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Abstract

Perturbed aorta hemodynamics, as for the carotid and the coronary artery, has been identified as
potential predicting factor for cardiovascular diseases. In this study, we propose a parametric study
based on the computational fluid dynamics with the aim of providing information regarding aortic
disease. In particular, the blood flow inside a parametrized aortic arch is computed as a function of

morphological changes of baseline aorta geometry. Flow patterns, wall shear stress, time average wall



shear stress and oscillatory shear index were calculated during the cardiac cycle. The influence of
geometrical changes on the hemodynamics and on these variables was evaluated. The results sug-
gest that the distance between inflow and aortic arch and the angle between aortic arch
and descending trunk are the most influencing parameters regarding the WSS-related
indices while the effect of the inlet diameter seems limited. In particular, an increase
of the aforementioned distance produces a reduction of the spatial distribution of the
higher values of the time average wall shear stress and of the oscillatory shear index
independently on the other two parameters while an increase of the angle produce an
opposite effect. Moreover, as expected, the analysis of the wall shear stress descrip-
tors suggests that the inlet diameter influences only the flow intensity. As conclusion, the
proposed parametric study can be used to evaluate the aorta hemodynamics and could be also
applied in the future, for analyzing pathological cases and virtual situations, such as pre- and/or
post-operative cardiovascular surgical states that present enhanced changes in the aorta morphology

yet promoting important variations on the considered indexes.

Key words: Aortic hemodynamics, Wall shear stress descriptors, Finite Volume Analysis,

Parametric aorta design, Computational Fluid Dynamics.

1 Introduction

There are many evidences that correlate cardiovascular diseases with highly disturbed flow in

human aorta, predominantly in locations near the aortic arch branches, and the bend of the
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descending trunk. In the literature it is stated that these locations, due to the inherent geomet-
rical features, show oscillatory wall shear stress (WSS), which might promotes vascular diseases
(DeBakey et al., 1985; Ku et al., 1985; Chiu et al., 2009; Lantz et al., 2012; Numata et al.,
2016). The mentioned geometrical features include tapering, high curvature ratio and angled
branching. In addition, the aortic flow is caused by the ventricular contraction that generates a
very complex inflow through the aortic valve. The prediction of aortic diseases are mainly based
on symptoms or geometrical and morphological factors evidenced during specific examinations,
such as the size of the aorta (Erbel et al., 2014; Numata et al., 2016). However, other indicators
are needed for improving the diagnosis. In this context, the hemodynamic parameters, such
as blood flow velocity, blood pressure and especially WSS, play a very important role in the
pathophysiology of aortic diseases (Numata et al., 2016). It is well established that WSS-related
indexes are potential indicators for atherosclerosis risk (Caro et al., 1971; Ku et al., 1985; Malek
et al., 1999). The latter is usually obtained through the computational fluid dynamics (CFD)
that could be useful as non invasive predicting tool in the clinical practice. The CFD, especially
when coupled with image-based models, allows for a detailed description of the hemodynamics
in human vessels, providing spatial and temporal distribution of flow, pressure and WSS. In the
past years, a considerable number of works have tried to address the aortic flow, attempting
to resolve the intricated fluid structures (Liu et al., 2011) yet providing the challenging quan-
tification of flow disturbed indicators (Morbiducci et al., 2011; Gallo et al., 2012; Caballero
and Lain, 2013; Morbiducci et al., 2013), the endothelial shear stress and its related indices
(Lantz et al., 2011, 2012; Numata et al., 2016). High performance numerical models have been
proposed for solving the tridimensional flow including turbulence modelling (Lantz et al., 2011,

2012; Wendell et al., 2013; Binter et al., 2016) and experimental works that help improving the
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accuracy of computational simulations (Giilan et al., 2012; Hope et al., 2013; Kousera et al.,
2013; Giilan et al., 2017; Callaghan and Grieve, 2017; Menut et al., 2018). The influence of the
boundary conditions, that from decades is debated among the scientific community, has been
also accurately analyzed in (Kim et al., 2009; Spilker and Taylor, 2010; Morbiducci et al., 2013;
Pirola et al., 2017) among others. With the aim of providing details of the aortic blood flow and
the derived wall shear stress and related variables as a function of different aorta morphologies,
we propose a parametrized model. The latter is based on three main parameters, i.e. the aortic
inlet diameter, the aortic arch width and the angle between the aortic arch and the descending
trunk. The hemodynamic consequences of the variation of these parameters are evaluated by
means of a qualitative and quantitative analysis of the blood flow structures and the WSS-
related variables such as the time average wall shear stress (TAWSS) and the oscillatory shear
index (OSI) along the aorta model. The advantage of the proposed parametric study is
that it could be used for studying the aorta hemodynamics in variable conditions
such as pathological and/or virtual situations. As an example it could be useful for the
prediction of pre- and/or post-operative cardiovascular surgical states that present enhanced

morphological variations on the hemodynamics indexes.

2 Materials and methods

2.1 Parametric aorta model

The idealized parametric model of human aorta was built to carry out a comprehensive CFD

parametric study for investigating the influence of the essential geometrical factors related to
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aorta hemodynamics. The main geometry created using mean dimensions was parametrized
through the commercial software SolidWorks (Dessault Systemes, Vélizy-Villacoublay, France).
The latter was linked with the commercial package Ansys Workbench (Ansys Inc., Canonsburg,
PE, USA ). In this framework, the computational grids (with Ansys IcemCFD), the numerical
models (with Ansys CFX), the simulations (with Ansys CFX) and the post-processing of the
results (with Ansys CFD Post) were carried out. The used commercial software can be
linked using the utilities options of Ansys and the add-in tool of SolidWorks. In
this way, a variation of a single parameter on the geometry of a specific model is
immediately updated on the numerical model. Finally, the latter need only to be
computed and post processed. This process has been followed for all the 27 per-
formed computations. The main dimensions of the aorta morphology considered
in this work were obtained starting from a data set of 5 patient specific human
aortas. Subjects undergoing standard-of-care contrast enhanced computed tomog-
raphy (CT) to rule out potential coronary artery disease were considered for this
study. In particular, a total of 5 adult subjects with no radiological findings were
retrospectively included. Each set of images was treated by means of the Brilliance
Workspace Portal (Koninklijke Philips N.V., High, Eindhoven, The Netherlands).
In this software, a three dimensional model was created and exported as STL
(Stereo Lithography) file. The images are shown in the Figure 1. In SolidWorks,
the main dimensions of the patient-specific aorta geometries were measured. In the
Table 1, the main dimensions of the 5 patient specific aorta are shown. The latter
includes the inlet and outlet diameter of the aorta, as well as the diameters of

the three main branches of the aortic arch. The tridimensional parametric geome-
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try that results from the 5 patients includes the main physiological characteristics
of the aortic arch represented in the Figure 2A. The range of the considered pa-
rameters was selected considering the geometrical features and variations of these
medical images. However, even 5 subjects is a small population, the values as-
signed to the parameters are in physiological range respect to other literature data
(Morbiducci et al., 2011; Frydrychowicz et al., 2012; Gallo et al., 2012; Nordmeyer
et al., 2013). The aortic arch geometry incorporates their three main branches, that is, the
brachiocephalic trunk or anonymous artery, the carotid artery and the subclavian artery. For
sake of simplicity, the aortic bulb was neglected (Morbiducci et al., 2011; Gallo et al., 2012;
Morbiducci et al., 2013). For this reason, in all the CT-based geometries, the inlet
diameter was not measured at the aortic valve plane but upstream right after the
bulb. As Figure 2A shows, the study includes the variation of three geometrical parameters,
which are: The inlet diameter of the aorta (®), whose considered values were 18 mm, 22 mm
and 26 mm, the angulation of the aortic arch («), whose studied values were 10°, 20° and
30°, and the width of the arch of the aorta, which is measured as the linear distance from the
aorta inlet to the end of the curvature (d) and whose analyzed values were 72 mm, 75 mm and
78 mm. The other dimensions to create the baseline geometry were the diameter
and the length of the three upper branches of 6 mm and 12 mm, respectively, the
aorta outlet diameter (20 mm) and the total height of the aorta (176 mm). Therefore,
three geometrical parameters and three values for each were considered and combined for a

total of 27 computational models as summarized in the Table 2 and in the Figure 3.
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2.2  Numerical discretization

The computational meshes were created using the commercial software Ansys Icem-
CFD v. 16.0 (ANSYS Inc. Canonsburg, Pennsylvania, USA). The used tetrahedral
grid was composed by over 2-10° tetrahedral cells. The latter includes a 5-prism
layer for capturing the turbulent boundary layer at the aortic walls. Additionally,
considering the k£ —w-SST turbulent model used for the computation, a dimension-
less wall distance less than 1 was used (y* < 1).

Prior to the computations, a mesh independence study was carried out. Coarser
and finer meshes of about 0.5 x 10%, 1 x 105, 2 x 10%, 4 x 10° and 8 x 10° elements
respectively were tested and the selected grid provided an error on the velocity

profile of less than 3% with respect to finer meshes. On the contrary, the error of the

Table 1
Dimensions (in [mm]) of the diameters of the main branches of the five patient-specific aorta geometries
used as basis for the parameters of the computed models.

Aorta inlet | Aorta outlet | Anonima outlet | Carotid outlet | Subclavian outlet
Patient #1 | 21.521 16.4 13.9 7.758 6.2945
Patient #2 | 24.835 23.54 8.577 8.8025 6.7935
Patient #3 | 22.233 22.39 11.675 10.9885 6.3565
Patient #4 | 25.208 16.85 11.4625 7.3645 6.884
Patient #5 | 19.038 14.06 9.993 2.7865 6.272

Table 2
Parameters and corresponding values of the parametric model.

Parameter

o] | 10|20 |30

®[mm] | 18 | 22 | 26

dmm] | 72|75 |78
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computed WSS values within different meshed was less than 5%. The independence
study shows different errors depending on the variable. According to Prakash et al.
(Prakash and Ethier, 2001), achieving mesh independence in computed WSS fields
requires an extremely large number of nodes. The grid chosen for the computation
guarantees from one side adequate convergence of the velocity and WSS and, in
the other side, reasonable computational costs taking into consideration the lim-
itations on the software capability as well as its degree of accuracy (Prakash and
Ethier, 2001).

Different element sizes were used for the spatial discretization, according to the
complexity of the different areas of the model, as depicted in the Figure 2B. A gen-
eral element size of 5 x 107* mm was used for meshing the computational volume.
However, the anonymous, carotid and subclavian arteries and their intersection
with the aorta as well as the inlet and outlet of the aorta were meshed with a size

of 2 x 10~* mm.

2.8  Material properties

Kg

—~4) and non-

The blood flow was modeled as turbulent, incompressible (density, p = 1050
Newtonian, using the Carreau constitutive law. The Carreau model assumes that the viscosity

of blood, p, varies according to the following equation:

1= pioo + (fo — fioo) - (1 + AA7)™ (1)
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where 1o and pio, are low and high shear rate asymptotic values, while the parameters A, and
m control the transition region size. The Carreau blood model predicts decreasing viscosity at
high strain. For this study we used the experimental values provided in (Valencia and Baeza,

2009): po = 0.056 2%, poe = 0.00345 2 A, = 10.975 and m, = —0.3216.

2.4  Hemodynamics indexes

We evaluated the following wall shear stress (WSS)-related variables: time average wall shear
stress (TAWSS) and the oscillatory index (OSI). These variables were computed starting from
the instantaneous WSS vector 7, and saved at each time instant of the cardiac cycle T'. The
TAWSS for pulsatile flow, represents the spatial distribution of the tangential, frictional stress
caused by the action of blood flow on the vessel wall temporally averaged on the entire cardiac

cycle:

A L s
T WSS_T/O 7 |dt 2)

The OSI is a non-dimensional parameter that measures the directional change of WSS during
the cardiac cycle (He and Ku, 1996) and it is adopted for describing the disturbance of a flow

field:

0SI =05 (1 - W) (3)

Jo 17ldt
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2.5 Boundary conditions

The computational model was considered as rigid and a no slip condition was applied to the
external vessel walls. Aortic blood flow was imposed at the inlet and at the outlets
of each model. A physiological aortic low waveform, which was extracted from Kousera et
al. (Kousera et al., 2012), was applied at the inlet of each model. For the boundary conditions
of the upper outlets (anonymous, carotid and subclavian arteries) and the lower outlet (aortic
trunk outlet), the Murray’s law (Murray, 1926) was used. The blood flow entering the aorta
was systematically divided through the outlets considering that the cube of the radius (r) of a

blood vessel is equal to the sum of the cubes of the radii of its n branches (ry, 75 ... 7,),

P =r® e P

This law also states that there is a functional relationship between the radius of the vessel and
the volumetric flow that passes through it. Accordingly to this law, the same relationship is valid
for the velocity profile, the tangential tension of the wall, the Reynolds number or the pressure
gradient, among others. The Murray’s law proposes a cubic relation of the radius with
the volumetric flow (Q), that is, Q o« 3. However, further studies have proposed a
new generic interrelation, such as ) « r¢, where c is a parameter determined from
the minimum energy condition (Revellin et al., 2009). This value usually ranges
between 2 and 3 within the arterial system (Olufsen et al., 2000). In particular,
it is stated that the exponent c takes a value of 2 in the largest blood vessels as
the aorta and a value of 3 in small arteries such as arterioles and capillaries. For

this reason, in this work, the flow of the aorta outlet and the three branches was defined as

10
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dependent on the square of the radius of the blood vessel (i. e. ¢ = 2).

2.6 Numerical modelling

The numerical simulations were performed in Ansys CFX v. 16.0 (ANSYS Inc. Canonsburg,
Pennsylvania, USA). A sensitivity analysis showed that a time step size of 0.001 s was necessary
for correctly resolving the flow features. We used a convergence criteria of 107°. Both spatial
and temporal discretization schemes were second-order accurate. For dumping the effects of the
initial transient, three cardiac cycles were simulated and the results obtained from the last cycle
were evaluated. Data were saved every 0.01 s during the last cardiac cycle. For the present
analysis the aortic blood flow was considered as turbulent. In particular, the £ — w
- SST model was considered (Gallo et al., 2012; Morbiducci et al., 2013). Medium
turbulence intensity (ratio of the root-mean-square of the velocity fluctuations, ’,
to the mean flow velocity, u,,,) has been selected at the inflow boundary conditions
that correspond to 5%.

In order to dump the influence of the boundary conditions imposition, 5-diameter
long inlet, outlet and branches extensions were added to the models. Plugged veloc-
ity profiles were applied to the inlet and outlets extensions which lengths provided
fully developed flow on the computational region of interest. Finally, considering
the inlet sections (18, 22 and 26 mm) and the peak velocity flow (0.97 m/s), the

computed Reynolds number was of 5196.4, 6351.2 and 7506 respectively.

11
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3 Results

3.1 Flow patterns

Hemodynamic outcomes resulting from the computational study (Figure 4), are
visualized using streamlines, which are colored using the velocity magnitude. In
this Figure, the flow is represented as hemodynamic snapshot at peak systole. From
the Figure 4, as expected, it is visible that at the aorta entrance, the blood flow velocity is
higher for the models with ® = 18 mm, (v &= 2 m/s) independently on the values of the
angle a. Of course, an increase of the inlet diameter provokes as a consequence a reduction of
the intensity of the velocity. However, the Figure 4 shows that also the variation of the angle
a impacts the blood flow structures. An increase of this variable, independently on the inlet
diameter ®, suggests an increase of the local acceleration that appears at the inferior wall of
the aortic arch. Furthermore, the angle of the aortic arch causes a slight reduction of the blood
flow intensity (v &~ 0.5 m/s) on the superior descending aorta that is basically visible in all
the presented models and seems to be not dependent on any model variations. Also, the arch
curvature promotes a secondary flow that can be found in all the computed models and it is
independent on the parametric variations.

As widely known, the WSS depends on the velocity and on the aortic geometries.
Lower regions of the WSS (& 2 Pa) are located at the beginning of the descending
trunk and at the inferior wall of the aortic arch for all models (results not shown),
independently on the parametric variations. In these locations, as found by other authors

(Liu et al., 2011; Gallo et al., 2012; Morbiducci et al., 2013), the blood flow tends in fact to

12
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recirculate. Generally speaking, the WSS tends to reduce for increasing inlet diameter ® and
arch width d. The blood flow evidences a moderated recirculation in the models with
® = 30° so that the WSS values, and, as a consequence the TAWSS, tend to increase

with respect to the models with ® = 10° and ¢ = 20°.

3.2 Time Average Wall Shear Stress and Oscillatory Shear Index

The recirculation due to the aortic arch curvature and the secondary flow that
develops in the aortic trunk promote a region in the anterior wall of the descend-
ing trunk characterized by low and oscillatory wall shear stress. This is visualized
by means of the spatial distribution of the TAWSS and the OSI in the Figures
5 and 6 respectively. The TAWSS, being an averaged variable, tends to smooth the differ-
ences of the spatial distribution that can enhance the WSS. In general, the lowest values of the
TAWSS are located at the inferior aortic arch wall and at the external side of the descending
trunk. In particular, at this location, two different regions are depicted: at the beginning and
slightly downstream. As aforementioned, these two regions are promoted by the flow recircu-
lation and by the secondary flow that originate because of the high curvature of the aortic
arch. Local recirculation have been also found at the intersection of the aortic arch with the
superior branches. Independently on the parameters a and ®, the spatial distribution
of the high TAWSS (> 20 Pa) is particularly extended at the arch for d = 72 mm.
An increase of d promotes a reduction of this distribution, as visible also in the
Figure 7 by means of histograms plotted as a function of the normalized area. A

clearer picture in this sense is given by the spatial distribution of the OSI. There
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is a marked location of the high value for this variable. This is located on the de-
scending trunk. It is visible a relative insensitivity of the OSI spatial distribution
with the inlow diameter ®. On the contrary, the parameters that most impacts in
this sense seems to be the angle a and especially the distance d, accordingly with
the findings of the distribution of TAWSS. From the performed simulations, it is
suggested that an increase of this angle causes and increase of the region affected
by high OSI at the aortic arch and a contemporary decrease of the region affected
by high OSI at the descending trunk. While the regions characterized by elevated
OSI extend, their values tend to be constant (0.45 ~ 0.5). Contrary to this, an in-
crease of d promotes a decrease of the distributions of the high OSI values. These
two findings are visible also in the Figure 8.

From both Figures 7 and 8 it seems that the change of the parameters d and «
influences the percentage of aortic area characterized by high TAWSS and OSI. On
the contrary, the diameter ® of the aorta inlet seems to influence only slightly the
distribution of TAWSS and OSI, as the main effect of an increase of this param-
eter suggests a decrease of the velocity. The TAWSS tends to slightly reduce for
increasing ¢ as it is expected.

From the histograms it is visible that the highest values of the TAWSS (= 10—50 Pa)
are located on about the 30% of the aortic surface. Lower values of (=~ 2 — 4 Pa)
also markedly affect the aorta with similar area percentages (= 40%). On the con-
trary, lower TAWSS values (0 — 2 Pa) which are considered as typical atheroprone
WSS phenotype seems to depend mainly on the diameter ¢ as the percentage of

normalized area are constant for different values of a and d. This tendency is the
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same for the interval 2 — 4 Pa but changes for higher TAWSS values (see Fig. 7).

The OSI histograms show, that high values (= 0.4 — 0.5) are concentrated on about
the 5% of the aortic surface, while a considerable percentage of the aortic walls
(~ 60% — 70%) shows values between 0 and 0.05. The latter can be found at the
inferior wall of the aortic arch and descending trunk (see Fig. 6). On the con-
trary, regions characterized by OSI equals to ~ 0.4 — 0.5 can be mainly found at
the descending trunk where the blood flow recirculate a cause of the change in

curvature.

4 Discussion

A parametric model of the human aorta was developed with the aim of studying
the effect of the aortic morphological changes on the overall hemodynamics. The
model is based on three parameters: the aortic inlet diameter ¢, the aortic arch
width d and the angle a between the aortic arch and the descending trunk. The
TAWSS and the OSI of each variation were studied for evaluating the predispo-
sition of a given morphology to promote a certain endothelial shear distribution.
This work may help finding which parameter is more affecting the extension and
the intensity of the WSS-indices. Despite the extensive study on the aorta hemody-
namics in fact, relevant thresholds and margins that play a role in the prediction of
aortic diseases are still lacking. Disturbed flow patterns were observed in healthy

subjects by other authors (Morbiducci et al., 2011; Frydrychowicz et al., 2012;
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Gallo et al., 2012; Nordmeyer et al., 2013). Respect to these works, the paramet-
ric variations, the overall dimensions considered in this study and the findings
relative to the WSS-indices are in the same range. The main locations of high
TAWSS and especially those of the OSI, (descending trunk and intersection with
the brachial, subclavian and carotid arteries) agree well with those found in the lit-
erature (Benim et al., 2011; Morbiducci et al., 2011; Gallo et al., 2012; Nordmeyer
et al., 2013). On the contrary, some discrepancies affect the computed values, as
the parametric models have more smoothed geometrical features respect to the
patient specific models used in other studies (Lantz et al., 2011; Crosetto et al.,
2011; Raymond et al., 2011).

The presented results show that the geometrical changes promote moderate vari-
ations in the hemodynamic solutions. However, important changes can be high-
lighted. An increase of the inlet diameter promotes a reduction of the WSS related
indices in all analyzed models while an increase of the angle between aortic arch
and descending aorta suggests an increase of the spatial distribution of the TAWSS
and a reduction of the spatial distribution of the OSI in the descending trunk. The
width of the aortic arch (parameter d) promotes an increase of lower values of OSI
and a reduction of its higher values. However, its amplitude impacts only slightly
the flow patterns and consequently the spatial distribution of the TAWSS and of
the OSI. Its influence can be observed correctly only considering as well the angle
between arch and descending trunk. In particular, the combined increase of both
parameters promotes the extensions of the high OSI regions in the internal surface

of the aortic arch at the beginning of the trunk.
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The WSS gives a measure of the interaction between blood and artery and corre-
lates with exchange processes such as load acting on the endothelial cells (Bruening
et al., 2018). However, the predisposition to high or low WSS-related indices and
its relationship with the aortic morphology is still debated and other indices as the
helicity has been introduced and discussed (Morbiducci et al., 2009, 2011, 2015).
However, a parametric study that intends systematically assess the role of different
geometric factors on the aorta hemodynamics has been not accomplished yet. From
this analysis, it seems that the distance d and the angle o are the most influencing
parameters regarding the WSS-related factors while the effect of the inlet diameter
® is more limited. Previous works have highlighted the role of the aortic arch as
the main factor impacting the OSI (Lantz et al., 2011; Liu et al., 2011; Numata
et al., 2016). Recent studies analyze the aortic geometry using machine learning
(Liang et al., 2011) providing a correlation between geometries and flow and pres-
sure without giving a threshold for WSS indices. Finally, the force distribution has
been studies as a function of the aortic tortuosity (Belvroy et al., 2020) with the
aim of estimate how an increase of this parameter may affect the hemodynamic
displacement forces. A previous study stated that the increase of the arch angu-
lation results in a higher displacement force in this region (Figueroa et al., 2009).
Unfortunately, no hemodynamics variables are provided for the aorta as a function
of the tortuosity and other geometrical characteristics as performed for coronaries
for instance (Xie et al., 2013; Malve et al., 2015; Liu et al., 2015; Buradi and Ma-
halingam, 2020). Nevertheless, as the coronary artery, the geometry of the aorta

varies from subject to subject so that we believe that this study may be the first
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attempt to correlate in a similar way the geometry and the hemodynamics of the
aorta.

Several limitations affect the main findings of this study. These have been made
to facilitate the study feasibility. In particular, the assumption taken for the valve
modeling i.e. the inlet boundary conditions, may impact the presented WSS indices
has demonstrated by Morbiducci and coworkers (Morbiducci et al., 2013). Also the
absence of a realistic inlet velocity profile considerably affects the main findings. In
this work, the flow is applied at the inlet and outlets as flat profile. With adequate
extensions, the flow can fully develop at the entrance of the aorta and the effect of
the outflow conditions can also be reduced. However, the aortic flow after the valve
opening is surely very complicated and not fully developed so that this assumption
impacts the blood flow and the WSS in the regions near the aortic arch but also at
the aortic trunk. In addition, even the advantage of a parametric studies is that a
large number of cases can be analyzed, general conclusions on the WSS and related

indices in aorta should be definitively confirmed on a patient-specific dataset.

5 Conclusion

In this paper, we presented a parametric study for systematically evaluating by means
of the computational fluid dynamics the flow patterns and WSS-based indices in
the human aorta. The findings of this work show that the models are capable of

investigating the role of the aorta morphology in determining the hemodynamics
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variables. The study presents 27 cases with the aim of analyzing the influence of
the aorta geometrical parameters on the hemodynamics. In particular, the inlet
diameter, the angulation and the width of the aortic arch are considered as param-
eters. The results show that the distance d and the angle « are the most influencing
parameters regarding the WSS-related indices while the effect of the inlet diame-
ter ® is limited. In particular, an increase of d produces a reduction of the higher
values of the TAWSS and OSI spatial distributions independently on the other two
parameters while an increase of the angle o produce an opposite effect. Addition-
ally, as expected, the analysis of the WSS indices suggests that the inlet diameter

influences only the flow intensity.
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Fig. 1. From patient specific data to a parametric model.
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Fig. 2. (A) Definition of the parameters of the idealized aorta geometry. (B) Details of the computa-
tional grid.
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Fig. 4. Flow patterns represented by means of velocity streamlines at peak flow.
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