Results in Engineering 24 (2024) 103566

Contents lists available at ScienceDirect

Results in

Engine

Results in Engineering

o %

ELSEVIER

journal homepage: www.sciencedirect.com/journal/results-in-engineering

Research paper ' :.)

Check for

Experimental and numerical analyses of the hemodynamics impact on real [
intracranial aneurysms: A particle tracking approach

A. Souza ®™°, D. Lopes”, S. Souza®, J. Ribeiro “, R.A. Lima *“¢,
C. Ferrera®’

@ MEtRICs, Mechanical Eng. Dep., Univ. of Minho, Campus de Azurém, Guimaraes, Portugal

> CMEMS-UMinho, Mechanical Eng. Dep., Univ. of Minho, Campus de Azurém, Guimaraes, Portugal

¢ CEFT, Faculdade de Eng. da Univ. do Porto (FEUP), Porto, Portugal

4 Depto. de Ingenieria Mecanica, Energética y de los Materiales and ICCAEx, Univ. Extremadura, Spain

€ Centro de Investigagao de Montanha (CIMO), Instituto Politécnico de Braganca, Campus de Santa Apolénia, Braganga, Portugal

f Laboratério Associado para a Sustentabilidade e Tecnologia em Regives de Montanha (SusTEC), Instituto Politécnico de Braganca, Campus de Santa Apolénia,
Braganga, Portugal

8 Associate Laboratory in Chemical Engineering (ALiCE), Faculty of Engineering, University of Porto, 4200-465 Porto, Portugal

ARTICLE INFO ABSTRACT

Keywords:

Intracranial aneurysms

Particle tracking velocimety (PTV)
Computational Fluid Dynamics (CFD)
Hemodynamics

Blood flow

PDMS biomodel

This study investigates the impact of hemodynamics on real intracranial aneurysms (IAs) using experiments and
computational fluid dynamics (CFD) simulations. A particle tracking velocimetry (PTV) approach was used to
study the vortical structures inside a real aneurysm and validate numerical simulations performed at a steady
regime for different flow rates. Moreover, this and two additional patient-specific cases have been numerically
analyzed, focusing on flow patterns, wall shear stress (WSS), relative residence time (RRT), and oscillatory shear
index (OSI) for transient studies. For the transient simulations, vorticity profiles indicated significant rotation of
fluid particles in the neck and outlet arteries. TAWSS analysis revealed high WSS values in the bifurcation zone,
neck, and middle cerebral artery (MCA), with variations among the patients. OSI and RRT plots provided insights
into disturbed flow patterns, low or oscillatory WSS areas, and regions with prolonged residence time. This study
shows great potential for combining PTV and CFD to obtain detailed insights into flow structures in aneurysms,

which are crucial to developing effective treatments and interventions for IA management.

1. Introduction

Disorders in the cardiovascular system are one of the major causes of
death worldwide. Ischemic heart and cerebrovascular diseases originate
>85 % of the deaths in this system [1]. Cerebrovascular disorders rank
second globally and first in Southeast and East Asia [1].

Intracranial aneurysms (IA) are one of the causes of fatalities from
cerebrovascular disease. Local intracranial artery dilations are known as
IAs [2]. IAs can be found in as much as 3.2 % of people [3]. Of these IAs,
0.25 percent will break and bleed through the subarachnoid space [4].
The death rate from hemorrhaging can exceed 60 %, and <40 % of
survivors are dependent [5]. Flow through IAs can be excluded [6] or
diverted [7] by applying different technologies. These treatments come
with significant hazards and financial costs for the health system that
will rise due to population aging [8].

* Corresponding author.
E-mail address: cfll@unex.es (C. Ferrera).

https://doi.org/10.1016/j.rineng.2024.103566

Therefore, it is crucial to comprehend the processes that start [As
development and the breach of the vessel wall. According to scientists,
many circumstances, including hereditary conditions, mycotic in-
fections, hypertension, breathing cigarette smoke, drinking alcohol, and
simply becoming older, can cause an IA to manifest and develop [9,10].
The characteristics and flow behavior of the original artery wall are
modified due to these changes. A vicious loop involving the wall dete-
rioration and its subsequent restoration, as well as other alterations in
the flow, is caused by the sensitivity of the cells of the endothelium to the
flow changes [11], which initiates various biological processes [12,13,
14]. A new geometry will develop based on the level of degradation of
the wall, the point of maximum weakness, the blood stresses, the adja-
cent walls, and potential inflammatory mechanisms. This geometry can
be stable or grow as an aneurysm that may have a breach [15].

These complex processes must still be understood. A small group
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considers that geometry is most important when an IA risk and its
treatment are evaluated in clinical practice [16]. However, most scien-
tific community agrees that hemodynamics plays the most prominent
role [15,17].

Three approaches are being employed to understand these processes:
in vivo, in vitro, and in silico studies.

Transcranial Doppler (TCD) ultrasounds, magnetic resonance angi-
ographies (MRA), and 4D computed tomography angiographies (4D-
CTA) are the most employed non-invasive techniques to measure the
flow in alive organisms. TCD is a solid approach but provides indirect
measurements and is not eligible for any artery or subject [18,19].
Moreover, TCD signals present noise that must be processed to get the
underlying flow features [20]. 4D-CTA is evolving [21], and MR routines
are the most popular. MRA can measure vessels’ laminar Wall Shear
Stress (WSS) [22]. WSS calculates the force the blood exerts on the vessel
endothelium. This parameter is crucial to understand IA hemodynamics.
It can be obtained through MR and compared with numerical simula-
tions [23]. However, MR-based measurements undervalue WSS [23-25]
and cannot provide a good definition in small-size arteries [24] or
wall-adjacent areas [26].

While in vivo procedures are improving, both in silico and in vitro
approaches have significantly improved. Computational Fluid Dynamics
(CFD) in IAs can give doctors helpful information from non-invasive
measures. Early studies have computed the WSS in regions where
aneurysm formation is more likely to occur (e.g., bifurcations or highly
curved arteries) [27]. This ground-breaking research using
radiograph-extracted geometries in 2D steady simulations [28] has
rapidly developed. For example, numerical simulations have been con-
ducted under more realistic circumstances: 3D actual geometries [29]
non-steady flow [30], real patient flow conditions [31], and flexible
walls [32,33] have all been gradually adopted. Also, numerical studies
have been conducted to understand the flow in geometries with multiple
aneurysms [34], the influence of a wall with protrusions in the surface
[35], the regions where thrombi can appear [36] or new endovascular
techniques such as flow diversion or coiling [37-39].

From a numerical point of view, it is also essential to assess the
prediction capability of scientific groups. A contest was held to analyze
the accuracy of several methodologies when analyzing identical geom-
etries [40]. The main conclusion achieved is that numerical results must
be experimentally validated as predictions are not uniform [40,41].

Manufactured aneurysm models can be employed for experimental
validation. Glass-manufactured aneurysms [42] or silicone ones [43]
were initially introduced. Then, more evolved rigid low-cost poly-
dimethylsiloxane (PDMS) real models were manufactured [44]. Models
can be employed for analysis [45] or training in endovascular tech-
niques [46]. Flexible models are available in ideal IA geometries [47,
48].

Regarding the techniques for in vitro flow analysis, MR, Laser
Doppler Anemometry (LDA), and Particle Image Velocimetry (PIV) are
employed. MR and LDA studies are scarce. As stated previously, low
resolution hinders the applicability of MR for flow measurements [24,
26], even though filters have been introduced to incorporate them into
numerical simulations [49]. PIV is the most common experimental
choice for the moment.

PIV measurements in idealized geometries showed that the IA
morphology influences the aneurysm flow distribution [16]. This dis-
tribution also changes with the wall properties [48] and the orientation
of the inlet parent arteries [50]. Those idealized geometries must be
manufactured carefully to be compared against numerical simulations,
as slight differences are transferred to comparing the results [16].

Experiments in models manufactured from segmented patient ge-
ometries have the added difficulty of matching the segmented geometry
with the final model. Rolloff et al. 2018 [24] have compared several
experimental techniques (MRI, PIV, stereo PIV, tomo PIV) and CFD.
They have reported that velocity MRI results lack enough resolution but
can be cautiously considered. Although MR velocity measurement

Results in Engineering 24 (2024) 103566

accuracy can be estimated [51], WSS measurements are seriously
affected due to that limitation [25], and methods are being proposed to
improve this accuracy [52]. Tomo PIV 3D velocity measurements
constitute a remarkable visualization tool. Nevertheless, require high
computational time, and both vector gradients and fine structures are
smoothed [53].

The PIV plus numerics combination has promoted the path toward
predicting aneurysm rupture. Most research groups predict aneurysm
rupture based on hemodynamical variables (mainly WSS or WSS-based)
and morphological details [40]. While there is a debate on high WSS
[54] or low WSS [55] as the causes of IA rupture, there is a consensus
that complex flow patterns are present in the vast majority of ruptured
IAs [40]. The results of the MATCH Challenge have shown that the
groups with the best prediction for the aneurysm rupture require addi-
tional parameters such as the aneurysm site, details of the inflow jet, and
vortices identification [40,41]. Recently, the analysis of vortical struc-
tures appearing in aneurysms has been considered very important for
analyzing the IA rupture [56,57]. These structures and the impinging
locations have only been measured in idealized aneurysms [58].
Therefore, an experimental analysis of the vortices inside a real aneu-
rysm could shed light on rupture mechanisms.

Besides analyzing the vortices inside the aneurysm, incorporating
fluid-structure interaction (FSI) models for better simulation accuracy is
increasingly recognized, as it can be crucial in cardiovascular applica-
tions where the vessel deforms [59]. For example, Bazilevs et al.
developed a dynamic mesh-based FSI model, allowing simulation of how
blood flow interacts with moving or flexible vessel walls. The ability to
model real-time geometry changes significantly improves hemodynamic
and wall stress predictions [60]. Similarly, De Zelicourt et al. applied
dynamic mesh strategies to capture unsteady flow characteristics and
vessel deformation, confirming the importance of considering moving
boundaries, especially in geometries experiencing significant flow var-
iations [61]. Additionally, Cheng et al. demonstrated that employing a
dynamic mesh for CFD simulations allows for the accurate resolution of
flow patterns and geometric changes in ruptured and unruptured
intracranial aneurysms. This method is effective for studying how
changes in aneurysm shape impact flow and wall shear stress, which are
critical factors in the risk of aneurysm rupture [62]. These stress dis-
tributions are also modified if the vessel thickness is heterogeneous [63,
64], as it also happens in abdominal aortic aneurysms [65,66]. Micro CT
scans of resected tissue samples can provide useful information as
stresses peak at the rupture site [67]. Nevertheless, the limited resolu-
tion of current imaging techniques does not allow the intracranial
aneurysm vessel wall reconstruction in vivo. Moreover, there is an as-
sociation between the wall motion and the risk of rupture [68]. Wall
motion is complex to record as high spatial and temporal resolutions are
required. Luckily, the 3D rotational angiography and 4D CTA techniques
promise improvements in this area [59,68,69]. Therefore, wall modeling
and inclusion in FSI simulations is also an active research area [70,71].

In the present work, we have focused on the experimental analysis of
the movement inside a patient-specific aneurysm. We have employed in
vitro high-speed particle tracking velocimetry (PTV) to capture the flow
evolution. An aneurysm model has been constructed from patient
medical images to visualize the aneurysm’s inner structures during the
cardiac cycle. To this end, a blood-mimicking fluid seeded with particles
has been employed. Finally, trajectories have been obtained by pro-
cessing the experimental videos. All the experimental results have been
compared with the numerical simulations. This numerical study has
been extended to the temporal analysis of that patient and two addi-
tional ones where WSS-based variables have been obtained.

2. Materials and methods
2.1. Geometry

Three patients with diagnosed aneurysms were included in this
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study. CT scanned them at the University Hospital of Badajoz (Fig. 1).
The data included in this study was accessed during May and July 2023
and the researchers did not have access to any information that could
identify individual participants.

The location of the aneurysm of the first patient is at the point where
Middle Cerebral Artery (MCA) and Anterior Cerebral Artery (ACA)
bifurcate from the Internal Carotid Artery (ICA). The second and third
patients have developed an aneurysm at the Basilar Artery (BA) bifur-
cation into the Posterior Cerebral Arteries (PCA). Their main measure-
ments are detailed in Table 1.

The 3D Slicer software was used to import digital imaging and
communications in medicine images, also known as DICOM images
[72]. Then, a four-step manual segmentation procedure was conducted:
(i) Two intensity thresholds (130 HU and 335 HU) were applied to the
first image of the patient to select the pixels belonging to the area of
interest, (ii) by applying a similar interval to the rest of the images the
targeted region undergone a growing process, (iii) additional pixels not
automatically selected in step (i) and according to a radiologist criterion,
were manually included to the previous region, and (iv) other adjacent
vessels connected to the geometry of interest were removed. In this way,
it was acquired a 3D model and geometry. Additionally, we applied
wrapping and smoothing processes to this geometry. The final result was
exported in STL to start the model manufacturing and the numerical
computing.

2.2. Numerical method

This section introduces the numerical method followed in the present
study. A steady-state numerical simulation was conducted for patient
one and was experimentally validated. Subsequently, a transient nu-
merical study was performed for all three patients.

2.2.1. Fluid

Using a Newtonian fluid instead of a non-Newtonian one influences
the simulation results [57]. Nevertheless, this influence on the velocity
can be negligible [12] or overcome depending on the solver’s election
[53]. We selected three instants in the cardiac cycle to check the
non-Newtonian behavior for patient one: systole, intermediate instant,
and diastole. The calculated shear rates were: 177.25 s}, 132.30 s> and
82.00 s}, respectively. Consequently, the blood viscosity for shear rates
were: 3.90 mPas, 4.1 mPas, and 5.00 mPas, respectively. Therefore, a
Newtonian assumption is justified as the viscosity does not change in
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Table 1
Hydraulic diameters of the aneurysm’s arteries. Dome length accounts for the
maximum elongation within the dome.

Patient Length Patient 2 Length Patient 3 Length

1 (mm) (mm) (mm)

ICA 3.78 Left PCA 1.38 Left PCA 0.80

ACA 2.25 Right 1.49 Right 1.32
PCA PCA

MCA 2.47 BA 2.16 BA 2.16

Dome 8.50 Dome 6.10 Dome 4.70

>50 % of the cycle. A blood-mimicking fluid (py = 1072 kg/m®, p=3.15
x 1073 Pa s) was employed.

2.2.2. Boundary conditions

As the specific hemodynamic parameters were unavailable, a ve-
locity profile from a similar aneurysm reported in the scientific literature
[19] was selected as the boundary condition for the ICA. The selected
points (systole, intermediate, and diastole) corresponded to different
Reynolds numbers (Re), i.e., Re = 395, Re = 857, and Re = 639 (see
Fig. 2, left). As we are interested in studying the onset of vortex initia-
tion, two more Re with lower values (11 and 150) were also included.
Although these additional points correspond to flow rates lower than
physiological ones, the absence of vortices facilitated the particle se-
lection to improve the experimental visualization. Preliminary experi-
ments were performed in the patientl’s geometry to obtain the outflow
boundary conditions. We variated inlet flow rates for each branch. We
calculated the flow percentage that circulates through MCA, 49 %, and
the ACA, 51 %. The same flow rate percentage circulates through PCA
for patients 2 and 3. The rigid wall assumption and the non-slip
boundary conditions were also considered. The transient profiles used
in the simulations are represented in Fig. 2. Regarding patients 2 and 3, a
BA velocity profile was also taken from the scientific literature [72].

Considering the maximum velocity of the transient velocity profiles
of Fig. 2, the maximum Re number for this simulation was estimated.
The corresponding value is 952. In this case, the flow was assumed to be
laminar, as this value is well within the laminar flow regime, which
typically occurs for Re values below 2000.

2.2.3. Mesh and numerical parameters
The geometries of the aneurysms were discretized using an auto-
matic algorithm, resulting in tetrahedrons with a size of 0.15 mm.

Fig. 1. Aneurysm medical images (top row) and acquired 3D mesh after segmentation and meshing (bottom row). Arrows indicate the movement direction.
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Fig. 2. Velocity profile imposed at the inlet for the transient simulations. (a) Patient 1; (b) Patient 2 and 3. The red points in the left figure correspond to systole,

intermediate, and diastole flow rates, respectively.

Meshes statistics are shown in Table 2.

For the mesh convergence study, we halved (~1.2 Million elements)
and doubled (~6.0 Million elements) the elements of the patient 1 mesh.
Outlet pressures were monitored in every mesh to assess convergence.
Table 3 shows the results of this study.

In this sense, as the difference is minimum between the results of
Mesh B and Mesh C, and the computational effort is considerably more
for mesh C, Mesh B was selected for the numerical studies. Following
this logic and because the geometries of the other patients and boundary
conditions are similar, the same mesh size was employed for the 3
patients.

The commercial software Fluent [74] was employed to solve the
Navier-Stokes (NS) equations employing the finite volume method [75].
The equations were solved in both steady (ICA aneurysm) and unsteady
(ICA/BA aneurysms) incompressible regimes. The pressure-based solver
and the hydrodynamic equations have been combined. The Least
Squares Cell Based algorithm was used to calculate the gradients in the
cell centers. A second-order spatial discretization was employed for the
pressure equation. An upwind approximation of the same order was
used to perform the momentum equation spatial discretization. The
velocity and pressure were coupled by using the SIMPLE procedure. A
time-step of 0.001 s was considered for the transient simulations. This
ensured that the Courant number stayed below 1. The pressure outlet
result was nearly the same when the time step was divided by two. Three
cardiac cycles were simulated to reach a quasi-periodic regime. The
results of the last obtained cycle are just shown.

2.3. Experimental method

Due to its unique features, including transparency, flexibility, and
biocompatibility, PDMS is a commonly used polymer to fabricate de-
vices at both macro [73,76,77] and micro [77,78] scale levels. As a
result, a PDMS biomodel was created in this study combining rapid
prototyping and casting (lost core) [44] (see Fig. 3). Its refractive index
is 1.41. It must be matched to prevent optical distortions [54]. There-
fore, the present work employed a 52 % solution of dimethyl sulfoxide
(DMSO) in water.

Table 2
Mesh parameters.

Elements Nodes Avg. Sknewness
Patient 1 2455211 458598 0.22
Patient 2 3703615 673350 0.21
Patient 3 3676812 685207 0.22

Table 3
Mesh convergence study results.
Mesh  Elements  Avg. Pressure % Avg. Pressure %
Outlet ACA deviation Outlet MCA deviation
(Pa) (Pa
A 1210128 —50.58 —10.58 % —265.98 6.77 %
B 2455211 —44.02 3.76 % —279.58 2.01 %
C 5980235 —45.74 0% —285.32 0%

Fig. 3. PDMS aneurysm biomodel (patient 1) was manufactured using rapid
prototyping and a lost core casting process.

A refractometer (Abbemat 500) measured the refractive indexes of
both fluids and PDMS. Additionally, by using a densimeter (Anton Paar
DMA 5000 M) and a typical Cannon-Feske viscosimeter, we obtained
both fluid absolute density and viscosity at 25 °C (1072 kg/m>, 3.15 x
1073 Pas, respectively). It is worth mentioning that these values mimic
the human blood ones under high shear rates, where the absolute den-
sity has a value of about 1060 kg/m® and dynamic viscosity has a value
of about 4 x 1073 Pas [55]. To visualize the fluid trajectories, polymethyl
methacrylate (PMMA) particles with an average size of 60 pm were
added to the fluid at a concentration of 100 ppm. Stokes’s number was
calculated to test the fidelity of the particles to the fluid trajectories. As
the density of the particles, p, (1200 kg/m®), is comparable to the fluid,

2
we have employed the expression %}’7) g, where d,, accounts for the

particle diameter, and v and Ly are characteristic velocities and hy-
draulic diameter. If the worst possible conditions are selected, i.e.,
maximum flow rate and minimum hydraulic diameter within the ge-
ometry, Stokes’s number is 0.0045. As this value is much lower than 0.1,
particles do not interfere with the fluid movement, and their trajectories
match the fluid ones with a negligible error. We checked the trajectories
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observed for 60 pm particles by repeating the experiments (Re=11 and
Re=150) using 20 pm particles, and the result was the same. Therefore,
as the bigger particles were easier to visualize, they were employed in all
experiments.

Fig. 4 shows the experimental setup. A tank with adjustable pressure
is joined to a Biichner flask containing the blood-mimicking fluid. A
magnetic mixer continuously worked during the tests to prevent the
particles from settling down. The flow rate of the fluid leaving the flask
was controlled by employing a liquid control valve. This liquid was
pumped into the aneurysm model (see Fig. 5), where two additional
control valves controlled the liquid flow through MCA and ACA. The
control valves were located far downstream of each vessel to prevent
introducing unnecessary fluctuations in the flow through the model.

By employing the ultra-high-speed recording capabilities of CMOS
Photron FASTCAM SA5 camera, a group of 1024 x 1024 pixels images
were recorded. The frame rate range (4000 fps to 7000 fps) was adjusted
as a function of the flow rate to track the particles inside the blood-
mimicking fluid. The exposure time (142.6 ps) was also adjusted to fix
the light intensity. An optical zoom lens system allowed a variable
magnification to observe the particles properly. These particles were
focused by shifting the camera with a triaxial translation stage. Fig. 5
shows in detail all the equipment included in the setup. This equipment
was placed on an optical table to control any movement. This table was
placed on a pneumatic frame to prevent vibrations from the building or
the researchers close to the table.

This setup’s central part was adjusted to obtain zenithal pictures
(Fig. 5). The diffuser and the optical fiber were positioned beneath the
biomodel. A mirror (Q) placed above the biomodel and inclined 45°
allowed the visualization of an additional plane orthogonal to the pre-
vious one. This plane contains a section of the aneurysm dome.

Before each experiment starts, the pressure in the tank (A) is adjusted
by the valve (B) and the differential pressure meter (C). This pressure
sets the flow rate at ICA. This flow rate is the sum of each outlet. Those
flow rates were determined using two beakers and scales (I). Once the
targeted flow rates were achieved, the following experimental proced-
ure was conducted: 1) keep the pressure in the tank; 2) open the valve; 3)
wait for 15 s to allow the flow to stabilize; and 4) record an image set at
the previously mentioned frame rates.

A subset of 400 images for the two smallest flow velocities and 800
images for the rest were processed by ImageJ software [79]. The
Z-projection method at the lowest intensity allowed us to get the path-
lines. These pathlines were subsequently compared with the numerically
obtained ones.

Results in Engineering 24 (2024) 103566

3. Results and discussion
3.1. Steady regime

To facilitate the description of the flow in the aneurysm, Fig. 6 il-
lustrates a frontal and a top image. The inlet artery section is divided
into three sections to assist with the flow analysis. However, only the top
and bottom sectors are considered when analyzing the flow rates
covering the onset of vortex appearance, as no significant motion is
associated with the intermediate part.

3.1.1. Vortex appearance flow rates

As mentioned, two additional points were selected to examine par-
ticle trajectories without vortices. The flow rate corresponding to the
minimum one during the cardiac cycle (diastole) was reduced to avoid
vortexes within the aneurysm (Re=11, Fig. 7a).

Subsequently, the flow rate was increased until the vortex appeared
when Re reached 150 (Fig. 7b). As observed, both numerical predictions
and experiments coincide. In Fig. 7a, the flow behavior varies depending
on the section of the ICA. Part of the top section flow (red in Fig. 7a)
enters the aneurysm, diverting through the MCA without contacting the
aneurysm dome or front wall (Fig. 6). Consequently, the lack of flow
impingement and the fluid trajectories far away from the wall do not
indicate a pressure increase on the surface. Conversely, the remaining
liquid flowing through the upper sector and the liquid passing through
the lower section of the ICA does not reach the aneurysm; instead, it
diverts through ACA and the MCA.

Distinct behavior is observed at a higher flow rate (Fig. 7b). The flow
in the lower section of the ICA primarily diverts through the ACA. A
drastic change in the flow morphology is observed when entering the
aneurysm through the top part. A toroidal vortex and a regular recir-
culation cell appear in the dome [54]. The vortex is generated by the
part of the flow that does not impinge on the wall. Conversely, the flow
impinging on the frontal wall creates a cell by ascending this wall and
redirecting itself to MCA.

3.1.2. Physiological flows

As mentioned in the previous section, three different flow rates were
selected for the ICA within the physiological ones for a patient suffering
an IA in the same position as patient 1 [19]. Fig. 8 illustrates the results
obtained during diastole. In diastole, the flow rate sharply increases with
respect to the one when the vortex start appearing (Re=395 instead of
150). Consequently, the amount of flow that enters the dome increases.

Fig. 4. Detail of the experimental setup: 2 1 tank (A), valve (B), differential pressure meter (C), Biichner flask (D), magnetic stirrer (E), hydraulic control valve (F),
aneurysm model (G), hydraulic control valves (H), beakers and weighing scales (I), ultra-high-speed camera (J); optical lenses (K), triaxial translation stage (L),
optical fiber (M), illumination system (N), frosted glass diffuser (O) and optical table (P).
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Fig. 5. Left: Aneurysm top view. Right: Experimental setup for top view shots.

Fig. 6. Left: ICA sectors for flow analysis. Top (red), intermediate (navy), and
bottom (green). Right: Aneurysm top view and detail of the ICA entrance.

Therefore, the pathlines extend to a more extensive region, including the
top part of the dome. Moreover, the flow through the central region also
enters the dome. Like previous cases, the liquid flowing through the
lower region (green in Fig. 6) remains to divert itself through the exits.
Another novelty with respect to previous cases, is the appearance of
recirculation zones on the left and right sides of the dome.

As the flow rate increases for the central physiological case (Fig. 9),
so does the area occupied by the streamlines. However, the overall
structure remains similar to the diastolic case. Fig. 9 front view shows a
higher concentration of vortices in the central region. Those vortices
also approach the top part of the dome.

Finally, Fig. 10 shows the case with the biggest flow rate (Re=857).
This case follows the same tendency as the previous ones, and the
concentration of pathlines is increasing. The central part of the sac
shows a bigger density of pathlines. Slow vortexes are noticeable on the
left side. The vortices formed are located closer to the wall, which may
have a relationship with the mechanism of rupture [56]. Varble et al.
[56] have established a correlation between the hemodynamics and the
morphology of ruptured IAs and vortex appearing and occupying large
regions within the aneurysmal sac. The impingement on small regions in
the wall can cause a pressure increase and can originate a rupture. In our
case, the entering fluid impacts the front wall and quickly disperses. The
structure formed by the trajectories can be classified as complex, as there
are multiple recirculation cells [54]. The vortex structures observed in
our simulations exhibit a noteworthy agreement with experimental
findings. Figs. 7-10 demonstrate a close correspondence between the
trajectories obtained from experiments and numerical simulations.

3.2. Transient regime

A streamlines velocity flow analysis can provide valuable insights
into the flow patterns within an aneurysm.
Velocity gradients in the dome and neck of the aneurysm are

essential for the endovascular treatment of IA [80]. Fig. 11 shows the
streamlines plots illustrating the fluid flow patterns during the systole
phase in the transient studies of aneurysms for the three patients. Fig. 12
represents them during the diastole phase.

For patient one, there is some fluid recirculation within the aneu-
rysm, like in the steady simulation. The MCA has a higher outflow ve-
locity, which can be justified by the size difference between this artery
and the ACA (there is a minor stenosis at the MCA entrance). Aneurysm
recirculation can also be observed in patients 2 and 3. However, there is
a higher streamlines concentration for these aneurysms, likely related to
the orientation of the arteries at the bifurcation. In other words, the
aneurysms in the latter cases are directly aligned with the BA, unlike the
ICA in patient one where the aneurysm plane is perpendicular to ICA
axis. Again, there is significant fluid recirculation in the dome and the
neck of the aneurysm. In the case of patient 3, there is a noticeable size
difference in the PCA outlet arteries, causing the velocity in the left
branch to be significantly higher than in the right branch in both the
systole and diastole phases.

Regarding the flow in the outlet arteries, some recirculation is also
observed, mainly in the MCA in patient 1, more pronounced during the
systole phase. The same is visible in patient 3's right PCA. Therefore,
recirculation is enhanced due to local features in the geometry.

Vorticity is a vectorial quantity representing the local rotation of
fluid particles within a flow field. It provides valuable insights into the
flow patterns and mechanical stresses within the aneurysm sac and its
surrounding blood vessels. Vorticity can provide a clear visual indica-
tion of vortex structures, flow separation, and areas of intense swirling
motion. These patterns can help identify disturbed or abnormal flow
regions within an aneurysm. Endothelial cells are sensitive to those
changes, and this complex pattern may contribute to the growth of the
structures, wall degeneration, and, ultimately, their rupture [11].

Fig. 13 represents the vorticity profile at systole for the three studied
cases. The highest vorticity values are reached for patients 1 and 3, with
higher velocity magnitude. In the first case, a significant fluid particle
rotation is present towards the bifurcation, neck, and outflow to the
MCA. Vorticity values are generally higher in this branch compared to
the ACA. In the case of patient 3, due to the velocity asymmetry in the
PCA branches (Figs. 11 and 12), there is a noticeable difference in
vorticity levels between the outlet arteries. For patient 2, there is a
smaller difference between the left and right branches of the PCA, with
higher vorticity in the left branch. Comparing the vorticity levels among
the three aneurysms, it is noticeable that there are higher values in the
dome region for patients 2 and 3 compared to patient 1. According to the
experimental observations in patient 1, the flow through the ICA dras-
tically decelerates because of the wall proximity. Then, part of it flows
through ACA and MCA, and the rest ascends to hit the aneurysm dome.

Conversely, in patients 2 and 3, the flow goes straight through BA
and impinges on the aneurysm dome. Therefore, a larger amount of fluid
hits patients 2 and 3's dome due to the geometric differences. It is also
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Fig. 7. Experimental and numerical results for minimum Re. Left: Re = 11;
Right: Re = 150.

noteworthy that there is a large blue zone in patient two before the
bifurcation to the PCA arteries. This low-vorticity zone is related to the
expansion of the fluid domain before the bifurcation, resulting in limited
fluid motion in this region. On the other hand, there is a small
constriction in the BA before that enlargement, where higher vorticity
levels are observed, which is not as visible in the inlet arteries of patients
1 and 3, whose geometry is more uniform.

In aneurysm initiation and growth, prolonged exposure to low WSS
levels can lead to endothelial dysfunction, a precursor to aneurysm

Results in Engineering 24 (2024) 103566

Experimental

Front view

[ms?-1]

Fig. 8. Experimental and numerical results for diastole.

Re =639

Experimental

[ms?-1]

Fig. 9. Intermediate physiological flow results. Experimental trajectories (top
row) vs simulations (bottom row).

formation [55]. As mentioned in the introduction, both low [55] and
high WSS[54] magnitudes in localized regions can induce mechanical
stress on the vessel walls, potentially leading to aneurysm rupture. WSS
is also important to assess the effect on endothelial cells, as appropriate
levels of WSS are necessary to maintain endothelial cell function and
promote vascular health. Abnormal WSS patterns, such as low or oscil-
latory WSS, can disrupt the endothelial cell phenotype, impairing their
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Experimental
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Fig. 10. Experimental and numerical results for highest (systole) flow rate.

ability to regulate vascular tone, inflammation, and thrombosis [11].

Fig. 14 displays the Time-Averaged Wall Shear Stress (TAWSS) plots
for the three patients through the entire cardiac cycle.

TAWSS plots exhibit several similarities to the vorticity plots in the
cases of study. In patient 1, a large velocity gradient is observed in the
bifurcation zone, neck, and MCA, resulting in high WSS values
throughout the cardiac cycle. There is also a small region in the ACA
with higher TAWSS, with slight constriction and geometric deviation. In
patient 2, TAWSS values are lower throughout the geometry, and no red

Results in Engineering 24 (2024) 103566

zones (around 25 Pa) are observed. There are also very low TAWSS in
the expansion before the bifurcation. TAWSS are higher in the left PCA
compared to the right PCA. In patient 3, this difference between the
branches is even more pronounced, significantly higher than the TAWSS
in the left branch. It is also noticeable that in the dome of the aneurysm,
TAWSS is higher in patients 2 and especially 3, compared to patient 1.
This region of low TAWSS can be a potential rupture zone for patient 1
due to the continuous degeneration of the aneurysm wall [55].

Oscillatory Shear Index (OSI) and Relative Residence Time (RRT) are
additional hemodynamic parameters that provide valuable information
about the flow characteristics and their potential impact on the aneu-
rysm wall. Their calculation is based on WSS values [81]. OSI quantifies
the extent of flow oscillations and changes in direction within the
aneurysm. OSI provides insights into the spatial distribution of disturbed
flow patterns and identifies areas with low or oscillatory WSS. High OSI
values are associated with regions of complex flow, flow impingement,
and potential endothelial cell dysfunction. Elevated OSI correlates with
aneurysm initiation, growth, and rupture [82]. RRT estimates the cu-
mulative exposure of the aneurysm wall to blood flow over time. It
provides insights into the local hemodynamic conditions that may
contribute to aneurysm development and progression. High RRT values
indicate prolonged residence time and potential blood stasis, which can
trigger endothelial dysfunction, thrombosis, and inflammation [83].

Fig. 15a shows significant areas of recirculation for patient 1,
particularly in the dome of the aneurysm and the posterior regions of the
MCA and ACA. These regions also have a high particle residence
(Fig. 16a). The pre-bifurcation enlargement (patient 2, Fig. 16b) creates
favorable conditions for developing new aneurysms. This enlargement
likely arises from weakness in the arterial wall due to these high resi-
dence areas [80]. The OSI plot and the streamlines confirm a significant
recirculation (Fig. 11b and 15b). Conversely, patient 3 exhibits high OSI
and RRT in the inflow artery (BA) instead of the aneurysm dome, as
there is significant recirculation but also elevated WSS levels in this
region. This difference may be related to the fact that aneurysm 3 is
relatively smaller than the others.

Figs. 15 and 16 show that the regions where the aneurysms have a
larger dimension, almost in a beak-like shape, are associated with higher
RRT and OSI areas. The hemodynamic study of these two parameters is

Fig. 12. Velocity streamlines at diastole. (a) Patient 1; (b) Patient 2; (c) Patient 3.
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Fig. 16. RRT profiles. (a) Patient 1; (b) Patient 2; (c) Patient 3.

important to access these areas of potential arterial wall weakness and
aid in developing effective treatments.

4. Conclusions

This study examined various flow rates for a steady case. Particle
tracking velocimetry, applied to the experimental analysis of the flow
inside a patient-specific aneurysm model, has allowed experimental
validation of numerical simulation and a better understanding of the
flow characteristics within the aneurysm for different flow rates. More

straightforward trajectories can be observed when employing signifi-
cantly reduced flow rates. The flow behavior changes drastically if the
flow rate increases gradually from diastole to systole. Recirculation re-
gions and vortex structures appear within the aneurysm. Moreover, jet
impingement areas can be accurately localized.

Transient regime numerical studies during the systole and diastole
phases revealed fluid recirculation within the aneurysm, higher outflow
velocities in specific arteries, and distinct flow patterns depending on
the patient and aneurysm location. Vorticity analysis highlighted areas
of intense swirling motion, indicating the presence of vortex structures
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and disturbed flow regions. The analysis demonstrated a correlation
between the dimensions of the aneurysm and areas of high RRT and OSI,
suggesting a relationship between hemodynamic parameters and arte-
rial wall weakness. The use of CFD presents important advantages,
particularly in the clinical context. First, its simplicity and lower
computational cost make it a practical tool, allowing faster simulations
and more efficient resource use for clinical applications where quick
results are essential. Secondly, it does not require detailed mechanical
properties of the aneurysm wall, such as elasticity and thickness, which
are often unavailable in clinical settings. These findings have important
implications for developing preventive measures and treatment strate-
gies for intracranial aneurysms.

In summary, the comprehensive investigation of flow patterns and
hemodynamic parameters within intracranial aneurysms has provided
valuable insights into their behavior. Combining this experimental and
numerical approach can be a perfect alternative to PIV. The PTV
experimental learning curve is faster, more accessible, cost-effective,
and requires reasonable processing time. This methodology can be
extended to any morphology, non-Newtonian fluids, or transient studies.
Future improvements in the manufacturing techniques will allow us to
apply this technique in flexible aneurysms with heterogeneous walls.
The knowledge extracted can contribute to improving treatment ap-
proaches that target specific flow characteristics and regions of arterial
wall weakness, ultimately enhancing patient outcomes and reducing the
risk of aneurysm rupture.
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