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1 Introduction

The vessels of the cardiovascular system are prone to di�erent vessel wall malforma-
tions when the shape, structure or integrity of the vessel wall is impaired. Each mal-
formation results in di�erent blood �ow patterns, deviating from physiologically healthy
conditions. The main topic of this dissertation is related to one of these malformations,
namely aneurysms. One type, the saccular aneurysm, is a berry-like asymmetric bulging
of the vessel wall (see Figure 1). These are found dominantly on the arteries of the brain,
mainly around the segments of the Circle of Willis (CoW).

Initiation of intracranial aneurysms (IA) is a widely researched topic. The initiation
process is an in�ammatory response of the vessel wall. The wall shear stress (WSS) result-
ing from unsteady, oscillatory blood �ow in complex geometries or simply the elevated WSS
of an impinging jet causes endothelial dysfunction, which results in a cascade process of
revascularization. This revascularization is the cradle of aneurysm initiation. The growth
phase can end in three di�erent scenarios. The aneurysm either stabilizes and does not
grow further or ruptures from the continuous weakening of the wall and the pressure loads,
or the aneurysm is treated to remove the risk of rupture. There are multiple methods
to treat an aneurysm. This dissertation deals with �ow diverter (FD) stents, which are
usually weaved from thin wires. The FDs reside inside the catheter. After reaching the
aneurysm, the FD is pushed out of the catheter, and it expands and slides onto the wall.
The �ow inside the sac slows down as the FD acts as a hydrodynamic resistance.

Figure 1: Intracranial aneurysm (IA) found after the carotid syphon, near the Circle of
Willis.

Initiation, growth and rupture of the described vessel wall malformation are signi�cantly
in�uenced by the blood �ow in the speci�c region. Therefore, it is important to thoroughly
investigate the local and global �ow conditions in the arterial system. There are multiple
ways to study blood �ow. The most common way is to measure the desired quantities,
which are the pressure and velocity or volumetric �ow rate. The other signi�cant part
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1 Introduction

of the engineering community models the cardiovascular system on the computer. These
computer models can be either global, taking into consideration the whole arterial system
or even the whole cardiovascular system, or can focus on local problems. Usually, 1D
models are used for global problems, and localized research uses 2D or 3D computational
models.

First, computational �uid dynamic (CFD) simulations were one-dimensional, as the
governing equations are easier to solve with limited computational power. 1D simulations
deal mainly with the global arterial system. One of the �rst works was made by Avolio
[1], who used the impedance model to simulate the blood �ow in an arterial graph with
128 vessels. The big advantage of 1D CFD is the ability to combine with other higher or
lower-dimensional models. Three-dimensional �ow simulations are widely used nowadays
in the topic of hemodynamics, as the CFD solvers are widely available, and the medi-
cal imaging techniques (Computed Tomography Angiography - CTA, Magnetic Resonance
Angiography - MRA, Digital Subtraction Angiography - DSA) can provide accurate ge-
ometries. One of the advantages of 3D CFD is that it can produce quantities that are hard
to measure, for example, wall shear stresses. In the topic of IAs, CFD simulations can be
found in initiation [2], [3], growth and rupture [4], [5], and treatment [6], [7] researches.
The topic of intracranial aneurysms is well summarized in Fukuda et al. [8].

This dissertation can be considered as the continuation of the history of hemodynamics-
related research at the Department of Hydrodynamic Systems. The main aim of the dis-
sertation is to present di�erent modelling approaches related to hemodynamic simulations,
namely:

1. Creation of a patient-speci�c one-dimensional model of the arterial system which can
be used for estimating central arterial pressure or for providing boundary conditions
for 3D simulations.

2. Investigation of the paths of massless, passive particles, in order to qualitatively and
quantitatively describe the chaotic nature and the mixing e�ect of the �ow on the
particle paths.

3. Quantitative comparison of the hydrodynamic resistance of �ow diverters from dif-
ferent manufacturers in di�erent deployment scenarios, which can further be used in
CFD simulations of FD treatments.
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2 Patient-speci�c modelling of the arterial system

2.1 Introduction

Aortic blood pressure is an essential indicator of an individual's circulatory status in
health assessment. The blood pressure varies along the arterial system both in the mean
and shape of the curve, but aortic (central) blood pressure has a distinguished role. For
example, aortic pressure and the metric derived from it can serve as a guideline in the case
of healthy patients [9] or in the case of cardiovascular events [10].

Estimating the aortic pressure based on the radial or the brachial pressure is of great
importance. Papaioannou et al. [11] provided a comprehensive summary about central
blood pressure estimation. One-dimensional CFD simulations are also applicable for central
pressure estimation, as well as providing other physiological parameters.

This section presents a reduction method for the number of patient-speci�c parameters
with a novel so-called backward calculation method (backward from the peripheries towards
the heart). Then, an optimization procedure is presented �rst to prove the reduction
method and the patient-speci�city, then later to determine those parameters. The aim
of these patient-speci�c 1D arterial models is to estimate the central pressure based on
peripheral pressure measurements. The model can also present patient-speci�c boundary
conditions for 3D CFD simulations if needed.

2.2 Methods

The one-dimensional model used in this dissertation is the same one as that developed
by Gergely Bárdossy, described in his articles [12] and [13].

The �ow in the arterial system is time-dependent, but quasiperiodic, based on the beat-
ing of the heart. The 1D governing equations (the continuity equation and the momentum
equation) are supplemented with the equations of the Poynting-Thomson model, which
takes into account the viscoelastic behaviour of the vessel wall. The Method of Character-
istics (MoC) can be applied to solve the �nal equation system. Instead of the traditional
forward calculation method (where the characteristic lines march forward in time), a so-
called backward calculation method is used, which is introduced by Bárdossy and Halász
[13]. In the proposed method, if the velocity and pressure are both known at the end of a
segment for all time instances, then the characteristic lines can march backwards in space,
in contrast with the forward in time marching. This method can be used to estimate the
central pressure based on peripheral pressure measurement.
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2 Patient-speci�c modelling of the arterial system

Next, a graph of the arterial system is needed. Only the major vessels of the arterial
tree are considered, while the neglected vessels and the venous system are modelled by
boundary conditions. In total, there are 50 branches, 24 inner nodes, which connect the
segments, and 28 peripheral nodes. Each branch segment has six parameters (the length,
the diameter, the vessel wall thickness and the three material parameters of the vessel
wall), while the nodes have one parameter (ohmic resistance). Altogether, there are 352
parameters (300 branch and 52 nodal). Finding a patient-speci�c value for this huge
amount of parameters is a di�cult task. Therefore, simpli�cations are needed.

The �rst reduction is about the lengths of the branches. The original length values are
multiplied by the height ratio of the current patient and Avolio's patient [1]. The viscous
material property was �ne-tuned by Bárdossy and Halász [12]. With this, the lengths and
the wall viscosity were excluded from the optimization procedure. The vessel wall thickness
is considered as the tenth of the vessel diameter. A further parameter reduction is based
on the fact that a particular branch/node parameter does not change independently in
di�erent parts of the body but rather scales uniformly in the whole system. The diameters
of the branches and the ohmic resistances at the nodes are modi�ed according to this rule.
For the remaining material parameters, an assumption was made about the wave speed.
Based on the data of [14], the wave speed increases parabolically from the heart towards the
peripheries as the function of the distance from the heart, normalized with the maximum
distance at a given path. The remaining parameter is the other elastic modulus of the
Poynting-Thomson model, which is considered with a proportionality constant referenced
to the main elastic modulus.

With the help of these assumptions, the number of the patient-speci�c parameters are
reduced from 352 to 5, which are the following:

• αD: proportionality parameter of the diameters

• αζ : proportionality parameter of the resistances

• αE: ratio of the elastic moduli

• α0: constant coe�cient of the parabolic wave speed curve

• αA: quadratic coe�cient of the parabolic wave speed curve

The �rst part of the research concentrated on whether the arterial graph with these �ve
parameters can accurately reproduce the central pressure curve. Therefore, an optimum
set of these parameters were obtained by minimizing the di�erence between a measured
aortic pressure curve and a backward calculated one using radial pressure is measurement.
In the second part, two peripheral pressure signals were measured (at the carotid and at
the radial artery) and the di�erence between the two backward calculated aortic pressure
curves was the basis of the optimization.
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2.3 Results

Figure 2: Bland-Altman plots for the Systolic Blood Pressure (SBP) (left) and the Mean
Blood Pressure (MBP) (right). Black is the comparison of the two backward calculated
curves, while red is the comparison of the backward calculated and the transfer function
methods. The solid line is the mean of the values, the dashed lines represents the ±1.96
Standard Deviation (SD).

2.3 Results

Despite the drastic reduction on the number of parameters, a very good agreement
was achieved with the catheter-based aortic pressure measurement. Altogether, based on
22 patients' data, my method overestimated the systolic blood pressure (SBP) and mean
blood pressure (MBP) on average by 0.6 and 0.5 mmHg with standaard deviation (SD) of
3.1 and 0.5 mmHg, respectively. The average root mean square di�erence (RMSD) between
the measured and the calculated pressure curves was 3 mmHg with SD of 1.2 mmHg.

After I was convinced that despite the drastic simpli�cation, this arterial model with
only �ve patient-speci�c parameters can approximate the central pressure curve, the next
method was tested. Bland-Altman plots were generated for 62 patients whose patient-
speci�c parameters were obtained using two peripheral pressure measurements. This time,
my method is compared with the widely popular transfer function method [15]. Based
on Figure 2, the Bland-Altman plots show good agreement between the two backward-
calculated aortic pressure curves. The estimation of SBP and MBP from the two curves
di�ers on average by 0.5 and -0.5 mmHg with SD of 4.6 and 4.6 mmHg, respectively. The
average RMSD between the two calculated curves was 5.9 mmHg with SD of 3.5 mmHg.
These values show that for general clinical applications, this method is an e�ective way to
get patient-speci�c arterial graph parameters, as well as a central pressure curve.

The average di�erence in the SBP-s between the backward calculation and the transfer
function methods is 0.9 mmHg with SD of 7.9 mmHg, while the MBP of the backward
calculated pressure curve is larger on average 4.2 mmHg with SD of 1.5 mmHg. There-
fore, a good agreement exists between the two methods. Particularly, the transfer function
method underestimates the backward calculation method. However, the SD of the di�er-
ence between the two methods regarding the MDP is generally small.
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2 Patient-speci�c modelling of the arterial system

According to the results of this section, it can be said that despite the great parameter
reduction, the arterial model can accurately reproduce the patient-speci�c central pressure
curve. Furthermore, a method is provided in order to acquire the patient-speci�c set of
the parameters based on two peripheral pressure measurements. The patient-speci�c 1D
arterial graph can be used for producing boundary conditions for local 3D simulations.

Contribution 1

The several hundred parameters of the simpli�ed numerical model of an arterial graph
described in Bárdossy and Halász [13] can be reduced to �ve parameters. These parameters
are the following:

• αD = Di

Dref,i
: proportionality parameter of the diameters

• αζ = ζi
ζref,i

: proportionality parameter of the resistances

• αE = E1

E2
: ratio of the elastic moduli

• α0: constant coe�cient of the wave speed curve

ai = α0 + αA

(
Li

Lmax

)2
• αA: quadratic coe�cient of the wave speed curve

ai = α0 + αA

(
Li

Lmax

)2
where Di is the diameter of the i-th branch, Dref,i is the reference value from the literature
for the diameter, ζi is the resistance of the i-th node, ζref,i is the reference value from the
literature for the resistance, ai is the wave speed of the i-th branch, Li is the distance of the
proximal end of the i-th segment measured from the heart, Lmax is the maximum distance
along the path in question, and E1 and E2 are the elastic moduli of the Poynting-Thomson
model.

The numerical model of the arterial graph using these �ve parameters can accurately
reproduce the patient-speci�c aortic pressure curve according to the following calculation
steps:

1. Measure the peripheral pressure signal at the radial artery and the pressure signal in
the aorta.

2. Calculate the aortic pressure curve from the peripheral point using the backward-
calculation method described in Bárdossy and Halász [13].

3. Calculate the objective function by the weighted sum of H1 and H2:

H1 =

√
1

T

∫ T

0

(pmeas(t) − pcalc(t))2dt (1)
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2.3 Results

H2 =

√
1

T − Tdia

∫ T

Tdia

v2(t)dt (2)

where T is the period time of the heart cycle, Tdia is the start of the diastolic phase,
pmeas(t) and pcalc(t) are the measured and backward calculated aortic pressure curves,
respectively, and v(t) is the aortic velocity curve. The weights of H1 and H2 are 3
and 1, respectively.

4. Use a minimum searching algorithm (e.g., Nelder-Mead algorithm) and tune the
parameters of the arterial graph in order to minimize the objective function.

Related publications: [J1] and [J2].

Contribution 2

Patient-speci�c aortic pressure can be calculated based on two peripheral pressure mea-
surement signals. The calculation should follow the following steps:

1. Measure two peripheral pressure signals (e.g., carotid and radial arteries).

2. Calculate the aortic pressure curves from each point using the backward-calculation
method described in Bárdossy and Halász ([13]).

3. Calculate the objective function by the weighted sum of H1 and H2:

H1 =

√
1

T

∫ T

0

(p1(t) − p2(t))2dt (3)

H2 =

√
1

T − Tdia

∫ T

Tdia

v2(t)dt (4)

where T is the period time of the heart cycle, Tdia is the start of the diastolic phase,
p1(t) and p2(t) are the aortic pressure curves calculated from the two pressure mea-
surements, respectively, and v(t) is the aortic velocity curve. The weights of H1 and
H2 are 3 and 1, respectively.

4. Use a minimum searching algorithm (e.g., Nelder-Mead algorithm) and tune the
parameters of the arterial graph in order to minimize the objective function.

Related publications: [J1] and [J2].
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3 Modelling particle paths

3 Modelling particle paths

3.1 Introduction

One technique in vessel wall malformation research can be the usage of �ctive particles
or ink, which are released in the �ow domain, and their paths or concentration is calculated.
One of two approaches in residence time or particle tracking metrics is the Lagrangian
method, where the usually massless particles are propagated by the �ow inside the domain,
and the particle residence time (PRT) is calculated.

Calculating particle paths can also model other vital aspects of human physiology, for
example, thrombus deposition in geometries [16] or particles travelling with the blood �ow
during drug administration [17]. However, it is important to note that Závodszky et al.
[18] found that particles show chaotic nature when placed inside perianeurysmal �ow. One
reason behind this phenomenon may be the fact that even though the �ow is laminar in the
cerebral arteries in most cases, instabilities may arise during certain parts of the cardiac
cycle, dominantly in the decelerating phase [19].

In this section, the particle paths are calculated in patient-speci�c geometries. The �rst
aim is a dependence study, where the e�ect of the re�nement of the voxel size and integrator
time step size is investigated on the particle paths. Then, the e�ect of the presence of the
aneurysm sac and the particle release time is observed on the particle paths. The e�ect
of the sac is investigated by virtually removing the aneurysm to have a geometry which is
similar to the one before the aneurysm initiation.

3.2 Methods

The procedure starts with obtaining the geometry and preparing it for the simulations.
In order to assess the e�ect of the aneurysm sac on the particle paths, a virtually recon-
structed version is also prepared. Next step is the creation of a voxel �eld for the numerical
simulation.

After the voxel �eld is generated, a numerical �ow simulation is performed using the
lattice-Boltzmann method. A parabolic velocity boundary condition is prescribed at the
inlet of the domain. A signal modulates the maximum of the parabola. At the peak
of the cycle, the Reynolds number, based on the cross-sectional average velocity at the
inlet is chosen to be 250 for every case. The smallest outlet is prescribed as a static
pressure outlet with 0 Pa. The other outlets are velocity outlets with parabolic velocity
pro�les. The velocities at each outlet are calculated based on Murray's law, which divides
the volumetric �ow rates proportionally to the second power of the areas of the outlets.
Lastly, the bounce-back scheme is prescribed at the voxels assigned with the wall �ag
during voxelization. The �ow simulations were transient (time-dependent), and the time
step was determined according to the stability criterion of the LBM and depended on the
voxel size. The time step was around 10-5 seconds, and the velocity �eld was saved at
every 0.01 second. The simulations were performed using an in-house code, written in
C++, based on the open-source code package Palabos [20].
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3.3 Results

After obtaining the velocity �elds, the next step is calculating the paths of one million
massless, passive particles placed in the �ow �eld. As for now, the particles do not represent
any physiological processes, but in the future, it is possible to modify this method in order
to represent targeted drug delivery or thrombus formation. The velocity �eld has to be
integrated along the particle path from a starting position to acquire the positions of
a given particle at a given time. The integrations were performed using a fourth-order
Runge-Kutta method with a �xed time step. The integrator is an in-house code written
in C++. The integration is done for 10 seconds (10 heart cycles) to allow enough time
for the particles to leave the observed domain. Each particle is labelled by two outputs: a
particle residence time (PRT) and an outlet.

Figure 3: Schematic �gure of the relative perimeter, relative area and their ratio calculation.

In order to compare di�erent scenarios, the outlets are further processed. The particle
release plane is colored according to the outlet through which the particle starting from
that point leaves the domain. Then, the next step is to summarize the perimeter and
area of the regions corresponding to one outlet. These sums are normalized with the
perimeter and area of an area-equivalent circle to the cross-section of the releasing plane.
Obviously, the area corresponding to each outlet is always �nite. However, if the resulting
particle paths display increasingly chaotic nature, they show a �lamentary structure when
projected onto the particle release plane, so the respective perimeter grows. Therefore,
the perimeter-to-area ratio (P/A ratio) for a given outlet will grow as the particle paths
become more folded. The method is shown schematically in Figure 3.

After an initial investigation of the voxel size and integrator time step dependence
based on results from �ve aneurysms, the main research took place, where the e�ect of the
aneurysm sac and the particle release time is investigated in 26 geometries with real life
aneurysms.

3.3 Results

Ten calculations were performed for each case and each version (with or without
aneurysm) with di�erent particle release times. Every simulation setting is the same,
only the presence of the aneurysm sac or the particle release time is di�erent. The results
can be seen in Figure 4 for one geometry with the aneurysm sac still on. Similar �gures
could be made for the other cases and versions as well.
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3 Modelling particle paths

Figure 4: The results of the di�erent particle release times for Case3. The inlet plane is
colored according to the outlets through which the particles leave the domain.

Figure 5: Relative perimeter, relative area and their of each outlet for Case3 without (top)
and with aneurysm (bottom) as the function of particle release time.

It can be easily seen in Figure 4 that the areas corresponding to di�erent outlets display
drastically di�erent natures in the di�erent subplots. While the results of the release at
the instant #0 show easily distinguishable, simple areas between the three outlets, the
plots corresponding to other release times during the heart cycle display a more complex,
�lamentary structure (e.g. #3, #4 and #5). The simpler, well-de�ned areas resume if the
particles are released later in the heart cycle (e.g. #7, #8 and #9). The aforementioned
relative perimeter, relative area and their ratio are calculated for each particle release time
and the version without the aneurysm sac as well. These can be seen in Figure 5. The top
row is without the aneurysm, while the bottom row is the version with the aneurysm. The
di�erent particle release times are on the horizontal axes.
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3.3 Results

Similar �gures can be presented for the other cases as well. Based on the numeri-
cal results (the P/A ratios), ANOVA was performed in order to assess the e�ect of the
aneurysm sac presence and the particle release time through the heart cycle. According to
the ANOVA performed on 26 real aneurysm geometries, the particle release time and the
presence of the aneurysm sac both have signi�cant e�ect (p<5.71e-35 and 9.36e-12, respec-
tively) on the P/A ratio. The results show, that the P/A ratio increases when the particles
are still inside the domain during the decelerating phase of the heart cycle, and the ratio
decreases otherwise. Similarly, the aneurysm sac increases the P/A ratio compared to the
virtually reconstructed version.

The results of this section provides a greater understanding in the paths of small,
massless, passive particles placed inside the �ow �eld of aneurysm geometries. As for
now, the particles are not part of any physiological processes. However, in the future, the
particles can be considered as part of blood coagulation (platelet activation) or targeted
drug use (microparticles carrying drugs).

Contribution 3

The massless, passive virtual particles display chaotic nature when released inside the
�ow �eld of an aneurysm. The chaotic nature of these particles released inside the �ow of
the aneurysm is investigated by the following calculation and evaluation protocol:

1. Acquire the time-dependent velocity �eld of the �ow inside an aneurysm.

2. Calculate the paths of passive, massless virtual particles by integrating the velocity
�eld, starting from the points of the release plane. Register the outlet through which
the particle leave the observed domain.

3. Find the regions on the release plane corresponding to each outlet. Summarize the
areas and perimeters of regions, corresponding to the outlets separately, and normal-
ize them with the area and perimeter of a circle with equivalent area of the releasing
cross-section.

4. Calculate the perimeter over the area ratio of the normalized values (P/A ratio).

The P/A ratio is large if the regions display a folded, �lamentary nature, since the
normalized area is bounded and cannot be larger than one, while the perimeter has no
upper limit.

Based on the ANOVA performed on 26 real aneurysm geometries, the particle release
time and the presence of an aneurysm sac have signi�cant (p<5.71e-35 and p<9.36e-12,
respectively) e�ect of the P/A ratio. According to the results of the 26 geometries, the P/A
ratio is increased, when the particles are still inside the domain during the decelerating
phase of the heart cycle, and the P/A ratio decreases otherwise.

Related publications: [J3], [J4], [C1] and [C2].
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4 Stent resistance measurements

4.1 Introduction

Flow diverter stent implantation is an e�ective technique for the treatment of large and
broad-necked sidewall aneurysms [21]. Despite the high e�cacy of �ow diversion [22], some
aneurysms still fail to occlude following the FD treatment. The e�cacy of �ow diversion is
determined by the geometric parameters of the device and the deployment technique used
by the operator, for example more/less forward pushing [23], or radial sizing [24]. These
factors have an impact on the e�ective �ow reducing capacity of the FD, also called the
hydrodynamic resistance (HR).

In vitro measurements and computational �uid dynamics investigating the �ow patterns
in the aneurysm sac have been used to quantify the e�cacy of FDs [7]. If no detailed
�ow structures are needed around the individual struts, then the FD can be simulated
as a homogeneous porous layer covering the target vessel [25]. However, such simulations
necessitate accurate knowledge of the HR of the porous layer [26].

The purpose of this research is to determine the �ow reduction capacity of FD stents
from various manufacturers, expressed as the HR. The HR is determined, using di�erent
deployment techniques and sizing strategies and correlated with geometric parameters of
the devices. These measurements aim at providing data for porous media-based CFD simu-
lations, assisting neurointerventionalists in choosing the appropriate device and technique,
based on quantitative results.

4.2 Methods

Every solid object placed in a �ow presents a hydrodynamic resistance manifested in a
pressure loss (Equation 5).

∆p = aQ2 + bQ (5)

where ∆p is the measured pressure drop, Q is the volumetric �ow rate, a is the quadratic
coe�cient and b is the linear coe�cient.

An experimental rig (see left side of Figure 6) was developed to model the �ow through
the FD stents for the measurements. The main idea of the setup is to place the stent into
tailor-made holder tubes and measure the resistance of the mesh. The FDs were implanted
into the holder tube by a skilled neurointerventionalist. Two di�erent FD designs were used
from two manufacturers (Pipeline Embolization Device, Medtronic plc, Minneapolis, MN,
USA: referred to as PED; P64 �ow modulation device, Phenox Inc., Bochum, Germany:
referred as P64). FDs of 5, 4 and 3 mm diameters by both manufacturers were measured,
referred later as FD5, FD4 and FD3, respectively. The holder tubes also have these three
di�erent diameters, referred later as Tube5, Tube4 and Tube3, respectively. Di�erent
FDs were deployed into the same-sized holder tube using di�erent techniques in terms of
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4.2 Methods

longitudinal device compression or elongation. To test the e�ect of radial sizing, �rst, we
performed measurements with the nominal diameter of the stents matching the diameter
of the holder tube (e.g. FD5 in Tube5). These scenarios are called nominal sizing. The
e�ects of oversizing were tested by placing the FD in a 1 mm smaller diameter tube, than
its nominal diameter (e.g. FD5 in Tube4).

Figure 6: Left: Sketch of the �nal measurement rig. Right: Evaluation procedure of the
images and the sketch of the DLR, PD, MSA relation.

A strict measurement protocol was developed, based on previous experiences in order
to ensure reproducibility and consistency. After the implantation, the protocol starts
with a microscopic photograph of the implanted device at the elliptical hole with a USB
microscope for further image processing. The deployed length of the device (L2) is also
recorded. The next step is the HR measurement. Each FD deployment was measured
four times (each times with at least 10 measurement points) to estimate the measurement
uncertainties. During the HR measurements, the temperature of the water is also recorded.
The density of the water changes only a little as the function of the temperature, but the
viscosity depends sensitively on it. After the fourth time, the devices were taken out of
the holder tube. The unconstrained length and diameter were recorded, and a microscopic
photograph was taken. The empty holder tube was put inside the measurement rig. The
HR curves of the empty holder tubes were measured four times as well, in order to quantify
the system resistance.

The evaluation starts with the processing of the images (see right side of Figure 6).
A central rectangular cutout of the stent was selected in order to avoid the distortion
caused by the cylindrical shape. Then a black and white image was created from the
cropped image. The geometrical data were obtained from this black and white image. The
ratio of the area covered by the struts and the whole area is calculated, which is the so-
called metallic surface area (MSA). Then, the pore density (PD) is measured by counting
the number of pores and dividing it with the area. The next step in the procedure is
the evaluation of the measured HR curves, which were performed with water at di�erent
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4 Stent resistance measurements

temperatures. The main step is to transform coe�cients of the HR curve measured with
water to 37 ◦C blood. This is necessary if the values are used in CFD simulations because
the material properties of the �uid in these simulations are of blood. The transformation
is performed by nondimensionalizing the HR equation by introducing the nondimensional
pressure number and the Reynolds number.

Altogether, after the evaluation procedure, the following data are acquired for every
deployment scenario: quadratic coe�cient of the hydrodynamic resistance curve (ab), linear
coe�cient of the hydrodynamic resistance curve (bb), deployment length ratio (DLR),
metallic surface area (MSA) and pore density (PD).

4.3 Results

First, the di�erence between a nominally sized and an oversized FD for a given holder
tube, thus the e�ect of device sizing is investigated. Figure 7 demonstrates these results
for Tube4 and Tube3 at a �ctive pressure drop calculated with Q = 5 ml/s. Next, I
observed the e�ect of the deployment technique, namely the longitudinal compression
or elongation during deployment (see Figure 8). Lastly, the e�ect of the strut number
(di�erent manufacturer) is investigated.

Figure 7: The e�ects of radial sizing in the case of FD5 and FD4 in Tube4 (left), and
FD4 and FD3 in Tube3 (right) measurements, pressure drop calculated with 5 ml/s �ow
rate as the function of the deployment length ratio. The vertical yellow lines represent the
nominal deployment length, the small pictograms represent the longitudinally compressed
and elongated deployment scenarios. Blue markers correspond to PED, while red markers
correspond to P64 measurements. Squares are the nominally sized and triangles are the
oversized cases.
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4.3 Results

It is visible that the pressure drop makes a noticeable jump between the oversizing
and the nominal sizing. The results suggest that choosing an oversized stent for treating
an aneurysm over a nominally sized stent may produce insu�cient resistance through the
aneurysm neck. Therefore, the thrombosis in the sac may not be complete. Similarly,
both MSA and PD depend on the deployment length, hence the longitudinal compres-
sion/elongation. This phenomenon is closely related to the change in HR. Lastly, the
structural di�erence between the two manufacturers is the number of struts, which un-
equivocally determines the MSA and PD values because of the braided geometry.

Figure 8: The e�ects of longitudinal compression or elongation in the cases of FD5 in
Tube5 and Tube4 (top row), and FD4 in Tube4 and Tube3 (bottom row) measurements,
the metallic surface area (left) and pore density (right) as the function of the deployment
length ratio. The vertical yellow lines represent the nominal deployment length, the small
pictograms represent the longitudinally compressed and elongated deployment scenarios.
Blue markers correspond to PED, while red markers correspond to P64 measurements.
Squares are the nominally sized and triangles are the oversized cases.
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4 Stent resistance measurements

Based on the results, ANOVA was performed. Signi�cant connections between the
HR, MSA, PD and the manufacturer, radial and longitudinal sizing was sought. The
ANOVA proved, that the radial and longitudinal sizing both have signi�cant e�ect on the
linear coe�cient of the HR curve (p<0.0021 and p<0.00133, respectively), while there
is no signi�cant e�ect of the manufacturers on either coe�cient of the HR curve. The
manufacturer has signi�cant e�ect only on the PD values, which is trivial based on the
braided geometry.

This section provides quantitative di�erences between FD deployment scenarios. Based
on these data, neurointerventionalists can objectively choose the device before surgery.
Furthermore these values can be used in the numerical simulations when the FD is modelled
as a porous medium.

Contribution 4

ANOVA was performed based on in-vitro measurements of the Pipeline Embolization
Device (Medtronic plc, Minneapolis, MN, USA) and the P64 device (Phenox Inc., Bochum,
Germany). The manufacturer has no signi�cant e�ect on the linear and quadratic coe�-
cients of the pressure drop on the device (hydrodynamic resistance), but radial sizing and
longitudinal sizing has signi�cant e�ect on the linear coe�cients (p<0.0021 and p<0.00133,
respectively). According to the results, an oversized device (when the nominal diameter
of the device is larger than the deployed diameter) produces less hydrodynamic resistance
compared to a nominally sized device (when the deployed and nominal diameters are
equal). Similarly, an elongated device produces less hydrodynamic resistance compared to
a compressed device.

Related publications: [J5] and [J6].
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