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varies significantly based on their geometric configuration, requiring
Intracranial aneurysm, flow diverter  precise analysis of the hemodynamic alterations they induce within the
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(CFD), time averaged wall shear computational fluid dynamics (CFD) investigation to quantify changes
stress, oscillatory shear index, in velocity, time-averaged wall shear stress (TAWSS), oscillatory shear
relative residence time index (0SI), and relative residence time (RRT) following the virtual

deployment of five distinct FD stent designs. Using ANSYS Fluent 2023,
transient simulations were conducted on an idealized saccular
aneurysm model under pulsatile physiological conditions, treating
blood as an incompressible Newtonian fluid to compare a baseline
untreated model against five stented configurations (Models 2-6). The
quantitative results demonstrated that stent geometry critically
influences flow diversion; specifically, Model 6 exhibited the most
superior performance by achieving near-complete flow stagnation with
velocity and pressure reductions exceeding 90% compared to the
untreated baseline velocity of 0.39 + 0.04 m/s, and Model 3 achieved a
beneficial 5.54% reduction in WSS, whereas Model 5 proved
suboptimal with a 2.77% increase in WSS and unfavourable residence
time characteristics. In conclusion, the study confirms that optimizing
stent design parameters is essential for establishing the low-flow, high-
residence-time environment required for successful aneurysm
occlusion, thereby validating CFD as a vital predictive tool for
enhancing FD treatment strategies.

1. Introduction
Intracranial aneurysms (IAs), also known as a cerebral or brain aneurysm, is a condition where part of a blood
vessel in the brain bulges or expands due to a weakened vessel wall. This weakening usually occurs when the
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middle and inner layers of the artery are damaged, and the smooth muscle cells that maintain their strength are
reduced. Depending on the shape, the aneurysm can be either saccular (sac-like) or fusiform (spindle-shaped).
The wall of the aneurysm becomes thinner and less elastic, making it more likely to rupture under blood pressure.
When an aneurysm ruptures, it can cause a subarachnoid hemorrhage (SAH), which is a serious and potentially
fatal type of brain bleeding [1], [2]. Therefore, early detection, detailed analysis, and proper treatment of both
ruptured and unruptured aneurysms are crucial. These efforts rely on modern imaging techniques, computer-
based simulations, and collaboration among medical and engineering specialists [3].

Historically, treatment options included surgical clipping, but minimally invasive endovascular techniques
have become the primary modality for many cases. Among these, the development of flow diverter (FD) stents has
revolutionized the management of complex, wide-necked, or fusiform aneurysms. Unlike traditional coiling which
aims to fill the aneurysm sac, an FD is a high-mesh-density stent deployed across the aneurysm neck in the parent
artery [4]. The fundamental principle of an FD is to reconstruct the parent vessel, thereby redirecting blood flow
away from the aneurysm sac. This flow diversion promotes intra-aneurysmal stasis, leading to progressive
thrombosis and, ultimately, the exclusion of the aneurysm from circulation while allowing perforating vessels
covered by the stent to remain patent [5], [6].

The pathogenesis of IAs and the therapeutic mechanism of FDs are intrinsically linked to cerebral
hemodynamics. It is widely accepted that abnormal hemodynamic forces play a crucial role in the lifecycle of an
aneurysm [7]. Factors such as high-velocity inflow jets impinging on the aneurysm wall can create regions of high
wall shear stress (WSS), which may drive aneurysm growth and degradation of the vessel wall. Conversely, areas
of low and swirling flow can also contribute to pathological remodelling. Therefore, the hemodynamic
environment, characterized by parameters like blood velocity and intra-aneurysmal pressure, is a direct
determinant of rupture risk and treatment efficacy. Analyzing these forces provides invaluable insight into both
the natural history of the disease and the response to treatment [8].

Computational Fluid Dynamics (CFD) has emerged as an indispensable tool for performing detailed, patient-
specific hemodynamic analyses. By creating 3D models from medical imaging data (such as 3D rotational
angiography), CFD simulations can non-invasively quantify complex blood flow patterns and hemodynamic
parameters that are impossible to measure directly in vivo [9]. Following the virtual deployment of an FD, CFD
can predict the post-treatment hemodynamic environment, offering a powerful method to understand the device's
mechanism of action. Studies have consistently demonstrated that FDs significantly reduce inflow velocity into
the aneurysm sac, leading to a marked decrease in intra-aneurysmal kinetic energy and normalization of pressure
gradients, which are key factors for successful occlusion [10].

Beyond basic parameters, advanced hemodynamic indices provide a more nuanced understanding of the
forces acting on the vessel wall. The Oscillatory Shear Index (OSI) quantifies the directional variation of WSS
throughout the cardiac cycle, with high OSI values indicating highly oscillatory flow, which is known to be pro-
inflammatory and dysfunctional for endothelial cells. Similarly, the Relative Residence Time (RRT) measures the
duration that blood particles remain in proximity to the vessel wall, with elevated RRT indicating areas of flow
stasis. Since the therapeutic goal of an FD stent is to induce flow stasis, this study specifically monitors increases
in RRT (indicating flow stagnation) and OSI (indicating unstable, non-directional flow), as high values for both
indices within the aneurysm sac are strongly correlated with the desired thrombus formation and subsequent
aneurysm occlusion [6], [11].

Despite the widespread clinical success of FDs, treatment outcomes can be variable, with factors like
aneurysm morphology, device positioning, and individual patient hemodynamic influencing the time to occlusion
and overall success rate [12]. A significant knowledge gap remains in prospectively identifying which aneurysm
configurations will respond best to flow diversion. Therefore, detailed computational investigations are crucial to
elucidate the precise hemodynamic changes that govern treatment success. This study aims to perform a
comprehensive CFD analysis on an idealized intracranial aneurysm model, quantifying the alterations in TAWSS,
velocity, pressure, OS], and RRT before and after the virtual implantation of a flow diverter stent. The objective is
to correlate these specific hemodynamic modifications with the mechanisms driving successful and timely
aneurysm thrombosis.

2. Methodology

The computational investigation was conducted by modelling blood flow in a simplified intracranial aneurysm
model treated with a flow diverter stent. The simulation was performed using ANSYS Fluent 2023, a CFD platform
capable of examining the intricate hemodynamic behaviour inside blood vessels. This software also provides
detailed information on parameters such as blood velocity, wall shear stress (WSS), and pressure, which are
essential for optimising the design and effectiveness of flow diverter stents. A typical CFD study is divided into
three main phases—pre-processing, solving, and post-processing [13]. The pre-processing stage focuses on
preparing the model before execution. This includes constructing patient-specific aneurysm geometry, generating
the mesh, setting boundary conditions, and selecting suitable physical models to represent blood flow. The solving
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stage involves configuring the numerical solver, which requires choosing the solver type, applying discretization
methods, defining convergence criteria, and determining time-step settings to properly capture pulsatile flow. The
final stage, post-processing, is carried out once the simulation finishes. It includes validating the obtained results,
evaluating the hemodynamic characteristics, producing visualizations, and compiling the findings into reports
[10], [14].

2.1 Governing Equation

This study simulates fluid dynamics using the continuity and Navier-Stokes equations, which govern the motion
of an incompressible fluid. These equations are essential for describing flow behaviour in complex geometries,
such as those introduced by intravascular stents [15].

The numerical simulation was performed under the assumption of a laminar flow regime, which is
appropriate for the low Reynolds number conditions typical of blood flow in small arteries. This allows for the
direct solution of the governing equations without the need for turbulence modelling. The conservation of mass
and momentum are represented by the continuity (incompressible) and Navier-Stokes equations, respectively, as
formulated in Eq. (1) and Eq. (2) [16]:

V.(%) =0 (1)
61—5 — - 4 o
pl=+vVV)=—-Vp+uV?v+F 2

Here, p is fluid density, v is the velocity vector, p is pressure, pis dynamic viscosity and F represent body
forces.

2.2 Hemodynamic Parameters of Intracranial Artery

Multiple hemodynamic indicators were utilized to assess how morphological variations influence the formation
of atherosclerosis-prone regions in intracranial arteries.

2.2.1 Time Averaged Wall Shear Stress (TAWSS)

The hemodynamic environment of intracranial arteries is critical to their structural and functional integrity, with
Time-Averaged Wall Shear Stress (TAWSS) serving as a key indicator. Wall Shear Stress (WSS), defined as the
tangential frictional force exerted by blood flow on the arterial endothelium, is instrumental in predicting vascular
remodelling and disease progression. The magnitude of WSS can be quantified using various formulations. Under
idealized laminar flow, it is given by Poiseuille’s law as written in Eq. (3), which relates WSS to blood’s dynamic
viscosity, 4, flow rate, Q and the arterial radius, r. A more general definition, applicable in complex geometries,
derives WSS from the fluid viscous stress tensor (z;;) as expressed in Eq. (4) [17], [18].

_ A4pgQ
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Aberrant WSS values within the cerebral vasculature are linked to distinct pathologies. Specifically, low WSS
values of less than 1 Pa promote an atherogenic endothelial phenotype, increasing susceptibility to
atherosclerosis. In contrast, high WSS values exceeding 7 Pa can lead to endothelial dysfunction and a heightened
risk of thrombotic events or plaque erosion. The physiological range for healthy intracranial arteries is generally
accepted to be between 1 and 7 Pa. Since cerebral blood flow is inherently pulsatile, a time-averaged value is
required for meaningful analysis. TAWSS is therefore computed by integrating the instantaneous WSS magnitude,
|71, over the period of one full cardiac cycle, T, as shown in Eq. (5) [18].

T

1( .
TAWSS = Ff|rw| dt (5)

0

2.2.2 Oscillatory Shear Index (OSI)

The Oscillatory Shear Index (OSI) is a critical hemodynamic metric used to characterize the temporal fluctuations
in the direction of shear forces acting on the walls of intracranial arteries throughout the cardiac cycle. This
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parameter is instrumental in identifying locations with significant blood flow recirculation and stasis, which are
implicated in cerebrovascular pathologies. The OSI, derived from the oscillatory component of wall shear stress
(WSS), is a dimensionless value that ranges from 0 (indicating completely unidirectional flow) to 0.5 (representing
purely oscillatory flow). In the context of intracranial hemodynamics, regions exhibiting a high OSI, specifically
values greater than 0.2, are considered to be at an elevated risk for atherosclerotic plaque formation and
progression. The computation of the OSI is defined by Eq. (6) as presented [19].

T
|f0 Tywdt|

1
0SI = 5(1'f§|?wlat) (6)

2.2.3 Relative Residence Time (RRT)

Relative Residence Time (RRT) is a hemodynamic parameter applied to intracranial arteries to characterize the
interaction between blood particles and the vessel wall. Elevated RRT values occur in regions of low and
oscillatory shear stress, representing disturbed flow conditions that facilitate intracranial atherosclerosis.
Prolonged particle residence enhances platelet adhesion, protein accumulation, and thrombus stabilization on the
endothelium. Accordingly, RRT is a reliable predictor of arterial segments prone to atherogenesis, with values
above 10 Pa™! often associated with advanced disease progression. RRT is computed from time-averaged wall
shear stress (TAWSS) and oscillatory shear index (OSI), as expressed in Eq. (7) [20].

1
RRT =
(1—2-0SI) - TAWSS (7)

2.3 Simplified Geometry Model

The three-dimensional (3D) geometry representing an idealized intracranial saccular aneurysm was developed
for the present analysis. The model was initially constructed using the computer-aided design (CAD) software
SolidWorks 2023 and subsequently imported into ANSYS Fluent 2023 DesignModeler for pre-processing and
simulation setup [21]. The study utilized a total of six computational models to evaluate hemodynamic
performance. Fig. 1 illustrates the simplified geometry of the intracranial aneurysm Model 1, including the parent
artery and the saccular dome configuration used in this study. Model 1 served as the Baseline (No-Stent) Model,
representing the untreated aneurysm geometry. The geometry consists of a straight parent artery, modelled as a
cylinder with a uniform diameter of 4 mm and a total length of 50 mm [22]. A saccular aneurysm with a maximum
dome diameter of 10 mm and a neck width of 7.55 mm is positioned on the wall of the parent vessel, reflecting a
typical morphology for this type of vascular condition [23].

During the simulation phase, each of the five stent geometries was virtually deployed within the idealized
aneurysm model. As shown in Fig. 2, the stents were strategically positioned to span the 7.55 mm neck width. This
arrangement replicates the clinical procedure where the stent acts as a scaffold to divert blood flow away from
the aneurysm sac [24]. By maintaining a constant aneurysm and parent vessel morphology across all six
simulations (1 Baseline + 5 Stented), any variations in hemodynamic parameters can be directly attributed to the
stent design. This process produced five complete computational models, labelled (a) through (e) in Fig. 3. Each
model included the parent artery, the saccular aneurysm, and one of the five implanted stent designs. By
maintaining a constant aneurysm and parent vessel morphology across all simulations, any variations in
hemodynamic parameters such as intra-aneurysmal flow velocity, pressure distribution, and wall shear stress can
be directly attributed to the geometric design of the stent. This ensures a rigorous and unbiased assessment of
each stent’s therapeutic performance [25].

50mm

Fig. 1 Geometry of simplified intracranial aneurysms model (Model 1)
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Fig. 2 Geometry for 5 types of stents (a) Type 1; (b) Type 2; (c) Type 3; (d) Type 4; (e) Type 5

(d)

(b)

(e)

(©

Fig. 3 Simulation geometry for the five stent-aneurysm configurations (a) Model 2; (b) Model 3; (c) Model 4; (d)
Model 5; (e) Model 6

Table 1 shows the specifications for each stent used in this study. All stent models share the same diameter
of 3.05 mm and wall thickness of 0.13 mm, ensuring a consistent radial dimension across the configurations.
However, the stent length was varied across the models (Model 2 to Model 6) to systematically investigate the
influence of landing zone coverage on intra-aneurysmal hemodynamics. Model 2 represents the minimum
functional length required to cover the aneurysm neck. Models 3 through 6 represent incrementally longer
devices, extending the proximal and distal landing zones within the parent artery. This variation allows for the
assessment of how the length of flow straightening upstream of the aneurysm affects the diversion efficiency and
whether extended coverage provides superior reduction in the aneurysmal inflow jet [8], [24].

Table 1 Specification for each stent

Type of stent Diameter (mm) Length (mm) Thickness
Type 1 3.05 18.20 0.13
Type 2 3.05 17.05 0.13
Type 3 3.05 15.05 0.13
Type 4 3.05 15.90 0.13
Type 5 3.05 15.90 0.13
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2.4 Meshing of Stented Intracranial Aneurysms Model

The computational domains were discretised using unstructured tetrahedral elements to accurately capture the
intricate arterial geometry and the explicit substructure of the flow diverter stents. This approach was selected to
resolve complex hemodynamic features, including velocity gradients and wall shear stress in critical regions [26].
The meshing strategy prioritized solution accuracy, with curvature-based refinement applied in regions of high
geometric complexity, particularly around the aneurysm neck and the stent struts.

Across the six configurations, the mesh density was optimized to ensure grid independence and capture the
boundary layer flow. Model 1 employed 371,180 nodes and 1,194,212 elements with a fine element size of 0.13
mm, enabling precise representation of stent features. For the stented configurations (Models 2-6), the presence
of the stent struts required further local refinement to resolve the flow separation around the wires. By contrast,
Model 2 used the coarsest mesh, consisting of 1,462,869 nodes and 4,876,818 elements at an element size of 3.05
mm, which provided adequate resolution of global flow patterns while reducing computational demand. For
instance, Model 2, which featured a dense stent configuration, comprised 4.8 million elements with a global
maximum size of 0.20 mm and refined sizing of approximately 0.02 mm near the stent wires to capture the micro-
flow dynamics. The variation in node counts across models reflects the geometric differences in stent coverage
rather than inconsistent meshing standards. Model 3 was constructed with 424,516 nodes and 1,406,535
elements at an element size of 2.50 mm, while Model 4 utilized 342,721 nodes and 1,131,613 elements with a
smaller element size of 1.75 mm to improve accuracy in regions of higher curvature. Likewise, Model 5 contained
353,377 nodes and 1,872,135 elements at an element size of 2.50 mm, and Model 6 comprised 931,676 nodes and
3,077,746 elements with the same element size of 2.50 mm, offering refined resolution suitable for hemodynamic
evaluation [27].

The final computational mesh exhibited high quality, with an average skewness of 0.28115 and an orthogonal
quality of 0.97285. These metrics surpass the recommended criteria for cardiovascular simulations in ANSYS
Fluent. As shown in Fig. 4(a), the mesh transitions smoothly from the core flow to the wall boundaries. To
accurately resolve the near-wall velocity gradients, inflation layers were generated with five boundary layers
along the arterial wall and stent surfaces, as depicted in Fig. 4(b). Furthermore, Fig. 4(b) illustrates the detailed
mesh refinement around the stent struts, ensuring precise detection of low-shear zones associated with
thrombosis risk [25].

(@) (b)

Fig. 4 Tetrahedral meshing for all intracranial artery over all the stents (a) Body sizing; (b) Inflation

2.5 Boundary Conditions and Parameter Assumptions

The present numerical study simulated the hemodynamic behaviour within a stented intracranial artery segment
by assuming transient, incompressible flow conditions. The flow regime was considered laminar, justified by the
low Reynolds number (Re) typically observed in arteries of this anatomical scale, which remains below the critical
threshold for turbulence. To ensure a physiologically relevant representation, blood was modelled with a constant
density (p) of 1055 kg/m?. Although blood exhibits non-Newtonian characteristics, its rheological properties were
simplified in this study by applying a constant dynamic viscosity () of 0.004 Pa-s [23].

The inlet boundary condition was defined using a time-dependent pulsatile velocity profile to represent
pulsatile flow within the intracranial artery. This approach captures the physiological time-dependent variation
of blood velocity induced by the cardiac cycle in a rigid, cylindrical vessel. The solution accounts for both fluid
viscosity and pulsation frequency, yielding a velocity distribution that varies in magnitude and radial shape
throughout the cycle. To approximate the cardiac cycle, a simplified sinusoidal waveform was applied. Fig. 5
illustrates the temporal variation of the inlet condition, represented by a simplified sinusoidal waveform over two
cardiac cycles 2 s. For the transient simulation of the pulsatile blood flow, a fixed step size of 0.02 s was utilized to
resolve the temporal variations across the cardiac cycle. To ensure numerical stability and convergence of the
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solution, the solver was configured to perform a minimum of 5 iterations per time step before advancing to the
next time level. The velocity fluctuates between a diastolic minimum of approximately 0.18 m/s and a systolic
maximum of nearly 0.30 m/s, with a mean time-averaged value of 0.25 m/s [28].

The arterial walls and stent surfaces were subjected to no-slip boundary conditions, thereby imposing zero
velocity at the fluid-solid boundaries. Gravitational effects were considered negligible in comparison with the
prescribed inlet velocity and outlet pressure [17]. Under these assumptions, the computational setup provides a
physiologically consistent representation of steady laminar blood flow assist within the intracranial artery,
allowing detailed assessment of velocity fields, pressure distributions, and wall shear stress (WSS) patterns
associated with the presence of the stent. To resolve the pressure-velocity coupling, the coupled algorithm in
ANSYS Fluent was implemented, which simultaneously updates both variables during each iteration. This
numerical approach was adopted to ensure robust convergence and to enhance the accuracy of the predicted
hemodynamic environment and WSS characteristics in the stented intracranial artery [19], [25].

Inlet Velocity vs. Time (Plug Flow Approximation)

=== Mean Velocity (0.25 m/s)

0.26

e
N
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Velocity (mfs)

e
N
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0.20

0.18

T T T T T T T
0.00 0.25 0.50 0.75 100 125 1.50 175 2.00
Time (s)

Fig. 5 Sinusoidal inlet velocity profile with a mean of 0.25 m/s

2.5.1 Grid Independence Test

Ensuring that the computational fluid dynamics (CFD) simulation results were independent of mesh density
required conducting a Grid Independence Test (GIT) for the Type 3 stent in Model 4. This validation step was
essential to confirm the accuracy and robustness of the numerical model [29]. The test involved systematic mesh
refinement, as outlined in Table 2, where five different configurations were examined. The mesh density ranged
from a coarse setup GIT 1 with approximately 716,000 elements to a fine mesh GIT 5 exceeding 1.2 million
elements. The objective was to determine the mesh resolution capable of producing stable results while
maintaining computational efficiency [30].

The velocity profiles obtained from these configurations are illustrated in Fig. 6, showing a consistent
convergence pattern. While the course meshes GIT 1 and GIT 2 produced noticeable variations, the profile
generated by GIT 3 closely matched those of the finer meshes GIT 4 and GIT 5. This demonstrated that grid
independence was achieved at the GIT 3 level, as the difference in WSS between GIT 3 and the denser meshes
remained below 1.5%. Hence, the GIT 3 configuration was selected as the most suitable option, providing a balance
between solution accuracy and computational cost [31].

Table 2 Parameter used in GIT for model 3

Parameter GIT 1 GIT 2 GIT 3 GIT 4 GIT 5
Element size 4.00 mm 3.50 mm 3.05 mm 1.75 mm 0.30 mm
Number of nodes 223134 249131 280105 342721 374981
Number of 715927 809353 916877 1131613 1226306
elements
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Fig. 6 GIT chart for Type 3 stent configuration in simplified model

3. Results

This section presents the findings of the computational analysis conducted to investigate the hemodynamic
behavior of blood flow within intracranial aneurysms treated using different stent designs and deployment
strategies.

3.1 Velocity Profile of Intracranial Aneurysms Model

The investigation into the haemodynamic environment of intracranial aneurysms, as depicted in Fig. 7, reveals
significant variations in intra-aneurysmal velocity contingent upon the deployed stent model. Model 1, the control
case without a stent, establishes a baseline for an untreated aneurysm. In this configuration, a high-velocity jet
with a core velocity of approximately 0.39 + 0.04 m s™* directly impinges upon the aneurysm sac. This ingress of
rapid flow induces a large, stable vortex within the sac, maintaining significant fluid motion and potentially
contributing to wall shear stress and growth. The velocity at the neck and within the upper region of the aneurysm
sac remains elevated, ranging from 0.22 to 0.35 m s™%, indicating a high risk of continued haemodynamic stress on
the weakened vessel wall. This model represents the pathological condition that necessitates intervention to
mitigate the risk of rupture [32].

Velocity
I 0.43 .
0.39 . o
- 0.35 ' -
L 0.30 (@) (b)
r0.26
-0.22
r0.17 2 —
r0.13
0.09 (©) (d)
I 0.04
0.00
[m s™-1]

(e)

Fig. 7 Vector velocity for the six model of intracranial aneurysms (a) Model 1; (b) Model 2; (c) Model 3; (d) Model 4;
(e) Model 5; (f) Model 6

A comparative evaluation of the stented configurations Model 2 until 6 reveals a distinct relationship between
stent geometry and flow-diverting efficiency. Models 2 and 5 achieve a moderate yet significant decrease in intra-
aneurysmal velocity. The stents in these models effectively disrupt the primary inflow jet, lowering the velocity
within the aneurysm sac to approximately 0.09-0.17 m s™* — representing a 55-75% reduction relative to the
untreated case. Despite this improvement, a residual, slower circulation pattern remains observable. Conversely,
Models 3 and 4 demonstrate superior flow diversion, reducing intra-aneurysmal velocity further to 0.04-0.09 m
s™. This pronounced reduction fosters a near-stagnant flow condition, which is favorable for thrombosis initiation
[33].
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Among the analysed configurations, Model 6 is identified as the most efficient in diverting blood flow. This
model achieves an almost complete flow stagnation within the aneurysm sac, where velocities are consistently
reduced to the range of 0.00-0.04 m s™. This corresponds to a reduction exceeding 90% compared to the
untreated baseline on Model 1. The markedly low velocity indicates that the stent effectively isolates the aneurysm
from the main circulatory flow and pressure, establishing a haemodynamic condition that favours thrombus
formation and promotes long-term stable occlusion [34]. The progressive enhancement observed from Model 2
to Model 6 highlights the importance of stent design parameters particularly strut density and porosity in
optimising flow diversion and improving potential clinical outcomes [35].

3.2 Wall Shear Stress Distribution at Intracranial Aneurysms Model

The comparative analysis highlights the influence of different stent configurations on wall shear stress (WSS)
distribution within an intracranial aneurysm. Fig. 7 illustrates the WSS contours for each model, enabling a clear
visualization of the hemodynamic variations induced by stent deployment. The untreated aneurysm, represented
by Model 1, serves as the baseline, exhibiting a hemodynamic environment with elevated WSS, particularly at the
aneurysm neck on the distal side where the blood jet impinges. This impingement region shows peak WSS values
ranging from 4.70 to 5.00 Pa, signifying a high-risk zone for aneurysm growth or rupture [7]. In contrast, the WSS
within the aneurysm sac is lower and more irregular, approximately between 2.30 and 3.50 Pa, suggesting a
disturbed flow structure. Meanwhile, the parent artery maintains a nearly uniform WSS of about 3.80 + 0.30 Pa,
serving as a reference for normal hemodynamic behavior [16], [33].

The application of stents, as demonstrated in Models 2 through 6, markedly alters the intra-aneurysmal
hemodynamic, producing a beneficial flow diversion effect. The previously concentrated high WSS at the
aneurysm neck is eliminated, resulting in a consistent low WSS distribution across the aneurysm sac, ranging from
2.00 to 2.30 Pa. This uniform reduction reflects effective flow diversion, as the stents redirect the high-velocity jet
away from the aneurysm, inducing a quasi-static flow condition. Clinically, this low WSS environment is desirable,
as it facilitates thrombus formation and promotes aneurysm healing by minimizing stress on the aneurysm wall
[36].

Although all stented models achieve a similar overall reduction in intra-aneurysmal WSS, subtle differences
appear along the parent artery wall where stents are deployed. Models 2, 3, and 5 produce moderately uniform
WSS distributions, typically between 2.90 and 3.80 Pa, reflecting simpler stent geometries. In contrast, Model 4
generates a more complex WSS profile due to a denser or overlapping mesh design, resulting in localized WSS
peaks around 4.10 Pa, which indicates regions of intensified flow interaction near the struts. Model 6 closely
resembles Model 5, implying comparable porosity or geometric characteristics. Overall, all stent designs
demonstrate strong flow-diverting capability, effectively lowering WSS within the aneurysm sac to therapeutic
levels while maintaining acceptable local variations along the stented vessel segment [37].

Wall Shear.
5.00
o
- 4.40
-4.10
3.80

- 3.50

3.20
- 2.90

2.60
I 2.30
2.00

[Pa]

Fig. 8 Wall shear stress distribution for the six model of intracranial aneurysms (a) Model 1; (b) Model 2; (c) Model
3; (d) Model 4; (e) Model 5; (f) Model 6

Table 3 quantitatively summarizes the area-weighted average wall shear stress (WSS) for each model,
providing an integrated measure of overall haemodynamic behavior. Models 1 and 2 serve as the baseline, with
WSS values of 2.0596 Pa and 2.0673 Pa, respectively. Model 3 records the lowest WSS at 1.9456 Pa, reflecting a
5.54% reduction compared to Model 1. Likewise, Model 4 demonstrates a decrease to 1.9593 Pa, equivalent to a
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4.87% drop from the baseline. Conversely, Model 5 produces the highest WSS at 2.1167 Pa—an increase of 2.77%
relative to Model 1—while Model 6 yields a slightly lower value of 2.0140 Pa, representing a 2.21% reduction.
Overall, the WSS variation across models remains confined within approximately +5.6%, indicating that although
local WSS distributions undergo substantial modification due to differing stent configurations, the averaged WSS
remains relatively consistent [38]. The elevated WSS observed in Model 5, despite pronounced visual flow
diversion, implies that its stent design may generate localized high-velocity jets that increase shear stress at
specific wall regions, an effect that becomes averaged within the global WSS metric [25].

The area-weighted average wall shear stress (WSS) varies minimally among the different models for
intracranial aneurysm treatment—by approximately 0.2 Pa or within a +5.6% range—these seemingly small
differences have significant physiological implications. Stent configurations that result in lower WSS, such as
Model 3 (5.54% reduction), may heighten the risk of adverse events like endothelial dysfunction, neointimal
formation, and thrombosis. Conversely, the design in Model 5, which produced the highest WSS (2.77% increase),
can generate localized high-velocity jets. Such accelerated flow patterns can induce localized areas of high shear
stress, particularly around stent struts, potentially causing platelet activation or endothelial damage. These
findings highlight the critical role of stent geometry and placement in modulating the WSS distribution,
underscoring the necessity of meticulous design to optimize hemodynamic performance and ensure long-term
vascular health [18].

Table 3 Area-weighted average wall shear stress (Pa) for each model

Type of model Area-average wall shear
stress (Pa)
Model 1 2.0596
Model 2 2.0673
Model 3 1.9456
Model 4 1.9593
Model 5 2.1167
Model 6 2.0140

3.3 Pressure Distribution at Intracranial Aneurysms Model

The pressure distribution across the six computational models, as illustrated in Fig. 9, clearly reflects the
significant hemodynamic influence of stent deployment in altering intra-aneurysmal pressure. In the baseline
condition represented by Model 1, the aneurysm sac exhibits consistently high pressure that remains continuous
with the parent artery, with values predominantly ranging from 206.03 Pa to 235.46 Pa, as shown by the yellow
to light-orange regions. This sustained high-pressure state substantially contributes to wall stress development
and elevates the risk of aneurysm rupture. In contrast, Models 2 to 6 display varying degrees of pressure
mitigation depending on the stent configuration, highlighting the role of design parameters in influencing
hemodynamic performance [13], [39]. A consistent trend is observed, where stent placement at the aneurysm
neck progressively decreases intra-sac pressure by redirecting blood flow along the main vessel axis [39].

Furthermore, Models 2 and 3 demonstrate moderate but noticeable reductions, with pressure values
decreasing to approximately 147.16-176.59 Pa, indicating a 30-40% reduction relative to the baseline model.
Model 4 exhibits a more significant improvement, with pressure values reduced to between 58.86 Pa and 88.30
Pa, corresponding to a reduction exceeding 65%. The most pronounced reduction is evident in Models 5 and 6,
which exhibit superior flow-diverting capabilities and enhanced pressure attenuation. Model 5 records an average
pressure of about 58.86 + 29.43 Pa, while Model 6 achieves the greatest reduction, where most regions within the
aneurysm sac experience pressures below 29.43 Pa. This corresponds to a remarkable decrease exceeding 90%
compared to the untreated case, effectively isolating the aneurysm from major hemodynamic forces. The
progressive decline in pressure from Model 2 through Model 6 clearly indicates that increasing the stent mesh
density enhances the flow-diversion effect, resulting in a stable, low-pressure environment that promotes
thrombus formation and supports aneurysm stabilization [33].

Penerbit
UTHM



‘ 295 Int. Journal of Integrated Engineering Vol. 17 No. 8 (2025) p. 285-300

Pressure
[ 29432
264.89
L 235.46 . | . SEEEE
r 206.03 (a) (b)
- 176.59
F147.16
- 88.30 ©

58.86
I 2943
0.00
[Pal FEEE Tl
(e)

Fig. 9 Pressure distribution for the six model of intracranial aneurysms (a) Model 1; (b) Model 2; (c) Model 3; (d)
Model 4; (e) Model 5; (f) Model 6

Based on the data presented in Table 4, the analysis of pressure distribution reveals clear variations among
the six stent models, reflecting distinct hemodynamic responses to differences in design and implantation
configuration. The overall pressure range recorded across all models was 6.38 Pa, indicating measurable
differences in performance. Model 1 displayed the highest-pressure distribution with a value of 102.14 Pa, while
Model 5 recorded the lowest at 95.76 Pa. When Model 2, with a mean pressure of 100.00 Pa, is considered as the
reference baseline, Model 1 is the only configuration that shows an increase in pressure. In contrast, the remaining
models—Model 3, Model 4, Model 5, and Model 6—exhibit reduced pressure values of 97.54 Pa, 97.98 Pa, 95.76
Pa, and 96.24 Pa respectively. Among these, Model 5 demonstrates the most pronounced reduction, followed
closely by Model 6. These observations indicate that the geometric designs of Model 5 and Model 6 are more
effective in minimising localized pressure concentrations compared to the other configurations, particularly
Model 1, which exhibits the least favourable pressure characteristics [32].

Table 4 Pressure distribution across stent designs and implantation positions

Type of model Pressure distribution (Pa)
Model 1 102.14

Model 2 100.00

Model 3 97.54

Model 4 97.98

Model 5 95.76

Model 6 96.24

3.4 Impact of the Stents on the WSS-Related Indices: OSI

The spatial distribution of the Oscillatory Shear Index (0SI) across the six computational aneurysm models, as
depicted in Fig. 10, reveals clear hemodynamic differences resulting from the various intervention strategies
applied. In the baseline condition represented by Model 1, the OSI remains uniformly low, with values close to
zero throughout the parent vessel and the aneurysm sac. This indicates a reference flow condition that, while
complex, exhibits minimal oscillatory behaviour. Similarly, Model 2, incorporating a conventional stent positioned
across the aneurysm neck, shows only a negligible change in OSI compared to the baseline, suggesting that this
configuration exerts minimal influence on flow oscillation within the aneurysm region [21].

In contrast, the introduction of flow-diverting stents in Models 3 through 6 produces markedly different
hemodynamic responses. Models 3, 4, and 6 display a slight increase in OSI, primarily concentrated around the
aneurysm neck, with values ranging from approximately 0.10 to 0.15, while the OSI within the aneurysm sac
remains relatively low. This trend implies that these configurations effectively stabilise intra-aneurysmal flow and
promote favourable flow diversion [23]. However, Model 5 demonstrates a notably adverse hemodynamic
condition, where a large portion of the aneurysm sac experiences OSI values between 0.40 and 0.50—representing
an increase exceeding 200% compared to the other flow diverter models. This elevated OSI indicates highly
unstable, reversing flow patterns that are detrimental to vascular stability [40].
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The interpretation of these OSI variations is closely associated with the Time-Averaged Wall Shear Stress
(WSS). A high OSI value generally corresponds to low WSS, and an OSI approaching 0.5 signifies a near-zero mean
shear stress, where the flow direction reverses during roughly half of the cardiac cycle [7]. For Models 3, 4, and 6,
the combination of low OSI within the aneurysm sac and effective flow diversion encourages blood stasis and
thrombus formation, which aligns with the intended therapeutic outcome. Conversely, the abnormally high OSI
observed in Model 5 indicates an unfavourable hemodynamic environment that may induce endothelial
dysfunction and inhibit stable thrombosis, thereby increasing the likelihood of treatment failure and potential
aneurysm instability [35].
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Fig. 10 Spatial configuration of oscillatory shear index (0SI) for the six model of intracranial aneurysms (a) Model
1; (b) Model 2; (c) Model 3; (d) Model 4; (e) Model 5; (f) Model 6

3.5 Impact of the Stents on the WSS-Related Indices: RRT

The spatial variation of Relative Residence Time (RRT), a key hemodynamic parameter linked to blood stasis, is
illustrated in Fig. 11 for six computational models of intracranial aneurysms. In the baseline configuration
represented by Model 1, which depicts the untreated condition, a non-uniform RRT pattern is observed within the
aneurysm sac. The parent artery records an RRT value close to 0.00 Pa™, indicating normal and healthy blood
flow. In contrast, the aneurysm sac demonstrates a highly elevated RRT region, reaching approximately 300 Pa™?,
signifying significant flow recirculation and prolonged residence time at the apex. This condition is commonly
linked to aneurysm enlargement and rupture risk [23]. The remaining areas of the sac exhibit moderate RRT
values between 150 and 240 Pa™%, reflecting a complex and irregular intra-aneurysmal flow environment [41].

Following the placement of flow-diverting stents, noticeable hemodynamic modifications can be observed
across the treated models. Models 2, 3, and 6 display the most favourable therapeutic responses, where the RRT
distribution becomes uniformly elevated to around 300 Pa™* across almost the entire aneurysm sac. This outcome
represents a substantial improvement compared to the untreated baseline, effectively transforming the aneurysm
cavity into a region of near-total blood stasis—an essential condition for promoting thrombosis and facilitating
aneurysm occlusion [8]. Model 4 also demonstrates a beneficial effect, with a broad area of elevated RRT
throughout most of the sac. However, a small region near the aneurysm neck maintains relatively lower RRT
values ranging between 180 and 210 Pa™', suggesting that its flow diversion efficiency is slightly less
comprehensive than that of Models 2, 3, and 6. The overall area exhibiting optimal blood stasis in Model 4 is
estimated to be about 10-15% smaller than that observed in Model 6 [11].

In contrast, Model 5 presents a markedly adverse hemodynamic outcome. Instead of promoting blood stasis,
this configuration results in a pronounced decrease in RRT within the aneurysm sac, with values dropping to
nearly zero, ranging between 0 and 30 Pa™". This reduction is considerably lower than that observed in the
untreated model, indicating that the stent has failed to induce flow stagnation and may have inadvertently caused
a washout effect [12]. Such a condition increases the mechanical stress exerted on the aneurysm wall and
counteracts the intended therapeutic objective. The mean RRT in Model 5 is approximately 90-95% lower than
the effective RRT levels recorded in Model 6. These findings highlight that the therapeutic performance of flow
diverters is highly dependent on their geometric configuration and positioning. Overall, Models 2, 3, and 6
demonstrate strong potential in achieving effective intra-aneurysmal stasis conducive to thrombosis and eventual
occlusion, whereas Model 5 produces a hemodynamically unfavourable response that could compromise
treatment success [2].
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Fig. 11 Spatial configuration of relative residence time (RRT) for the six model of intracranial aneurysms (a) Model
1; (b) Model 2; (c) Model 3; (d) Model 4; (e) Model 5; (f) Model 6

4. Conclusions

Based on the comprehensive computational fluid dynamics (CFD) analysis, the hemodynamic environment within
an intracranial aneurysm is strongly influenced by the geometric configuration and deployment characteristics of
flow-diverting stents. Among the evaluated models, Model 6 exhibited the most effective therapeutic performance
by achieving near-complete flow stagnation, with velocity and pressure reductions exceeding 90% compared to
the untreated baseline at Model 1, thereby effectively isolating the aneurysm sac from direct hemodynamic
impact. All stented models successfully reduced intra-aneurysmal wall shear stress (WSS) to levels conducive to
thrombosis formation; however, Models 6, 2, and 3 demonstrated the most favorable intra-aneurysmal stasis, as
indicated by uniformly elevated Relative Residence Time (RRT). Conversely, Model 5 showed suboptimal
hemodynamic behavior, characterized by an abnormally high Oscillatory Shear Index (OSI) and a
counterproductive reduction in RRT, which may compromise thrombus stability and increase the risk of
treatment failure. Overall, the findings underscore the critical importance of stent design—particularly mesh
density—in regulating intra-aneurysmal flow dynamics to establish a low-flow, low-pressure environment that
promotes thrombosis and ensures long-term aneurysm occlusion stability.
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