheric pressure.

— The density of blood is assumed to be constant at
1060 kg/m’.

— In reality, the viscosity of blood depends on many factors
such as temperature, velocity, and hemocomposition. In
this model, blood was assumed to be an ideal Newtonian
fluid so the viscosity does not depend on temperature and
volume flow. The radial component of the law of Hagen—
Poiseuille was therefore neglected.

— The flow distribution at the inlet of the aortic valve region
was idealized to a laminar flow. Turbulent components
were calculated inside the model.

— Effects on the volume flow caused by the aortic valve

(e.g., jet-type flow) were neglected.

The volume flow rates were set according to the values in
Table 1. An average continuous value (83.33 ml/s) corre-
sponding to physiological findings for a blood volume flow
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of 51/min was assumed for the inlet at the aortic valve.
During the heart cycle, the pressure in the ascending aorta
physiologically varies in the range from around 75 mmHg
(99.99 hPa) to around 130 mmHg (173.32 hPa). For our cal-
culations, we assumed an average pressure of 100 mmHg
(133.32 hPa).

The base geometries for both models were generated
with the standard finite element program ABAQUS 6.5.1
(SIMULIA previously ABAQUS Inc., Providence, USA)
running on a Sun-Server Sun E10000. They are shown in
Fig. 2. The fluid dynamic calculations were carried out with
Fluent Flow Wizard 1.0.8 (ANSYS Inc., Lebanon, USA)
running on a Windows XP Professional-based standard
workstation (CPU 1.4 MHz, 500 MB RAM).

Results

The simulation results for pressure and velocity distribution
are shown in Figs. 3 and 4. Longitudinal profiles are pre-
sented in Fig. 3 and cross-sectional profiles are shown in
Fig. 4. Detailed quantified results for the pressure are given
in the Table 2, and Table 3 gives the results for the veloci-
ties. All tables give results for the boundaries — the inlet and
the outlets — for both models to allow comparison.

In all images of Fig. 3, the assumed idealized laminar
flow at the aortic valve region is visible as a homogeneous

Fig. 2. Modeled aortic ducts show the geometry of the straight tube
(a) and the geometry with a sinus design (b) from two different points
of view

Table 1. Boundary conditions for the volume flow rate

Boundary Type Volume flow rate (ml/s)
Aortic valve (inlet) Inlet 83.33
Right coronary artery Outlet 1.61
Left coronary artery Outlet 2.55
Ascending aorta (outlet) Outlet 79.17
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Fig. 3. Longitudinal profiles of
pressure (a,c) and velocity (b,d).
The upper parts illustrate the
flow for model M1 and the
lower parts show the
corresponding profiles for model
M2. Turbulent components are
observed, especially regarding
the color code transition from
green to orange (b,d)

Fig. 4. Cross-sectional velocity distributions for model M1 (a-c) and model M2 (d—f). b and e show the pressure distribution in the coronary
arteries. Cross sections a and d are located above the coronary arteries and ¢ and f are located below the coronary arteries
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Table 2. Detailed pressures for both models
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Location M1 pressure (hPa) M2 pressure (hPa)
Min Max Average Min Max Average
Aortic valve (inlet) 100.02 173.36 133.36 99.99 173.35 133.34
Right coronary artery 99.59 173.02 132.98 99.69 173.10 133.06
Left coronary artery 99.77 173.14 133.12 99.90 173.23 133.23
Ascending aorta (outlet) 99.93 173.28 133.27 99.90 173.24 133.24
Table 3. Flow velocities . .
Discussion
Location Mean velocity (m/s)
M1 M2 A (M1-M2) The physiologic function of the aorta is influenced by its
- alve (il pear-shaped root (due to the presence of the sinuses of
gprnc valve (inlet) 0.174 0.171 0.003 Valsalva) as well as by the distensibility and elasticity of
ight coronary artery 0.121 0.142 —-0.021 .
Left coronary artery 0.108 0.113 ~0.005 the wall. All of these factors contribute to the so-called
Ascending aorta (outlet) 0.167 0.167 0.000 Windkessel effect, which results in nearly continuous blood

color distribution. Turbulent components are observed
above the coronary artery region for both models (Figs.
3b,d). At the center of the aortic duct the velocity is signifi-
cantly higher than at the borders of the tube. The region
surrounding the coronary arteries is of special interest. In
this region, the pressure and velocity distributions differ
between model M1 and M2. The decrease in pressure in
model M1 is continuous and depends on the length of the
tube. The distortion of the pressure distribution caused by
the coronary arteries seems to be negligible (Fig. 3a). A
similar effect is noted in the velocity distribution of model
M1; generally, the turbulence increases in the flow direction
but the overall velocity distribution profile does not change
very much (Fig. 3b). The absolute values of pressure
and velocity in the coronary artery region do not differ
significantly between model M1 and M2. (Fig. 4, Tables 2
and 3).

In the region above the coronary arteries, the relative
pressure distribution is different in the two models. Whereas
the pressure in model M1 continuously decreases along the
length of the tube (Fig. 3a), Fig. 3c (model M2) clearly
shows a discontinuous change at the end of the pseudo-
sinus region. The pressure above the pseudo-sinus region is
generally lower in model M2 than in model M1.The average
pressure at the outlet of the ascending aorta in model M1
is 4.7 Pa (Table 2) lower than the assumed overall average
blood pressure of 133.32 hPa (= 100 mmHg). This differ-
ence is smaller than in model M2, where the pressure dif-
ference is 8.5 Pa (Table 2).

The velocity distributions (Figs. 3b,d) show that in the
coronary artery region the velocity is lower in model M2
than in model M1. Figure 4 shows the cross-sectional veloc-
ity distribution at three different levels: above, at, and below
the level of the coronary arteries. In model M1 the velocity
at the center of the model in the coronary artery cross
section (Fig. 4b) is about 0.19 m/s. The velocity at the same
region in Fig. 4e for model M2 is unexpectedly lower at
about 0.14 m/s.

flow despite the pulsatile nature of the cardiac output. The
contribution to this effect made by the sinuses of Valsalva
is not known; their absence in aortic root prostheses makes
the blood flow less favorable. The aim of this study was to
evaluate the possible improvement in the flow resulting
from a new aortic root prosthesis with a pseudo-sinus
feature.

In order to minimize the risk of coronary incidents, any
surgical intervention should lead to an optimized pressure
and velocity distribution in the coronary arteries. The higher
the pressure and the velocity in the critical coronary artery
regions, the lower would be the risk of significant coronary
insufficiency. The results of the simulations show only a
slightly increased pressure and no increase in velocity for
the sinus design of model M2 compared to the standard
duct. Our calculations show that the supposed benefit is
marginally observed, but it is not as large an effect as was
anticipated. To the authors’ knowledge, there is only a
single previous investigation of the coronary flow after
aortic root replacement, that performed by De Paulis et al."
They examined patients with both a standard cylindrical
Dacron conduit and with the sinus conduit 1 year after
surgery. No influence of the pseudo-sinuses of Valsalva was
found on the coronary flow. This corresponds to our find-
ings. They did, however, find a greater diastolic component
of the flow in the group of patients with the sinus-design
conduit and suggested that the coronary flow pattern may
be affected by the presence of the sinuses. Our simulations,
inspired among others by these findings, could not corrobo-
rate these suggestions and thus provide a theoretical confir-
mation. The results, however, must be examined in light of
further clinical investigations considering different prosthe-
sis designs.

The model geometries we used for the fluid dynamics
simulations idealize and simplify radically the real anatomy
and physiology. In real geometries, the walls of the models
are not rigid, the blood pressure is not homogeneous, and
the flow is turbulent. For this study, simplifying assumptions
were made because the effect should be similar on both
models and should thus allow valid results to be obtained.
Therefore, we neglected these effects in this first simulation
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and made the assumptions described in detail in the Methods
section.

Future studies could build more complicated computa-
tional fluid dynamics models: additional geometric bound-
ary conditions could be added, physiological blood
parameters could be adopted, and the flow characteristic
could be enhanced by moving from the steady assumption
to a pulsatile flow characteristic. This should lead to even
more realistic values and allow optimization of the size of
the artificial sinuses of Valsalva.

One of these effects might consist of considering pulsa-
tile pressure distributions as well as the pressure losses
throughout the tube length. Such a pressure loss is a logical
consequence of the law of Hagen—Poiseuille, but it differs
for turbulent flows as well as for modifications of the
pipe friction values due to uneven inner diameters of the
vessel.

The influence of the aortic valve on coronary flow is
probably similar in both types of root prostheses, although
it might differ depending on the type of the valve. Further
examination of this effect according to the configuration
of the aortic valve may provide additional information. In
general, however, the results should not be significantly
influenced by the above-mentioned factors. Our study pro-
vides initial experimental proof suggesting that model pros-
theses with the sinus design are comparable to models
without the sinus design.

It is of great importance to optimize the blood flow for
all vascular prostheses, but it is especially important in pros-
theses of the aortic root because of the crucial role played
in the cardiovascular system. Computational methods are
nowadays accepted as powerful tools for quantifying blood
flow in arteries as well as for disease research, medical
device design, and treatment planning. Nevertheless, some
further clinical studies are required to confirm these results
in vivo. It would be particularly helpful because the stan-
dard Dacron straight duct so far mainly used in interven-
tions where artificial aortic root prosthesis are implanted
seems to produce similar results to the model with the sinus
design. On the other hand, although prostheses with pseudo-
sinuses of Valsalva are already available, there is no evi-
dence concerning the best size and form of the prosthesis,
nor is there evidence about any benefits compared to the
straight duct prosthesis. Perhaps some other optimizable
factors might be found in the future. Furthermore, since it
is reasonable to assume that the Windkessel effect influ-
ences the function of many organs through the resulting
sustained perfusion pressure, it would be interesting to
investigate this feature as well. We intend to at least study
its affect on the cerebral circulation. It seems to be espe-
cially important because of the increasing implantation rate
of nonpulsatile assist devices.

Conclusion

The simulation of the fluid dynamics in model aortic pros-
theses shows that the sinus design for the artificial aortic

root does not significantly increase the pressures and the
velocities in the coronary arteries.
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