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Abstract

This paper presents an attempt to decrease the domain for the simulation of blood flow in certain types of bifurcation aneurysms.
Areduced computational costwould be beneficial for the simulation of large datasets, to have statistical data for various hemodynamical
parameters. The reduction is achieved by cutting the geometry in an objective manner, with the help of the Vascular Modelling Toolkit
(VMTK). CFD simulations were carried out on both the original and the partial geometries, using partially patient-specific boundary
conditions. The post-processing focused on the velocity field, as it is more robust than the wall shear stress-based indicators for
aneurysm formation. Using VMTK, a centerline was calculated for each case. Various morphological values can be calculated, namely
the torsion and curvature. The velocity field was broken down to velocity components using the Frenet-frames. The evaluation was
carried out on a plane before the next bifurcation downstream. The post-processing calculations were made for 2 distinct time steps,
one at the systolic and one at the diastolic instant and for a cycle average. The results showed that the method reproduces the axial

velocity component with small deviations. However, for the secondary components the difference between the partial and original

geometries was unacceptably high. Therefore, the method proved to be unsuitable.
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1 Introduction

Cardiovascular diseases are still leading causes of death
and lifelong disabilities. Cerebral aneurysms are sac-like
malformations, manifesting on the side of an artery or
more prominently at bifurcation sites. Bifurcation aneu-
rysms form at junctions of the blood vessels, on the oppo-
site side of the parent vessel. In case of rupture brain hem-
orrhage can occur leading to devastating consequences.
Both morbidity and mortality are high. However, the risk
of a rupture is relatively low [1-3]. Unfortunately, cere-
bral aneurysms do not have typical symptoms, so they are
usually discovered accidentally during unrelated medical
imaging of brain arteries.

Understanding the underlying biomechanical effects
and processes of aneurysm initiation could be beneficial
to help predict and treat aneurysms better. It is accepted
that a complex biomechanical response of the vessel wall
to changing flow conditions causes the formation of the
aneurysm. Pressure and wall shear stress (WSS) are the
mechanical stimuli which can be felt by the innermost

layer of the wall, the internal elastic lamina [4]. Thus, the
first studies into the initiation of aneurysms focused on
these metrics. There are two main theories for the forma-
tion of aneurysms, the low-flow and the high-flow theo-
ries. The low-flow theory argues that the slower veloc-
ity in the aneurysm causes the stagnation of the blood,
which is suspected to induce the inflammatory processes.
The high-flow theory suggests that high value of WSS can
cause damage in the vessel wall and induce the formation
process [5-9].

In recent years as technology progressed, medical
imaging has become increasingly widespread. Hence, the
number of discovered aneurysms increased significantly.
From medical images, it is possible to create a 3D com-
puter model of the blood vessels. A public aneurysm data-
base was created, called Aneurisk [10], where aneurysms
are categorized and often have the 3D models available as
well. The availability of models opened the research on
aneurysm formation, using computational methods. A key
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part of the computational approach is the digital recon-
struction of the vessel to a pre-aneurysm state. The grow-
ing number of discovered aneurysms mean that there are
now medical images available after the formation of the
sac. This necessitates the removal of the sac, and the resto-
ration of the blood vessels to a pre-disease state to be able
to understand the cause of aneurysm formation. Objective
mathematical methods have been developed for this task,
both for side wall [11] and bifurcation aneurysms [12].

The other key computational tool is Computational
Fluid Dynamics (CFD). Using CFD it is possible to sim-
ulate the blood flow inside the vessel, and compute var-
ious biomechanical indicators measured at the wall [13].
As wall-based methods highly depend on the exact sur-
face geometry of the wall, they carry uncertainties,
due to the subjective elements of the segmentation pro-
cess [14, 15]. On the other hand, the velocity field is more
robust, and is less sensitive to small surface features of the
wall. Our hypothesis is that secondary flow plays a signif-
icant role in the initiation of the aneurysm [16].

Important components of numerical simulations are the
boundary conditions. Selecting the wrong boundary con-
ditions can produce wrong results. When applicable, the
boundary conditions are based on measurement data. For a
long time only generalized boundary conditions were used
in this field. In recent years various partially patient-spe-
cific methods emerged, based on Murray's law [17, 18].
These approximate the flow rate, based on the cross-sec-
tional area of the vessel. One such method is implemented
in Aneutools [19], an open-source Python toolkit. It can
be used to compute boundary conditions for the inter-
nal carotid artery. However, bifurcation aneurysms often
form in the deeper parts of the brain, downstream from
the internal carotid artery (ICA). In a previous work [20]
the boundary conditions were calculated using Aneutools
from the ICA inlet. This resulted in simulation domains
starting from the ICA inlet and going into the Willis circle.
The numerical meshes for the simulations were thus large,
which resulted in a very high computational cost.

The goal of this paper is to explore a method to radi-
cally cut down on the size of the computational domain
to decrease the computational cost, while keeping the
accuracy of the simulations, focusing on the secondary
flow field.

By shrinking the simulation domain, the time and
resources required for a case decrease, thus helping the
simulation of large datasets.
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2 Methodology

2.1 Geometry generation

Seven geometries were studied in this research. Five were
chosen from the Aneurisk database (IDs starting with C).
The other two were obtained through the National Brain
Research program of Hungary (IDs starting with NAP).
The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Institutional
Review Board (or Ethics Committee). None of them had
bifurcation aneurysms in the examined section. A dif-
ference for bifurcation aneurysm compared to side wall
aneurysms is that control cases are absolutely required for
evaluating the flow at the aneurysm site. For this reason,
geometries and sections were chosen, where the examined
bifurcation did not have an aneurysm.

The geometries from the Aneursik database were avail-
able as 3D models. Those from the National Brain Research
Program were available as DICOM images. These were
segmented using 3D Slicer [21] to 3D geometries. The sur-
face of the segmented geometries was smoothed using the
Taubin smoothing [22] algorithm.

The geometries were cut in an objective manner, using
the Vascular Modelling Toolkit (VMTK) [23, 24]. The first
step of the procedure was to calculate the centerline of the
geometry in question. The centerline starts from the inlet
and reaches all the outlets of the geometry. As the cen-
terline branches at bifurcations, bifurcation regions could
be marked objectively using VMTK. Using these regions,
cutting planes were defined at given distances from the
bifurcation perpendicularly to the centerline.

Apart from the last step, the procedure described above
was carried out automatically by the VMTK package.
The distance of the cutting planes was roughly 3 diame-
ters after the bifurcation, at the nearest point on the cen-
terline. The cutting plane can be seen in Fig. 1 in green.
The cut was made in Paraview [25]. The resulting model
was then exported as an open surface mesh for the remain-
ing pre-processing. Open surface means that the inlet and
outlets were not closed by surfaces.

Both the original and the partial model were modified
further to prepare them for computational fluid dynamics
simulations. The inlet and the outlets were extended by
straight pipe sections of 8 diameter to dampen the numer-
ical effects of the boundaries. In the last step, the open
boundaries were closed and a final remeshing is carried
out to ensure proper surface triangle quality. This was
required because the straight extensions and the rest of the
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Fig. 1 The cutting plane in green, and the plane used for the post-
processing in red, the arrow indicates the direction of the flow

geometry can have differently sized triangles. The final
original and partial geometries are shown in Fig. 2.
NAP200909C is shown in Fig. 3 in more detail.

A section of an artery can be described by multiple
morphological properties, which capture the geometry of
the artery section.

Tortuosity describes, how curved the artery is. It is
the ratio of the length of the artery on the centerline (C)
and the distance between the endpoints in a straight line
(L). A number close to 1 means the section in question is
almost straight, while a high number means that the artery
is highly tortuous.

Tortuosity = % (D)

By using Frenet-frames [26], the curvature (k) and tor-
sion (7) of the centerline can be calculated, using VMTK.
Curvature is the inverse of the radius of the osculating cir-
cle at a given point. Torsion describes the rotation of the
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Fig. 2 The geometries, original in blue and red, and the partial in red

Fig. 3 The original geometry (blue and red) and the partial geometry
(red), the arrows indicate the direction of the flow

binormal vector in the Frenet-frame [23]. These quantities
were averaged over the region of interest, between the cut-
ting plane and a plane 3 diameter lengths before the next
bifurcation. The maximum inscribed sphere radii were
also averaged to be used as a diameter-like parameter.
Using the latter and the length of the centerline between
the two planes, a relative length, L/D, was also calculated.
Table 1 shows these morphological parameters.

2.2 Simulations
Seven different patient-specific cases were studied, so that
altogether 14 simulations were performed. The cases were
chosen from the Aneurisk database and from our medical
partners. The examined sections started from the internal
carotid artery and continued through the carotid terminating
bifurcation till the outlets of the next bifurcation downstream.
The meshing and the simulations were carried out using
the ANSYS 22 R2 software package [27]. The mesh was

Table 1 Morphological features of the geometries

ID Tortuosity L/D Curvature Torsion
C0004 1.69939 26.87775  0.23802 0.00340
C0035 1.09313 16.97156 0.12162 0.13741
C0036 1.05120 8.59790 0.08435 -0.00915
C0066 1.03343 14.20108  0.08440 0.54805
C0075 1.07974 11.58881 0.14491 0.36201
NAP200831 1.07363 20.57279  0.09332 0.07871
NAP200909C 1.03643 8.74769 0.09300 0.47756




made of tetrahedral cells with an edge size of 0.1 mm.
An inflation layer was applied at the walls, with a growth
rate of 1.1 and 10 layers, resulting in a first layer thickness
of 0.015 mm. The target value for the skewness was set
to 0.8. The same settings were used for both the original
geometry and the partial one. On average the partial geom-
etry had about 80% fewer cells than the original geometry.

Blood was modelled as a Newtonian fluid [28-30].
The density was 1055 kg/m?® and the dynamic viscosity
0.0034 Pas. No turbulence model was used, as the Reynolds
number was below 1000 in all cases. The wall of the geom-
etry was assumed to be rigid, which is an accepted simpli-
fication in the literature [31].

2.3 Original geometry boundary conditions

For CFD simulations the selection of the correct bound-
ary conditions is crucial. In the case of hemodynamics,
it is hard to define a patient-specific boundary condition,
especially for arteries in the brain. General boundary con-
ditions are often used, but various semi patient-specific
boundaries do exist. One such option is [17] which can be
used to calculate a mass flow rate average for the ICA inlet
based on its cross-sectional area using Murray's law. From
the calculated mass flow rate average, a mean velocity is
calculated. This average is for one heart cycle in the inlet
cross-section. So, by using a heart cycle signal [32], the
velocity average in the cross-section can be calculated for
every time step in the cycle. A parabolic velocity inlet pro-
file was set as an inlet with the cross-sectional average of
the profile. The cross-sectional average velocity was com-
puted for each time step.

The outlets were set as mass flow outlets, except for the
smallest one, which was set to opening with a constant rel-
ative pressure of 0 Pa. The mass flow for each outlet was
calculated with Aneutools [18], which also uses the flow-
arca relationship to calculate a percentage of the outflow
for each outlet. These were calculated for each time step,
based on the mass flow rate of the inlet.

2.4 Partial geometry boundary conditions
For the partial geometries the boundary conditions were of
the same type, but their calculations were slightly different.
First, the outlet flow rate percentages were summed
up. The inlet mass flow rate of the original case was mul-
tiplied by this summed up percentage to get the average
inlet mass flow rate for the partial geometry. Then an aver-
age velocity was calculated using the cross-sectional area
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of the inlet on the partial geometry. A velocity was calcu-
lated for every time step using the virtual heart cycle sig-
nal. A parabolic velocity profile was also prescribed in the
cross-section.

The outlets were set as mass flow outlets, calculated
using Aneutools. The smallest outlet was set as an open-
ing with 0 Pa relative pressure. This was not necessarily
the same outlet as in the original geometry.

2.5 Post processing

The post-processing focused on cross-sections 3 diameter
lengths before the next bifurcation after the cutting plane.
The plane of the post-processing is shown in Fig. 1 in red.
The velocity profiles were examined on two orthogonal
lines defined with the Frenet-system. One was in line with
the normal vector and the other was in line with the binor-
mal vector. The lines were defined by their end points,
located at 1.1 times the maximum inscribed spheres diam-
eter apart. The line was sampled by 1000 points placed
uniformly along the line. Because of the surface remesh-
ing step the walls of the original and partial geometry
were slightly different. To solve this problem, the values of
the partial geometries were resampled at the same points
as in the original geometry. Points outside the vessel wall
were removed during the post-processing.

The velocity differences between the partial and the
original geometries were calculated by subtracting the
values of the partial geometry from the values of the orig-
inal one on a point-by-point basis.

Using the Frenet-frames, the velocity field can be
decomposed into an axial and a secondary component [26].

Scripts calculated the axial and secondary velocity
components for the systolic and diastolic instances, and
for the cycle average. It also calculated the difference
between the velocity profiles between the original and
partial geometries.

3 Results and discussion

3.1 Flow rate

To check the feasibility of the method, the volumetric
flow rate was calculated and compared between the origi-
nal and the partial geometries. This was checked because
the smallest outlet with a 0 Pa boundary condition was
not always on the partial geometry. It is shown in Table 2.
The flow rate in original and the partial section were mea-
sured on the post-processing plane. The differences are
small, in all cases below 1%.
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Table 2 Volume flowrate difference between the full and partial geometries

ID Q original [m%/s] Q partial [m*s]  Difference
C0004 2.17-107 2.19-107 —0.982%
C0035 473107 473107 —0.073%
C0036 7.79-107 7.80-1077 —0.160%
C0066 1.87:1077 1.89-107 —0.893%
C0075 3.40-107 3.41-107 —0.200%
NAP200831 4.82-107 4.80-107 0.474%

NAP200909C 8.42:107 8.44-107 —0.293%

3.2 Velocity field

The results from the velocity field are shown as profiles
first. Then the difference between the profiles is shown as
box plots, to better show the distribution of the differences
between the original and partial geometries.

3.2.1 Velocity profiles

Velocity profiles were plotted for each geometry from the
cycle averaged results on the Frenet normal line. These
can be seen in Fig. 4. The axial velocity is shown in red,
and the secondary magnitude in blue. The solid lines rep-
resent the original geometry, and the dashed ones repre-
sent the partial ones.

Except for C0066 c the axial velocity profiles show
good agreement. The profiles of C0066 c have similar
shapes but differ in maximum values. The partial geome-
try has a 24% lower maximum for the profile.

The secondary velocity profiles show much worse
results. For most cases the profiles for the original and
partial geometry still show similar shapes, but the agree-
ment between the two profiles is worse than in the case
of the quantitative axial velocity profiles. Among the
secondary velocity profiles NAP200909C has the worst
results. The shape of the profile for the partial geometry
does not look similar to the profile of the original geom-
etry. The maximum value of the profile is also lower by
16%. C0066 c and C0075 have similarly shaped profiles.
In the case of C0066_c the secondary velocity is lower in
the partial geometry than the original geometry by 42%.
In contrast, for C0075 it is 27% higher in the partial geom-
etry than in the original geometry. The angle of the sec-
ondary velocity vectors showed similar tendency to the
magnitudes of the secondary velocity profiles.

3.2.2 Axial velocity difference

First, the axial velocity difference is presented. In the sys-
tolic instance of the heart cycle the median of the differ-
ence is mostly below 5%, except for the outlier, C0066 c,
as seen in Fig. 5. For C0066 c¢ median is 22% The dif-
ference increases as the average torsion increases. In the
time-averaged results, the differences decrease, and the
highest median is below 5%, while most are below 3% as
seen in Fig. 6. These differences are higher than the dif-
ference in volumetric flowrate, although the axial velocity
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Fig. 4 Velocity profiles for each geometry in the systolic time instance in red, secondary velocity magnitude profiles in blue
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Fig. 6 Velocity difference graph for the axial component, cycle averaged

expresses the bulk flow. The difference is caused by the
different methods. The volume flowrate was calculated by
integrating the velocity field over the cross-section, while
the velocity components were only calculated on two lines
of the cross-section.

3.2.3 Secondary velocity field

The secondary velocity field in the diastolic time instant
is shown in Fig. 7, most IQRs are between 2% and 17%,
with the medians being below 10%. There are two outliers,
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Fig. 7 Velocity difference graph for the secondary component,
in diastolic time instant in relation to the average torsion

these are C0066 and NAP200909C. These not only have
higher medians with 22% and 31% respectively, but their
respective IQRs span a wider range, reaching as high as
41%. These are the same cases, where the velocity profiles
showed the largest differences.

For the systolic time instant the differences increase for
some cases and are shown in Fig. 8. The third quartile can
reach as high as 81% and the maxima over 150%. Though
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Fig. 8 Velocity difference graph for the secondary component,
in systolic time instant in relation to the average torsion
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NAP200909C still spans a wider range than the other
geometries, yet the median of 34% is still low compared to
the maximum. The next two in order of decreasing differ-
ence are C0066 and C0075. The similarity between these
three geometries is their higher torsion values. Looking
at Fig. 8, the results show that below a threshold torsion,
the velocity differences between the original and partial
geometries in the systolic time instant are below 25%,
while above this threshold are over 25%.

For the time-averaged results, the differences decrease,
with all but one geometry having an IQR under 12% and
a median below 10%. Looking at Fig. 9 the exception is
again NAP200909C. It still has a higher IQR than the oth-
ers with a median of 29%. The results for C0066 ¢ have
improved, the difference is lower than in the systolic and
diastolic instances with a median of 3%.

The morphological parameters did not show any cor-
relation for the agreement between the original and partial
velocity fields. Torsion had the best results, as out of the
five box plots shown, three had an increasing median with
torsion. However, there were cases which did not always
fit this trend, e.g. C0036 in Fig. 6.

The simulation time was on average 11.5 hours, while
for the partial geometries it was 3 hours. This is a reduc-
tion of 74.8%. The cutting process only required less than
3 minutes of added time from humans as the workflow is
highly automated.

4 Limitations
The scope of this article was severely limited. The seven
examined cases are not sufficient to draw statistically sig-
nificant conclusions from the results.

Blood was modelled as a Newtonian fluid and the walls
of the vessels were assumed to be rigid.

5 Conclusions

The scope of this project was to evaluate a method to
reduce the computational requirements of CFD simula-
tions for bifurcation aneurysms after the ICA terminat-
ing bifurcation using a 0D method. The volumetric flow
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