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Abstract. This study investigates the influence of aneurysm sac volume on hemodynamic factors associated with rupture risk in
patient-specific anterior communicating artery (ACA) aneurysms. Six real patient-specific geometries obtained from the Aneurisk
database were analyzed, encompassing a wide range of sac volumes (43-1265 mm?) while maintaining similar parent vessel radii.
Blood flow was modeled using transient Navier-Stokes equations with a one-way fluid-structure interaction (FSI) approach, and
the Casson non-Newtonian model was employed to represent viscosity variations associated with hematocrit levels. Three cardiac
cycles were simulated under physiologically realistic boundary conditions to ensure temporal convergence. Hemodynamic indices
including wall shear stress (WSS), oscillatory shear index (OSI), and sac-averaged velocity, and were evaluated across four
characteristic cardiac instants. The results indicate that larger aneurysms exhibit higher sac-averaged velocities but lower localized
WSS, with peak WSS concentrated at the ostium in smaller aneurysms and at the dome in larger ones. OSI values were highest
near curvature-driven recirculation regions, with overall OSI decreasing as sac volume increased, except in complex multi-dome
geometries. Variations in hematocrit demonstrated consistent trends of increasing viscosity leading to higher WSS and pressure
but reduced intra-saccular velocity. The findings highlight the critical role of sac volume and geometric complexity in modulating
intra-aneurysmal flow structures. Larger volumes tend to distribute hemodynamic stresses more uniformly, whereas smaller sacs
display localized high WSS that may predispose them to rupture. These results underscore the need for patient-specific modeling
to capture morphological and rheological effects that influence aneurysm stability.
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1. Introduction

Intracranial saccular aneurysms represent a major cerebrovascular disorder with significant morbidity and mortality,
particularly when rupture leads to subarachnoid hemorrhage [1-3]. The mechanisms governing aneurysm initiation, growth, and
rupture remain complex, involving an interplay of vascular morphology, hemodynamic forces, and biological remodeling [4, 5].
Among the hemodynamic parameters, wall shear stress (WSS), oscillatory shear index (OSI), and intra-aneurysmal velocity
structures have been repeatedly identified as critical indicators of aneurysm stability. Because direct in vivo measurement of these
parameters is limited, computational fluid dynamics (CFD) has emerged as a powerful tool to provide detailed insight into flow
behavior within patient-specific vascular geometries [6, 7].

Aneurysm sac volume, in particular, plays a vital yet incompletely understood role in modulating intra-aneurysmal flow
patterns [8-10]. While previous studies have investigated correlations between aneurysm size and rupture risk, fewer have
systematically examined how a broad spectrum of sac volumes affects WSS distribution, OSI behavior, and flow recirculation zones
under physiologically realistic conditions. Moreover, complex rheological properties of blood—especially its non-Newtonian
behavior at low shear rates—further complicate hemodynamic predictions and warrant careful modeling, such as through the
Casson viscosity formulation [11, 12]. These considerations highlight the need for a detailed investigation that simultaneously
accounts for geometry, blood rheology, and physiologic pulsatility [13-15]. Figure 1 illustrates the schematic of the blood flow
complexity in the saccular region of cerebral aneurysm.

To address these challenges, the present study conducts transient CFD simulations of six patient-specific anterior
communicating artery (ACA) aneurysms obtained from the Aneurisk dataset [16]. The cases span a nearly 30-fold range in sac
volume while maintaining comparable parent vessel radii, enabling a focused evaluation of how sac size and geometry affect
hemodynamic indicators associated with rupture risk. The simulations incorporate pulsatile inlet flow, physiologic hematocrit
conditions, and a non-Newtonian Casson model to provide accurate assessment of flow behavior across multiple stages of the
cardiac cycle [17-19]. A rigorous mesh-independence study and verification of boundary conditions further ensure the robustness
of the numerical predictions [20-22]. The structure of this paper is as follows:
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Fig. 2. Geometry definition for all cases.

In Section 2, the selection of aneurysm cases, numerical methodology, rheological modeling, boundary conditions, and grid-
independence analysis are described. Section 3 presents the hemodynamic results, including WSS, minimum WSS, OS], velocity
fields, and the effects of hematocrit across the six geometries. Then, section 4 provides a detailed discussion of the observed trends,
emphasizing the relationships between sac volume, flow structures, and rupture-associated metrics. Finally, Section 5 concludes
the study by summarizing the key findings and outlining opportunities for future research, including improved rheological
modeling and validation efforts.

2. Computational Modelling and Simulation

2.1. Aneurysm selections

Figure 2 illustrates the three-dimensional geometries of the selected aneurysms, categorized by sac volume and obtained from
the Aneurisk database [16]. The corresponding geometrical characteristics of the saccular ICA aneurysms are summarized in Table
1. Although there is a 10% difference in the parent vessel radius among the cases, it is important to note that the sac volumes we
selected span a much broader range, varying from 43 mm? to 1265.09 mm3—nearly a 30-fold increase.
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Table 1. ICA aneurysm geometrical data.

CaseID Rupture Status Age HCT Sac Volume (mm?

I 62 R 68 0.40 43.58
II 66 UR 58 0.40 99.42
I 14 UR 68 0.40 259.07
v 64 UR 64 0.40 358.28
v 90 UR 42 0.40 421.57
VI 36 UR 52 0.45 1265.09

This broader variation in sac volume provides a more comprehensive assessment of the hemodynamic behavior under different
aneurysmal conditions, which is essential for analyzing intra-aneurysmal flow across various geometries. Since the selected cases
are related to the female patients, the applied HCT for the simulation of the cases are 0.4. The age of the patients is within 42 to 68
years old and the first case is related to ruptured aneurysm while other are unruptured ones. In these cases, the mean radius of
the parent vessel is near 2 mm.

Although there is a 10% difference in the parent vessel radius among the cases, it is important to note that the sac volumes we
selected span a much broader range, varying from 43 mm?3 to 1265.09 mm3—nearly a 30-fold increase. This broader variation in sac
volume provides a more comprehensive assessment of the hemodynamic behavior under different aneurysmal conditions, which
is essential for analyzing intra-aneurysmal flow across various geometries. Since the selected cases are related to the female
patients, the applied HCT for the simulation of the cases are 0.4. The age of the patients is within 42 to 68 years old and the first
case is related to ruptured aneurysm while other are unruptured ones. In these cases, the mean radius of the parent vessel is near
2 mm.

While we acknowledge that the sample size of four patients is limited and not sufficient to draw definitive clinical conclusions,
our intent was to focus on identifying trends in hemodynamic behavior across a range of aneurysm sizes. The range of aneurysm
sac volumes—from 43 mm?3 to 1265 mm3—provides a broad spectrum to assess how variations in geometry influence the intra-
aneurysmal flow characteristics.

Regarding the inclusion of a ruptured aneurysm, we understand that post-rupture geometric remodeling could impact flow
patterns. However, the ruptured case used in our study was obtained from the Aneurisk dataset, which provides the original
geometry prior to rupture, as well as information on rupture status. The geometry of the aneurysm in the ruptured case was found
to have minimal remodeling or shape changes compared to its unruptured state, based on available clinical records. Thus, the use
of this case does not significantly affect the comparability with the other unruptured cases.

2.2. Numerical model

Indeed, 1-way FSI, despite being computationally efficient, has limitations when capturing the full extent of interactions
between the fluid and vessel wall, particularly in smaller arterial segments [23-25]. In fact, 2-way FSI is indeed more suitable for
regions where fluid flow and wall deformation mutually influence each other, such as smaller vessel segments or aneurysms with
highly flexible walls. In our case, the use of 1-way FSI was chosen to maintain computational tractability across multiple cases with
varied geometries. This assumption is more appropriate for larger arteries where wall deformation is minimal and has less impact
on the flow dynamics [26, 27]. The most common assumption behind the FSI is the constant thickness of the wall of the blood
vessel in the entire domain. A thinner wall in the region of smaller vessels produces bigger deformations, leading to higher flow
rates [28, 29].

The applied boundary conditions on the inlet and outlet of the blood flow are displayed in Fig. 3. While mass flow rate with
demonstrated value are applied on inlet, the pressure with limited changes is applied at outlet of the domain. Four critical stages
of the blood flow in the plot of applied mass flow rate are determined. In the peak systolic, the maximum blood flow rate happens.
The simulation of the three cardiac cycles are done to ensure the correction of the achieved results and full convergency of the
model. The used software for image segmentation was 3D Slicer, reconstruction of the volumetric grids is done by ICEM CFD, and
numerical flow solver is ANSYS-FLUENT [30]. The time step for the modeling of the pulsatile blood flow is 2x10* s.
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Fig. 3. Applied pressure profile at outlet boundary conditions (One cycle) [31].
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Table 2. The results of the wall shear stress.

Number of cells Average WSS Change (%)
Grid 1 1240000 0.2031 -
Grid 2 1880000 0.2122 44 %
Grid 3 2424000 0.2191 32%
Grid 4 3910000 0.2211 09 %

2.3. Grid independence analysis

In the first step for CFD modeling, high-quality grid for these ICA cases is required. As demonstrated in Fig. 4, the mosaik grid
type is used as a type of unstructured grid that is particularly well-suited for the simulation of blood flow inside complex 3D
geometries, such as real aneurysms. Mosaik grids are composed of a combination of tetrahedral, prismatic, and hexahedral
elements. This hybrid approach allows the grid to better conform to the complex geometry of the aneurysm, improving the
accuracy of the simulation. The number of the generated grid for these cases after grid study is between 1.14 million cells and 3.4
million cells. Table 2 presents the mean WSS over aneurysm wall at peak systolic for case I for four different grids. 3rd grid
resolution is selected and we applied the same grid size for all other cases. The average non-orthogonality angle was kept below
20°, with a maximum value of 45°, which is within acceptable limits for stable simulations. Non-orthogonal corrections were
applied during the discretization process to mitigate any adverse effects on solution accuracy. The average cell skewness was
maintained below 0.3, with the maximum value not exceeding 0.5. These values are consistent with best practices for
computational fluid dynamics simulations and ensure the robustness of the solution.

The grid independence study has been done using the average of wall shear stress over sac surface. Three different grids are
compared with grid sizes of 1140000, 1620000, 2224000 and 3410000 cells. The results of average wall shear stress over sac region
are presented in Table 2.

3. Results

The evaluation of the wall shear stress as a critical parameter for the evaluation of the aneurysm risk rupture is done. Since
the previous papers [31, 32] have considered minimum WSS as critical index of haemorrhage of the aneurysms, Fig. 5 displays the
changes related to the minimum WSS change at diverse stages. The results of min WSS value show that the case 1 and 3 have
higher minimum WSS at peak systolic while case 2 has higher WSS on the Maximum acceleration and early diastolic stage.

Figure 6 displays the blood flow structure inside these aneurysms at the defined stages of cardiac cycle. The feature of the blood
is shown via iso-velocity surface to enhance the main difference of the blood flow in these models. The formation of the blood
structure within the sac region demonstrates the how the blood flow interacts with sac volume and the change of the blood flow
in diverse stages of the blood cycle. While the maximum velocity and interaction of the blood is noticed on the peak systolic, the
main part of the blood flow happens near the wall since blood flow forms circulation in the aneurysm section [33].

MIZ

Fig. 4. Grid generation for all cases.
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Fig. 5. Variation of Minimum WSS of all cases for four time instants.
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Fig. 6. Velocity ISO-SURFACE of all cases for 4 different time instants.

The comparison of the mean sac velocity at introduced stages are demonstrated in Fig. 7. Comparison of the blood mean velocity
inside the sac section indicate that the increasing of the sac volume results in the higher velocity of the blood flow exempt for the
case 4. In fact, increasing the sac volume results in the higher inlet area which would increase the velocity of the blood in the sac
region. In case 4, the double dome condition would result in lower mean velocity since the blood velocity is considerably low in the
second far dome.
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Fig. 7. Mean sac velocity of all cases for 4 different time instants.
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Fig. 8. OSI on aneurysm wall surface of all cases over the entire cardiac cycle.

OSI index is known as critical index for the evaluation of possible aneurysm haemorrhage. This factor is calculated at end of
cardiac cycle and Fig. 8 illustrates the distribution of the OSI over the wall for these cases. The value of maximum OSI for the cases
are near the region with high curvature. In fact, the region near dome section where the blood flow recirculated is critical from OSI
evaluation. In Fig. 8, the value of mean OSI inside the sac region has been compared for these cases. The results of OSI indicate
that the OSI value of the case 4 is substantially higher than others. If the last case is exempt from the data due to its double dome
configuration, it is found that increasing the sac volume would decrease the OSI over sac surface [34].
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Fig. 10. Effects of blood haematocrit over hemodynamic factors over sac surface of six selected cases.

Figure 10 shows display the effects of hematocrit (HCT) variations on different hemodynamic parameters (mean WSS, minimum
WSS, wall pressure, and mean velocity) for six different cases (labeled I to VI). For all cases, mean wall shear stress (WSS) increases
as HCT increases. Higher HCT increases blood viscosity, which leads to elevated shear stress at the vessel walls. Minimum WSS
shows more variability between cases compared to mean WSS. Low WSS regions are often associated with recirculation zones or
areas of slow-moving blood, which are strongly influenced by geometry and local flow dynamics [1]. Wall pressure increases
steadily with increasing HCT for all cases. Increased viscosity at higher HCT values enhances resistance to flow, resulting in higher
pressures along the vessel walls.

The differences between cases are likely due to variations in aneurysm geometry, which impact flow resistance and pressure
distribution. Mean velocity decreases as HCT increases for all cases. Higher viscosity from increased HCT reduces the overall flow
velocity as more energy is dissipated to overcome viscous forces. Cases with higher pressure or WSS may be associated with larger
or more irregular aneurysms.
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4. Discussion

The results provide valuable insights into the hemodynamic behavior and wall shear stress (WSS) patterns in aneurysms with
varying sac volumes across different stages of the cardiac cycle. High WSS is concentrated in the ostium region for smaller sac
volumes, while larger sac volumes exhibit greater changes in WSS at the dome region, with an overall decrease in WSS as the sac
size increases. This trend suggests that high WSS, particularly during peak systolic and maximum acceleration stages, may
contribute to endothelial dysfunction and vascular remodeling, potentially driving aneurysm growth and instability. Conversely,
the lower WSS observed in larger aneurysms, especially at the dome, might increase the risk of degenerative changes and rupture.
The visualization of blood flow structures and streamlines highlights the dynamic interaction between blood flow and aneurysm
geometry, with higher sac volumes amplifying blood velocity and circulation patterns within the sac.

The oscillatory shear index (OSI), a critical marker for evaluating aneurysm rupture risk, is predominantly higher near regions
of high curvature and recirculation, such as the dome. Although OSI generally decreases with increasing sac volume, exceptional
configurations, like the double-dome case, reveal unique hemodynamic behaviors that warrant further investigation. These
findings underscore the complex interplay between aneurysm morphology and hemodynamics, emphasizing the importance of
patient-specific analyses for assessing rupture risk.

It is important to consider the impact of underlying assumptions on the interpretation of these results. For instance, the
rheology of blood, modeled as a Newtonian fluid, may not fully capture the complex, non-Newtonian behavior of blood in regions
of low shear rates, which could influence WSS and OSI predictions. Similarly, the location and shape of the aneurysm, which were
generalized in this study, may have significant effects on the flow dynamics and associated risks, as demonstrated in previous
works. Variations in hematocrit levels, which alter blood viscosity and flow characteristics, are another factor that could impact
the accuracy of the predictions. Furthermore, the numerical model employed, including mesh resolution and boundary condition
assumptions, may introduce limitations in capturing fine-scale flow structures, particularly in regions of high curvature or complex
geometries.

Future work should aim to address these limitations by incorporating non-Newtonian blood rheology models, and variations
in hematocrit levels. Additionally, experimental validation of the numerical predictions and more comprehensive studies on the
effects of aneurysm morphology and location are essential for improving the reliability of the findings. By refining these aspects
and drawing on insights from related studies, the current approach can evolve to provide a more robust framework for assessing
aneurysm rupture risks and developing tailored intervention strategies.

5. Conclusion

This study provides a comprehensive hemodynamic assessment of patient-specific ACA aneurysms spanning a wide range of
sac volumes. By incorporating realistic geometry, non-Newtonian blood rheology, and pulsatile flow conditions, the results
demonstrate that aneurysm sac volume is a dominant morphological factor influencing WSS distribution, OSI behavior, and intra-
saccular velocity patterns.

Smaller aneurysms exhibited highly concentrated WSS at the ostium, suggesting localized mechanical fatigue that may
contribute to rupture initiation. In contrast, larger aneurysms showed reduced WSS levels but greater hemodynamic complexity
within the dome region, where recirculation and low-shear zones can promote degenerative wall changes. The observed decrease
in OSI with increasing sac volume—excluding multi-dome configurations—further indicates that geometric complexity can
override simple size-based trends. Hematocrit variations also significantly affected viscosity-driven changes in WSS, pressure, and
velocity, highlighting the importance of patient-specific blood properties in rupture risk assessment.

Despite the limited sample size, the wide span of sac volumes allowed clear identification of flow behavior trends across
different geometric classes. The findings support the use of individualized CFD analyses for clinical evaluation, as generalized
metrics may overlook case-specific flow mechanisms. Future work should integrate two-way FSI, advanced non-Newtonian
rheology, and experimental validation to improve accuracy and to deepen understanding of aneurysm progression. Overall, this
study reinforces that aneurysm rupture risk is governed by a complex interplay of geometry, flow dynamics, and blood rheology,
emphasizing the necessity of patient-specific modeling for reliable clinical assessment.
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