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Abstract - We analyzed the growth process of a single cerebral
aneurysm using Fluid-Structure Interaction (FSI) simulations
establishing a history including important events in
morphology, hemodynamics as well as structural mechanics.
Data of one patient was obtained between the years 2012 and
2022. The medical imaging data of these aneurysms was
provided in the form of digital subtraction angiography, which
was transformed into stereolithography format as geometry
input. With the FSI simulations typical hemodynamic (wall
shear stress, oscillatory shear index) and a structural mechanic
quantity (Mises stress) were identified. With the addition of
morphological parameters (Size, Volume, L2-norm of Gaussian
curvature) significant changes can be found during the growth
history of the selected aneurysm.

Wall shear stress is highest during aneurysm initiation, while
decreasing during aneurysm growth. Oscillatory shear index
increases over time especially in the region of strong aneurysm
growth. Strong changes in geometry induce subsequent changes
in hemodynamics. Wall stress remains constant throughout the
growth period of the selected aneurysm. However, shortly before
aneurysm rupture wall stress increases significantly.
Simulation results of aneurysm growth history can be utilized to
identify important events of a growing aneurysm, enabling a
better understanding of the behaviour as well as a better
estimation for the best time for patient treatment.
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1. Introduction

Cerebral aneurysms occur in approximately 2-5% of the
general population [1]. Rupture of aneurysms leads to
subarachnoid hemorrhage (SAH), which is usually
associated with high mortality and morbidity. Several
studies have highlighted different clinical, genetic,
morphological or hemodynamic factors known in the
development, growth and rupture of cerebral aneurysms [2-
4].

The increasing utilization of medical imaging has led to
the detection of a greater number of unruptured aneurysms.
This, in turn, leads to a greater need for treatment decisions.
Only aneurysms close to rupture should be treated, because
the treatment itself carries many risks for the patient.



Therefore, reliable decision support is needed to better treat
patients.

Multiple studies in literature using computational fluid
dynamics (CFD) have been able to demonstrate significantly
different hemodynamics between ruptured and unruptured
aneurysms [5-7]. Hemodynamic phenomena provide
mechanical triggers that translate into biological signals that
lead to eventual aneurysm growth and rupture [8].
Hemodynamics is influenced by the geometry of the
aneurysm, therefore also the morphological parameters [9].

Furthermore, although many detailed fluid dynamics
simulations, including complex flow models, have already
been performed [2,3,5-10], only a few have been done so far
studies focused on structural dynamics calculations. [11,12].
Previously we published a comprehensive assessment of a
method using fluid-structure interaction (FSI) analysis,
which was validated with the help of an experimental setup
[13]. In this work additional validation is presented in order
to further guarantee the correctness of the results.

With this method it is possible to track the
development of cerebral aneurysms and quantitatively
analyze the change in aneurysm behaviour utilizing the
medical imaging data from two subsequent routine
examinations. In this work we present the full quantified
evaluation of morphological, hemodynamic as well as
structural mechanical quantities during the growth period of
one aneurysm. We identify significant changes in
parameters over the years indicating important events in
growth history. These events can give neurosurgeons critical
information about the risk of rupture.

2. Methods
2. 1. Patient image data and simulation geometry
The aneurysm geometry is extracted from medical
image data obtained via digital subtraction angiography
(DSA). Intensity thresholding and minor editing of the
voxel volume is performed in the segmentation of the
cerebral aneurysm geometry. This is converted into a
surface mesh and inlet as well as outlet planes are placed.
The final set of surfaces (vessel, aneurysm, inflow,
outflow) is saved as STL files. The volumetric fluid mesh
is automatically generated utilizing the STL files as input.
The solid vessel wall mesh is extruded from the fluid
mesh with a certain pre-defined thickness (0.2 mm).
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Figure 1: Geometries extracted from medical imaging data;
date of data indicated in the top

For this study a set of medical imaging data of the
same patient from the years 2012, 2013, 2017, 2018,
2020 and 2022 (see figure 1) is analyzed and changes in
morphology, hemodynamic and structural mechanics
identified. Before the image in 2022 SAH occurred in the
aneurysm.

2. 2. Hemodynamic and structural mechanical
modeling

An in-house finite volume solver [13] based on the
open-source computational fluid dynamics tool
OpenFOAM [14] in combination with the fluid-structure
interaction library solids4Foam [15] was used to
numerically solve the unsteady equations of the process.

For hemodynamic modelling the governing
equations are given by the principles of mass and
momentum conservation with the help of the continuity
equation as well as the Navier Stokes equations,
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Here, p is the fluid density, t is the time, u is the
velocity vector, p is the fluid pressure, o is the fluid stress
tensor and F is the vector of possibly additional forces
(e.g. gravitation). In order to analyse hemodynamic
results, the oscillatory shear index is defined as
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where, g, is the fluid wall shear stress (WSS) vector.
The index is defined in the interval between [0;0.5] and
gives the quantity of oscillatory behaviour of the wall
shear stress on the fluid wall.



For structural mechanic modelling, the principle of
force conservation is utilized. For linear elastic materials
the equation is given by
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Here, p; is the solid density, ug is the vector of
displacement, ny is the surface normal vector, oy is the
solid stress tensor and b is the vector of possible body
forces. E is Young’s modulus and v is Poisson’s ratio.

Equations (1)-(8) are coupled iteratively in a Fluid-
Structure Interaction method described in further detail
in [13].

3. Additional validation data

In [13] an experimental setup for validation is
presented including two pressure curves (trapezoidal
and blood pressure curve from literature [17]) exhibited
by a pump. The pressure change over time induces a
certain strain in an elastic tube. This strain can be used
to compare experiments and simulation. The elastic tube
has a constant wall thickness in a set of experiments and
varying wall thickness in a second set of experiments. In
this work, results of strain induced by an additional
sinusoidal pressure curve are presented. The remaining
settings are utilized as reported in [13].

Figure 2 shows the results of simulation of the
experimental setup and results in experiments. The
green curves indicate the measured pressure curves in
two separate experiments. There are differences in
experiments due to inaccuracies in the experimental

setup. The first pressure profile is used in the simulation
as a pressure boundary condition. The two blue curves
show the strain over time in the two experiments. In
comparison, the orange curve of the simulation shows a
good agreement in its time evolution, as it remains
mostly in-between the two experimental curves. Similar
behaviour can be seen in Figure 3 for varying wall
thickness.
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Figure 2. Sinusoidal pressure curves in the channel with
constant wall thickness: strain curve (orange) in simulation;
strain curves in two experiments (blue); pressure curves in

two experiments (green)
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Figure 3. Sinusoidal pressure curves in the channel with
varying wall thickness: strain curve (orange) in simulation;
strain curves in two experiments (blue); pressure curves in

two experiments (green)

Table 1 shows the values of strain in the elastic
channels induced by the time dependent pressure curve
evaluated at the time of maximum pressure. Both in case
of constant and varying wall thickness the strain values



are

in-between those measured

in experiments

(2.76%<3.82%<4.93%; 2.62%<3.94%<6.17%).

Table 1. Strain value in experiments and simulation at time of

maximum pressure.

wall simulation | experiment | experiment
thickness [%] 1 [%] 2 [%]
constant 3.82 4.93 2.76
varying 3.94 2.62 6.17

Similar to [13], results in this work of the sinusoidal
pressure curve indicate that the difference between
experiment and simulation is in the same order of
magnitude as the difference between two experimental
runs.

4. Results and discussion

For the aneurysm initiation and growth process, the
role of the wall shear stress as well as OSI has recently
been discussed with divergent results [3,16]. Typically,
they show an inverse behaviour during aneurysm
growth, while one is increasing, the other is decreasing.
Some studies [11,12] incorporate structural mechanic
analysis into the behaviour of aneurysms, however these
mostly concentrate on abdominal aneurysms. According
to the knowledge of the authors, almost no work was
done on the structural mechanic analysis of cerebral
aneurysms.

For best visualization wall shear stress will be
shown in an interval between 0 and 1 Pa, OSI between 0
and 0.25 and the Mises stress of the vessel wall between
0 and 1.2 kPa.

Figure 4 (a) shows the change in wall shear stress
(WSS) in Pa over the years. During the first year a
significant region with high WSS values can be identified.
This correlates to the initiation process of the aneurysm
as described in [3,16]. WSS gradually is being reduced in
the aneurysm during the growth process. Figure 4 (b)
shows the development of OSI in the aneurysm. While
being comparatively low during the initiation process, a
clear region of increased OSI can be identified in the
direction of growth during the years. Figure 4 (c) shows
the Mises stress in the vessel wall. No significant
qualitative change can be identified especially in the
early stages of the growth, which implies that aneurysm
growth in the initial stages did not change the stress on
the vessel tissue.
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Figure 4: Wall shear stress (a), oscillatory shear index (OSI;
b) and Mises stress (c) in the investigated geometries

Table 2 shows the investigated parameters
(morphologic: Size S, Volume V, L2 norm of Gaussian
curvature; hemodynamic: average WSS and average OSI;
structural mechanic: average Mises stress). Here, the
average values are taken only from the aneurysm, not
the parent vessel. Additionally, the evaluation of
maximum values is omitted as they are restricted to local
positions in the aneurysm and are not adequate for
analyzing the overall behaviour of the aneurysm.

Table 2: Change in typical parameters of the investigated
aneurysm over the years

Parameter | 2012 | 2013 | 2017 | 2018 | 2020 | 2022
S [mm] 6.3 63 | 6.7 79 | 78 | 99
VImm3] | 132 | 134 | 157 | 259 | 249 | 505
GLN[] | 192 ] 160 | 3.54 | 257 | 2.70 | 4.70

WSSa [Pa] | 032 | 0.23 | 0.15 | 0.12 | 0.10 | 0.15
OSlay [-] 0.02 | 0.02 | 0.03 | 0.05 | 0.06 | 0.21
MISES.v 790 | 800 | 790 | 790 | 930 | 970

[kPa]
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During the initial years of 2012 and 2013 the
morphology of the aneurysm did not change
considerably, WSS decreased indicating the end of
aneurysm initiation and a transition into a dynamic
growths period. The mean stress in the wall did not
change in this year.

In the next period until 2017 the most significant
change occurred in the morphology of the aneurysm. The
top right section in figures 1 and 2 of the aneurysm in
2017 shows significant growth in a given direction. This
growth not only increases the volume, but also the
curvature of the aneurysm. Additional decrease in WSS
and a small increase in OSI can be seen, while the wall
stress remains constant.

Within a single year until 2018 significant changes
can be observed in the behaviour of the aneurysm. The
previous growth direction changes and the volume
increases significantly by 65% withing one year. WSS
decreases and a significant increase in OSI (~77%) can
be observed especially in the region of aneurysm growth.
This corresponds to findings in [3,16]. Still wall stress
remains constant during this strong growth period.

In the next period until 2020 morphology and
hemodynamics do not change considerably, however the
wall vessel stress increases unexpectedly by ~18% after
being constant throughout the previous 6 years.
Retrospectively, we know that this event is closest to
rupture.

In the last period between 2020 and 2022 SAH
occurred in the aneurysm changing the morphology. OSI
increases by ~375%, while WSS and Mises stress
increase by 49% and 4% respectively.

The evaluation of aneurysm history clearly shows
significant events during the years:

1. High WSS region during aneurysm initiation and
slow decrease of WSS during aneurysm growth

2. Increase of OSI (especially in the direction of
aneurysm growth) over the years.

3. Abrupt changes in geometry induce subsequent
changes in hemodynamics implying possible
unfavourable growth.

4. Due to increased unfavourable growth wall

stress is increased in the years before SAH,
while wall stress remains constant beforehand.
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5. Conclusion

The evaluation of aneurysm growth history can be
a valuable tool in the hands of neurosurgeons. With the
help of Fluid-Structure Interaction simulations it is
possible to identify the growth history of cerebral
aneurysms. By comparing results between patient data
taken over the years, significant events can be found in
the behaviour of hemodynamics (WSS and OSI),
morphology (Size, Volume, GLN) as well as structural
mechanics (MISES). Most notably the change in wall
stress seems to be closest to aneurysm rupture
indicating the most important event in the growth
history.

With the ARES Software Suite [13] medical
personnel without simulation knowledge can conduct
FSI simulations on multiple aneurysms establishing the
patient history. Significant changes in morphology,
hemodynamics and structural mechanics can indicate
certain periods of aneurysm growth and can be used to
better estimate the best time for patient treatment.

In future steps, more parameters will be included
into evaluation as well as the patient pool will be
increased to identify typical events during the growth of
cerebral aneurysms.
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