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1 Introduction

The word aneurysm originates from the ancient greek word “ὰνεύρυσµα”
(aneurusma) meaning dilatation. One of the most common places of appear-
ance are the arteries, most frequently on the arteries supplying the brain (in-
tracranial aneurysm) or on the abdominal section of the descending aorta (ab-
dominal aortic aneurysm). The current work focuses on the study of intracra-
nial aneurysms which are found in approximately 5% of the human population
[1]. The typical forms of these lesions are depicted in Figure 1.

Figure 1: Typical forms of intracranial aneurysms shown in medical images;
side-wall (left) and bifurcation (right) aneurysms

Rupture of such aneurysms is the most frequent reason of subarachnoid
hemorrhage, a special type of stroke that affects 0.1 to 0.15% of the population
each year and results in death or permanent disability in 35 to 40% of its
victims [2]. These statistics imply that not all aneurysm are dangerous for
the patient, and therefore only those should be treated whose lesion is likely to
burst. Current data show that the risk of a treatment is in the same magnitude
as the risk of the burst of an undetected intracranial aneurysm. Therefore,
it would be beneficial in the clinical practice, to have a deep insight in the
processes causing aneurysm rupture and the ability to detect those.

Fluid dynamics is found to play an important role in initiation, progression
and rupture of intracranial aneurysms and therefore it is widely studied [3].
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Combining modern medical imaging techniques with the numerical techniques,
available in computer aided engineering, became a widespread research strategy
in the field of intracranial aneurysms.

The goal of the present work was to develop a reliable workflow, with which
patient-specific computational fluid dynamics simulations can be carried out
based on medical images of intracranial aneurysms and apply this workflow
to gain deeper understanding in the initiation, growth, rupture and possible
treatments of these lesions.

2 Results

A workflow was created, which is able to connect the medical equipment and
software environment of the National Institute of Neurosciences in Hungary
with commercial engineering software packages to carry out patient-specific
computational fluid dynamics (CFD) simulations. The developed methodology
consists of four major steps; image capture, processing and geometry extrac-
tion; grid generation; numerical modeling and post-processing of the results.
With these steps the method is able to provide deep insight into the fluid dy-
namical processes inside the developed aneurysms and their parent arteries of
selected patients based on their medical images.

CFD proves to be a useful tool in gaining deeper understanding of the flow
phenomenon in intracranial aneurysms. In spite of the increasing confidence
put in CFD, there is always a need to check the validity of the simulations by
experimental means. The work to experimentally validate the numerical results
followed an in vitro (“within glass”) patient-specific approach and was able to
improve the available validation results by providing higher resolution data with
controlled quality measurements. With a novel unsteady flow rate generation
the idealised cardiac cycle has been reconstructed in a transparent magnified
model of a patient-specific aneurysm and the velocity distribution was mapped
using particle image velocimetry (PIV) and laser Doppler anemometry (LDA).
The simulation results showed a level of agreement (Figure 2) with the tem-
porally resolved, measured velocity distributions which was not demonstrated
before in the literature of intracranial aneurysms.

Assuming the flow to be laminar and blood to be an incompressible, newto-
nian liquid, advanced numerical solvers are able to calculate the flow accurately.
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Figure 2: Comparisons of calculated and measured local Reynolds number (de-
fined by the inlet diameter of the geometry) distribution on a typical aneurysm
cross-section of at the systolic peak

The uncertainties of the results therefore mostly originate from the geometry,
meshing and boundary conditions. Advanced mesh generation codes that are
part of numerical simulation packages are able to generate high quality meshes.
The effect of these grids on numerical accuracy can be well monitored and min-
imised with the help of mesh dependency studies (see for example Valencia et
al. [4, 5]). In case of patient-specific simulations the geometry of the studied
artery segment has to be “cut out” from the medical images. The flow condi-
tions at the separation surfaces in the simulations need to represent the real
conditions in order to reconstruct the original flow field inside the vessel sec-
tion. Since the exact conditions cannot be determined, the effect of simplifying
assumptions were studied. The sensitivity of the flow on the shape of the car-
diac cycle was studied with a combined analytical and numerical approach and
found that the peak- and minimum flow rate are the most critical features of a
cycle. As a result of the studies on the inlet flow conditions involving numerous
different flow models, recommendation for the location of the cut surfaces was
given and an effective inlet boundary condition prescription was proposed.

The validated workflow was applied to study different stages in the natural
history of intracranial aneurysms. The initiation and growth was studied by
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analysing medical images before and after the aneurysm appearance. With
neurosurgeons we came to the conclusion that high wall shear stress together
with high spatial wall shear stress gradients might have an important role in
the initiation of intracranial aneurysms which was suspected before on the basis
of animal experiments [6]. The initiated aneurysm was found to be expanding
in the distal direction of the flow.

The hydrodynamic effects of endovascular aneurysm treatment were also
studied, to give a deeper insight to the effects of standard treatment methods
on the hemodynamic environment of the aneurysms. It was shown with the
implemented coiling simulations that the flow decelerating effect of these de-
vices are limited. Decreasing the porosity inside the aneurysm sac below 80%
with the help of coils causes no significant additional decrease in the average
velocity magnitude. A novel measurement technique was developed to deter-
mine the hydraulic resistance of densely woven stents, which can provide useful
data for the development of these devices and give a measure to compare the
efficiency of different stent models. The measured hydraulic resistance of the
stents was applied to numerical simulations where the fine stent structure was
substituted with a porous material layer. This method is able to reproduce
the overall effects observed earlier by detailed numerical studies in the litera-
ture. The presented method needs little additional computational cost to stan-
dard patient-specific simulations contrary to the detailed modelling approach.
Among other results, rapidly decreasing intra-aneurysmal flow reduction with
increasing number of inserted stents was found with the developed method.
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3 New scientific results

Thesis 1 I developed a numerical workflow to study the blood flow in in-
tracranial aneurysms based on medical images using commercial computational
fluid dynamics software and complemented the workflow with recommendations
in the usual Reynolds (100 - 1000) and Womersley number (2 - 9) range of in-
tracranial artery flows for the inlet boundary conditions that the literature
lacks. [T1, T2, T3].

a) By reconstructing the velocity profiles of pulsating laminar pipe flows,
the Womersley profiles, and comparing them to a time series of parabolic so-
lutions, I found that the difference between them is most sensitive, among the
parameters defining a typical cardiac cycle, to the systolic peak flow rate and
the minimum flow rate following the peak. Therefore, the accurate prescription
of these in the simulations is of primary importance [T4, T5, T6].

b) Using numerical simulations I found that a ten diameter long straight
pipe section is sufficient for a parabolic velocity distribution to develop into the
pulsating Womersley flow profile to reconstruct the flow field in the downstream
section [T4, T5, T6].

c) I developed a method to study the effects on the velocity field of a
pulsating pipe flow, of omitting varying lengths of bent sections from the inflow
side of the geometry. In the usual Dean number range (100 - 200) of intracranial
arteries, I found that compared to the effect of the last upstream bend, the
effect of preceding bends can be neglected at any given location along the pipe
[T4, T5, T6].

Thesis 2 I developed a method to experimentally reproduce artificial cardiac
cycles in a closed flow loop containing a variable speed pump, a reservoir,
a calming chamber, distensible plastic tubes and a transparent measurement
section. This enabled the reconstruction of an arbitrarily shaped cardiac cycle
without unwanted additional oscillations during the cycle found in the literature
of intracranial aneurysms.

With this method using two different laser-optical velocity measurement
techniques (particle image velocimetry and laser Doppler anemometry), I demon-
strated that the applied numerical method has, to my knowledge, the best
agreement with a measured velocity distribution of available patient-specific
intracranial aneurysm numerical model validations [7] in the literature [T7].
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Thesis 3 I demonstrated in two cases with the help of numerical simulations,
in the absence of aneurysms that in human arteries, at the site of a future
intracranial aneurysm, high wall shear stress combined with high spatial wall
shear stress gradient is present [T8]. This load combination was also associated
earlier with cell degeneration of the artery wall in animal experiments .

Thesis 4 I studied the flow modification effect of endovascular coil treatment,
the most frequently used endovascular treatment of intracranial aneurysms [8],
with porous material substitution. I found a rapid decrease of the average
velocity magnitude (90%) inside an aneurysm sac in the porosity region of 1
to 0.8. Decreasing the porosity further has little effect on the overall flow field
[T9].

Thesis 5 I proposed a new concept to characterise the hydraulic resistance
properties of densely woven stents and developed a measurement method to
quantify the resistance.

I found that the hydraulic resistance of densely woven stents is in a quadratic
relationship with the flow rate. Furthermore, a second stent layer introduces a
random factor in the flow rate resistance relationship due to the random relative
position of the two layers, but the mean hydraulic resistance of two stent layers
taken from many measurements is twice as much as the resistance of one layer.
In case of two layers, the standard deviation from the mean resistance is about
20% [T10].

Thesis 6 I developed a method to simulate the fluid mechanical effects of
treatment with densely woven stents by porous substitution with experimen-
tally determined hydraulic properties. With the modeling I reproduced find-
ings of methods having a fifty times higher computational cost [9], whereby an
overall decrease of wall shear stress and pressure on the aneurysm surface and
increased values on the downstream section of the parent artery were found.

This modeling enabled the study of two densely woven stents inserted coax-
ially. I found a rapidly decreasing influence on the average flow velocity magni-
tude inside the aneurysm sac of the second densely woven stent layers compared
to a single layer [T10].
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