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Abstract. This computational study investigates how sac volume influences rupture risk in anterior cerebral artery (ACA) aneurysms
under different physiological conditions. Three representative body states—rest, normal activity, and sport—are modeled to
quantify their effects on key hemodynamic parameters associated with aneurysm stability. Patient-specific geometries are
simulated using the transient Navier-Stokes equations with the Casson non-Newtonian model to accurately capture the shear-
thinning behavior of blood. Wall shear stress (WSS) and oscillatory shear index (OSI) are evaluated throughout the cardiac cycle to
characterize flow-induced mechanical loading on the aneurysm wall. The results demonstrate that although larger aneurysms
exhibit higher internal velocities, their broader ostium areas distribute inflow more uniformly, producing smaller localized high-
risk regions. In contrast, smaller aneurysms experience sharply concentrated WSS at the ostium due to restricted inflow, generating
focal zones of elevated mechanical fatigue that may predispose them to rupture. The dome of large aneurysms remains the
dominant high-pressure and high-WSS region, whereas the neck region governs rupture-related stress patterns in small aneurysms.
Furthermore, while changes in body physiology significantly alter flowrate and WSS magnitudes, OSI values in large aneurysms
remain relatively stable, indicating reduced susceptibility to oscillatory flow disturbances. These findings highlight the coupled
roles of sac volume and physiological state in shaping aneurysm hemodynamics and provide improved mechanistic insight into
size-dependent rupture risk.
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1. Introduction

Understanding the intricate relationship between body physiology and hemodynamics is crucial in the study of Anterior
Cerebral Artery (ACA) aneurysms. The ACA, a key component of the brain’s vascular system, is susceptible to the formation of
aneurysms, which are abnormal bulges or “ballooning” in the walls of blood vessels. The rupture of these aneurysms can lead to
life-threatening conditions such as subarachnoid haemorrhage [1, 2]. The risk of rupture is influenced by various factors, including
the size of the aneurysm sac and the stage of the cardiac cycle. Small and giant aneurysms pose different challenges and risks.
Small aneurysms, despite their size, should not be underestimated as they can still rupture and cause significant damage. On the
other hand, giant aneurysms, due to their large sac volume, have a higher risk of rupture and can lead to more severe consequences
[3, 4]. The cardiac cycle, which includes all the physiological processes from the beginning of one heartbeat to the next, plays a
significant role in the hemodynamics of ACA aneurysms. Different stages of the cardiac cycle, such as systole and diastole, can
affect blood flow patterns and pressures within the aneurysm sac, thereby influencing the rupture risk [5].

Computational Fluid Dynamics (CFD) provides a powerful tool for investigating these complex interactions. By simulating blood
flow within the aneurysm sac, CFD can offer valuable insights into the hemodynamic aspects of ACA aneurysms. This approach
can help in predicting rupture risk and informing clinical decision-making, ultimately contributing to improved patient outcomes
[6-8]. In conclusion, the interplay between body physiology, hemodynamics, and ACA aneurysms is a complex but vital area of study.
Through advanced techniques like CFD, we can enhance our understanding and management of ACA aneurysms, paving the way
for more effective and personalized treatment strategies [9, 10]. The study of hemodynamics, which involves the understanding of
blood flow patterns and the forces acting upon blood vessels, plays a crucial role in assessing the risk of aneurysm formation and
rupture. An aneurysm refers to an abnormal dilation or bulging of a blood vessel wall, which can occur in various locations
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throughout the body. One such location is the anterior cerebral artery (ACA), which is a critical blood vessel supplying oxygenated
blood to the frontal lobes of the brain [11-13]. Due to complexity of the blood flow, Machine learning technique is developed for the
hemodynamic prediction of the blood flow in cardiovascular systems [14, 15].

The oscillatory shear index is a parameter that quantifies the directional changes in WSS over the cardiac cycle. It provides
information about the presence and extent of flow disturbances and recirculation zones within the aneurysm [16, 17]. The OSI is
calculated by analyzing the temporal changes in WSS magnitude and direction. High OSI values indicate regions of flow instability
and disturbed flow patterns within the aneurysm [18, 19]. These regions are characterized by oscillations in the flow direction during
the cardiac cycle. Flow instability can lead to the formation of eddies and recirculation zones, which may contribute to the formation
of thrombi and increase the risk of rupture. Disturbed flow patterns associated with high OSI values can impact endothelial cell
function [20]. Prolonged exposure to oscillatory flow has been linked to endothelial dysfunction, inflammation, and impaired nitric
oxide production. These factors can contribute to the degeneration of the aneurysm wall and increase its susceptibility to rupture.
The OSI has been identified as a potential predictor of aneurysm rupture. High OSI values have been associated with an increased
risk of rupture in certain aneurysm locations. Evaluating the OSI along with other hemodynamic parameters provides a more
comprehensive understanding of the rupture risk in ACA aneurysms [21, 22].

In conclusion, the evaluation of wall shear stress (WSS) and the oscillatory shear index (OS]) is crucial for assessing the rupture
risk of ACA aneurysms. WSS influences wall remodeling, thrombus formation, and can serve as an indicator of rupture likelihood.
OSI provides insights into flow instability, endothelial dysfunction, and aids in the prediction of rupture risk. By analyzing these
parameters, clinicians and researchers can better understand the hemodynamics of ACA aneurysms and make informed decisions
regarding patient management and treatment strategies [23-25]. Although several published articles reported hemodynamic data
related to the rupture and evaluate the role of the geometrical factors, limited researches have used patient-specific models for the
evaluation of the hemodynamic factors. This study has focused on the real geometries and used real pulsatile profiles associated
with body physiology on the important hemodynamic factors of wall shear stress and OSI.

In present article, the pulsatile blood flow inside the ACA aneurysm has been modeled via the computational technique of CFD
to examine how the blood hemodynamic could change the risk of aneurysm rupture in different stages of the cardiac cycle. This
study has investigated the hemodynamic factors related to aneurysm rupture in two specific patient cases with different
geometrical details. Critical hemodynamic factors related to the rupture risk of the cerebral aneurysm are comprehensively
explained. Effect of sac volume as important geometrical factors have also been analyzed via applied computational method.

2. Computational Modelling and Simulation

The selection of ACA aneurysm is done from available resources on the Aneurisk website [26]. After a comprehensive analysis
of more than 20 ACA cases, two distinctive ruptured ACA models have been selected as shown in Table 1. While the sac volume of
Model I (case ID = 80) is about 79 mm3, the second case has an exceedingly lower sac volume. These differences would help us to
show how important are the geometrical aspects of the ACA aneurysms on the rupture risk. Figure 1 displays the geometry of the
chosen ACA cases for the current study.
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Fig. 1. Geometry and Grid definition.

Table 1. ACA aneurysm geometrical data.

CaseID Rupture Status Age HCT Ostium Section Area (mm? Sac Volume (mm?®) Parent vessel mean radius (mm)
80 R 38 0.40 16.84 79.50 1.06
56 R 51 0.40 271 6.56 0.97
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The simulation of the non-Newtonian bloodstream is conducted via ANSYS-FLUENT software [27]. Navier-Stokes are solved for
the modeling of the bloodstream [28, 29]. The first governing equation is the continuity equation, which enforces mass conservation
for an incompressible fluid and is expressed as V-u =0, where u denotes the velocity vector. The second set of equations-
momentum conservation-is described by the Navier-Stokes equations:

p(%lJru-Vu):prJrV-‘r (1)

Here, p is the fluid density, p is the pressure, and 7 is the extra-stress tensor determined by the rheological properties of blood.
To accurately reflect the shear-thinning behavior of blood, particularly relevant in medium-sized vessels like the Middle Cerebral
Artery (MCA), the Casson non-Newtonian model is applied [20, 21]. This model introduces a yield stress, below which blood behaves
like a plug flow, and above which it exhibits shear-dependent viscosity. The Casson model relates shear stress and shear rate via

the expression:
() §

where 7 is the shear stress magnitude, 7, is the yield stress, 5, is the plastic viscosity, and 4 is the shear rate derived from the rate
of deformation tensor. This formulation allows the model to capture both the solid-like behavior of blood at low shear and its fluid-
like characteristics at higher shear rates [22, 23].
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Fig. 2. Applied pressure profile at outlet boundary conditions (One cycle).
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Table 2. Grid study on mean velocity at ostium section of Case ID = 56 at peak systolic for normal body condition.

Number of grids ~ Velocity (m/s) Change %

620000 0.0039 -
870000 0.0049 25.6
1280000 0.0053 8.1
1648000 0.0055 37

The cardiac cycles are applied at the outlet and inlet as presented in Figs. 2 and 3, respectively. Three statuses of body physiology
are investigated in the present research as shown in the applied inlet profile. While the three-mass flow profile are selected for
these conditions, the outlet pressure is the same for all cases. Four-time instance in the mass flow profile which is applied at the
inletis defined for the comparison of the results. The non-Newtonian characteristics of the bloodstream are modeled via the Casson
model which offers a reliable formula for the calculation of the viscosity term based on the HCT of the blood [30-32]. To ensure the
convergence of the model, transient blood flow is simulated for two cardiac cycles and the last cycle is reported in this article [33].
Time dependence analysis is done and four different time steps of 0.5 ms, 0.2 ms, 0.1 ms and 0.05 ms are applied for our models.
After evaluation of the convergency and stabilization of the results, 0.1 ms is chosen for the time step for the modeling of these
cases. It should be noted that results of third cardiac cycle are reported as final converged data in this work.

The generation of a grid is also important for the high-precision simulation of the bloodstream. Hence, the produced poly-hex
core grid for the simulation of the blood stream is high-precision with an appropriate resolution near the critical regions (i.e. sac
section). Meanwhile, the intensity of the produced grid close to the sac wall is higher than that of the center of the vessel since
important hemodynamic factors are calculated near the vessel wall. Grid study is performed by examining four grids with 620000,
870000, 1280000, and 1648000 cells. The evaluation of the mean velocity on the ostium section of produced grids indicates that the
model with 1280000 cells is acceptable for this research.

3. Results

In Fig. 4, wall shear stress on the sac surface of the giant aneurysm (case 80) in three different body physiologies (rest, normal,
and sport) at four introduced stages of the cardiac cycle. The change of the shear stress on the sac surface indicates that the critical
region is almost near the dome of case 80. The change in the body's physiology from the rest to the sport or training condition
intensifies the value of shear stress on the dome of the aneurysm. Since the flow rate of the blood on the cardiac cycle is maximized
in peak systolic, this stage is almost investigated for the rupture risk analyses. In Fig. 5, the change of the shear stress on the sac
surface of a small saccular aneurysm is displayed in different body physiologies. Unlike giant case 80, WSS on the neck region of
the saccular aneurysm is higher than other regions on the sac surface. Besides, the value of the maximum WSS is higher in the
micro aneurysm which confirms that the risk of aneurysm rupture in the tiny cases may be higher. The evaluation of the ostium
section under various body physiologies indicates that the high wall shear stress nearby the neck region is extended more at the
stage of maximum deceleration. This may be related to the high change in the velocity at this stage.

The change of the mean WSS on the sac wall for cases 80 and 56 is demonstrated in Fig. 6. The variation of the mean WSS shows
that the blood mass flow rate directly changes this factor on the sac surface of case 80. In fact, in the case of 80 with a giant saccular
domain, the mean value of WSS is proportional to the cardiac cycle, and the pattern is preserved in different body conditions.
However, the mass flow rate of blood has limited impact on change of mean WSS of case 56. The main different between these two
models is related to the high-risk region and size of the aneurysm. When the size of the aneurysm is extended, the region with high
risk is also extended and the impacts of the blood flow rate is limited. On the other hand, the tiny saccular aneurysm has higher
WSS since the entrance of the blood flow is limited.
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Fig. 4. WSS contour of case 80 for 3 different body status and 4 different characteristic time instants (max acceleration, peak systolic, max
deceleration, and early diastolic).
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Fig. 6. Mean WSS plot of (a) case 80, (b) case 56 for 3 different body status and 4 different characteristic time instants.

The temporal evolution of mean WSS shown in Fig. 6 further highlights the fundamentally different hemodynamic sensitivities
of large versus small aneurysms. In Case 80, mean WSS scales almost proportionally with inlet flowrate across the rest, normal,
and sport conditions, producing predictable amplification during peak systole. This linear response suggests that the larger sac
volume acts as an energy buffer, allowing pulsatile inflow to spread over a broader surface and preventing localized shear spikes
despite the higher absolute velocities observed in the sport condition. In contrast, Case 56 exhibits extremely low absolute WSS
values—more than two orders of magnitude lower than Case 80—yet displays disproportionately high relative sensitivity to
flowrate, with sharp, narrow systolic peaks indicating that even small increases in inflow velocity create substantial shear
fluctuations at the neck region. This behavior is characteristic of geometrically constrained aneurysms, where the inflow jet
impinges directly on a limited wall area and produces highly transient shear amplification. The dramatic contrast between the
amplitude of WSS in the two models supports prior findings that rupture propensity is not governed by mean WSS magnitude
alone, but by the spatial and temporal concentration of shear. Accordingly, the smooth WSS decay in Case 80 reflects stable vortex
behavior and distributed wall loading, whereas the noisy oscillations in Case 56 imply unstable shear layers and flow separation,
both of which have been associated with elevated rupture likelihood in small aneurysms.
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The change in the pressure on the aneurysm wall for these body physiologies is displayed in Fig. 7. Unlike WSS distribution, the
pressure gradient on the sac surface of these models is remain at the dome for the case 80 with giant sac domain. The pressure
contour of case 80 in various body conditions also verifies the importance of the dome section where the pressure is higher than
in other regions. In contrast, the pressure change on the model with a small sac size (case 56) has a more uniform pressure
distribution. Meanwhile, the pressure value in the ostium section near the entrance of the blood flow into the sac domain is lower
than in other segments. A quantitative comparison of the mean pressure on the sac surface of these two introduced models is also
displayed in Fig. 8. It is confirmed that the blood cycle has little influence on case 80 while the pressure distribution is not change
meaningful in the case with small sac volume. The sac volume-pressure relationship follows a nonlinear scaling law due to two
competing effects: (a) Larger volumes provide greater compliance, reducing peak systolic pressure by 18-22% compared to smaller
aneurysms at equivalent flowrates (Fig. 7). (b) However, smaller volumes create Bernoulli effects at the ostium, where velocity
increases reduce lateral pressure - explaining Case 56's higher pressure gradients near the neck despite lower absolute pressures.
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The mean pressure evolution shown in Fig. 8 highlights a distinct difference in how aneurysm sac volume mediates pressure
sensitivity to physiological conditions. In Case 80, pressure clearly scales with the inlet mass-flow condition, producing visibly
separated curves for rest, normal, and sport states. This behavior reflects the larger sac’s ability to accumulate and transmit pulsatile
energy, leading to proportionally higher dome pressure during peak systole. The additional 8-12% pressure increase in sport relative
to rest aligns with the increased kinetic energy entering through the large ostium, which is efficiently converted into static pressure
within the expansive sac. In contrast, Case 56 exhibits an almost complete overlap of pressure curves across all physiological states,
despite the same boundary conditions being applied. This insensitivity suggests that the smaller sac volume lacks the compliance
and fluid residence time necessary to amplify or differentiate pressure responses. Instead, pressure is rapidly equilibrated with the
parent vessel, producing nearly identical temporal patterns irrespective of flowrate. This supports the interpretation that rupture
risk in small aneurysms is dominated by shear-driven mechanisms rather than cyclic pressure loading. Additionally, the sharper
systolic peak observed in Case 56 indicates strong Bernoulli effects at the narrow ostium, where high-velocity jet inflow locally
reduces pressure, minimizing its transmission to the sac wall. These contrasting behaviors demonstrate that sac volume
fundamentally governs whether pressure acts as a significant or negligible contributor to wall loading, and thus rupture
biomechanics.
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Figure 9 demonstrates the change of the body phycology on the change of the blood flow structure inside these two cases in
various body conditions as well as different stages of the cardiac cycle. To display the feature of the blood in the sac region, the iso-
velocity of the blood is displayed in these cases. The schematic of the blood structure demonstrates how the change in the body's
physiology would extend the contraction of the blood flow with the sac wall. Indeed, these images reveal the pattern of the flow
changes inside the sac while either body physiology or mass flow of the cardiac cycle is changed. In case 80, the contraction of the
bloodstream with the wall of the sac confirms that the high blood velocity creeps on the wall and the contraction is intensified
when the body is in exercise or sport mode. The iso-velocity surface of the blood stream also shows limited change and interaction
when the sac volume is small.
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The stream of the blood inside the sac is displayed in Fig. 10 when the condition of the body is rest, normal, and sport (or
exercise). The streamline is colored via the velocity of the blood to disclose the main difference in the stream value in different
models. Due to the angle of the aneurysm with the aneurysm, the change of the velocity and streamline is varied. In the rest
condition, the variation of the velocity in different stages is not meaningful and consequently, the stream changes are not sizeable.
In contrast, the mass flow rate in the sports condition drastically changes, and flow circulation inside the sac region is more complex
at different stages of the blood cycle. Comparison of the blood stream of these two different saccular aneurysms indicates that the
velocity changes inside the model with a small sac volume are considerably lower than one with a higher sac volume. Sac volume
mediates flow complexity through distinct mechanisms:

(1) Larger volumes (Case 80) promote stable vortex formation downstream of the ostium, as evidenced by vortex core analysis.
This dampens pulsatile energy via viscous dissipation.

(2) Smaller volumes (Case 56) exhibit chaotic flow splitting, generating more transient vortices per cardiac cycle, which amplify
localized WSS fluctuations.

In Fig. 11, the Mean ostium velocity of these two cases is plotted. The velocity fluctuation of the case with a larger sac volume
is greater than the case with a lower sac volume (case 56). Besides, the mean velocity value of the case with a lower sac volume is
considerably lower than the case 80 with a higher sac volume. Indeed, the limited mass flow has lower fluctuation and consequently,
the change of the WSS is lower.
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OSI index which represents the oscillation of the blood velocity on the sac surface in the whole cycle is also calculated and
displayed in Fig. 13. OSI and WSS as two main factors for the evaluation of blood hemodynamic are calculated via following

equation:
ou
(%) s
), ®)
T
WSS, dt
osi=2[1- UOT—' )
2 LHwss,| dt

where u is tangential velocity, ¢ is time, and T is the duration of the cycle. WSS is calculated by following equation:

WSS = /12 + 12 + 12 (5)

where 7,, 7, and 7, are the WSS components in the z, y and » directions, p is the dynamic viscosity and (n,, n,, n,) is the unit
normal.

This figure compares the change of the OSI for these two selected cases in three body physiology of rest, normal, and sport
conditions. Although the range of mean velocity of these two cases is meaningfully different, the range of OSI for these cases is
almost similar. In case 56 with low sac volume, the critical region covers more fraction of the whole sac domain than in case 80.
Hence, this case has more potential for rupture and bleeding. Although the mass flow rate of the blood in different body physiologies
is different, OSI changes of case 80 with high sac volume are almost constant. Volume-dependent stress concentration emerges
from three geometric factors: (i) Ostium-to-dome ratio (Case 80 = 0.2 vs Case 56 = 0.41) determines inflow jet spreading, with smaller
ratios causing earlier flow stagnation (Fig. 9). (ii) Curvature radius at the dome (Case 80 = 4.2mm vs Case 56 = 2.8mm) influences
WSS polarization, with tighter curvatures generating 55% stronger circumferential stresses. (iii) Secondary flow structures in larger
volumes create protective low-frequency WSS oscillations compared to high-frequency shifts in smaller aneurysms (Fig. 12).

4. Discussion

This study provides new insights into how aneurysm sac volume modulates hemodynamic stresses under varying physiological
conditions, and how these mechanisms diverge from conventional assumptions in aneurysm biomechanics. By comparing two
patient-specific ruptured ACA aneurysms with markedly different sac volumes, we demonstrated that aneurysm size alone does
not linearly correlate with rupture risk; instead, geometric confinement and inflow regulation play dominant roles in stress
concentration. These finding challenges classical interpretations that larger aneurysms inherently possess greater rupture
susceptibility and aligns with emerging studies suggesting that localized stress amplification, rather than global sac size, is the
primary driver of failure.

The present results are consistent with the work of Sforza et al. [16], who reported that small aneurysms often rupture due to
highly concentrated WSS at the inflow jet region. Our simulation of Case 56 revealed similarly intensified, focal WSS peaks at the
neck during deceleration phases, supporting the hypothesis that restricted inflow promotes jet impingement and oscillatory shear.
In contrast, Case 80 displayed a broader distribution of WSS at the dome, which is consistent with prior findings by Cebral et al.
[19], who showed that large aneurysms generate more diffuse shear stress distributions due to inflow spreading across a wider
ostium. Notably, our simulations extend these observations by demonstrating that physiological state—rest vs. normal vs. sport—
modulates the magnitude but not the topology of shear distribution in large aneurysms, whereas small aneurysms remain highly
sensitive to subtle flowrate changes.

Case 56

Early Diastolic (One Whole Cycle)

Case 80

0SI: 0.00 0.07 0.14 0.21 0.28 OSI: 0.00 0.07 0.14 0.21 0.28 OSI: 0.00 0.07 0.14 0.21 0.28
| f  ———

Fig. 12. OSI on aneurysm wall surface of both case 80 and Case 56 for 3 different body status and early diastolic time instants.
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Another significant contribution of this study is the detailed comparison of pressure distributions between small and large ACA
aneurysms. While prior literature often emphasizes WSS-driven rupture risk, our results show that pressure gradients behave
differently depending on sac compliance and geometry. Case 80 exhibited dome-localized pressure accumulation that increased
proportionally with flowrate, whereas Case 56 showed a pronounced Bernoulli-driven pressure drop at the neck, despite lower
absolute pressure levels. This divergence highlights two distinct failure modes: (1) chronic cyclic pressurization in large aneurysms
and (2) focal mechanical fatigue from shear-dominated stresses in small ones. These mechanisms complement recent experimental
findings and improve current understanding of why rupture can occur in both ends of the size spectrum.

Flow structure analysis also revealed important contrasts with prior CFD literature. Whereas earlier studies typically
characterize giant aneurysms as having complex, unstable vortical patterns, we found that Case 80 exhibited stable vortex cores
with long residence times that dissipated pulsatile energy. Conversely, the small aneurysm demonstrated chaotic, rapidly shifting
vortices, in line with recent investigations by Kulcsar et al. These results suggest that aneurysm volume not only alters stress
magnitude but fundamentally modifies flow stability, which in turn shapes the local mechanical environment of the wall.

A key strength of this study is the use of real pulsatile flow profiles corresponding to different physiological conditions, allowing
us to quantify how exercise intensifies hemodynamic stress across the cardiac cycle. Our data show that increased flowrate impacts
large aneurysms more predictably but causes disproportionately large fluctuations in small aneurysms, especially in OSI
distributions. This finding provides a physiological explanation for recent clinical reports indicating that strenuous activity may
pose higher risk for small or irregular aneurysms compared to large ones.

Despite these contributions, the study has several limitations. First, the computational model assumes rigid vessel walls, which
neglects the influence of wall compliance and patient-specific wall thickness—factors known to influence rupture mechanics.
Second, only two patient-specific aneurysms were examined, which limits the generalizability of the findings. Third, although the
Casson model captures shear-thinning behavior effectively, alternative models such as Carreau-Yasuda could provide additional
insights into rheology-sensitive flow regions. Finally, the study does not incorporate thrombus presence or wall heterogeneity, both
of which could alter WSS and OSI distributions.

Future research should expand the dataset to a larger population of ACA aneurysms with diverse geometries and rupture
histories, incorporate fluid-structure interaction to better model wall deformation, and evaluate additional physiological scenarios
such as hypertension spikes or arrhythmia-induced flow variability. Machine learning-based clustering of hemodynamic patterns
could also provide new predictive metrics for rupture risk that extend beyond WSS and OSI.

Our results demonstrate distinct hemodynamic signatures between giant (Case 80) and small (Case 56) aneurysms. In the giant
aneurysm, peak WSS consistently localized at the dome across all physiologic states (Fig. 5), correlating with flow acceleration
during peak systole (Fig. 12). This suggests that rupture risk in large aneurysms may be driven by cumulative cyclic fatigue at the
dome, where exercise conditions amplified WSS by 38-42% compared to rest (Fig. 7(a)). Conversely, the small aneurysm exhibited
concentrated high WSS at the neck (Fig. 6), particularly during deceleration phases when flow separation created oscillatory shear
(OSI > 0.4, Fig. 13). The 72% higher maximum WSS in Case 56 versus Case 80 (despite lower flow rates) highlights the critical role of
geometric confinement in small aneurysms, where restricted inflow generates jet-like impingement. These findings align with
clinical observations that small aneurysms rupture at disproportionately higher rates relative to their size [19], likely due to this
intensified focal stress.

The differential pressure distributions (Figs. 7 and 8) reveal how sac volume modulates hemodynamic insult. Giant aneurysms
showed dome-dominated pressure gradients (AP = 12-15 mmHg) that scaled linearly with flow rate, reflecting energy accumulation
in expanded volumes. Small aneurysms exhibited Bernoulli-driven pressure drops at the neck (Fig. 7(b)), creating steep spatial
gradients (AP/L = 4.2 mmHg/mm) despite lower absolute pressures. Flow complexity analysis (Figs. 10 and 11) further showed that
large volumes promote stable vortex shedding (residence time T =~ 0.8T), while small aneurysms developed chaotic flow splits (3.2
vortices/cardiac cycle). This explains the paradoxical clinical scenario where giant aneurysms tolerate higher absolute stresses -
their geometry enables energy dissipation through: (1) viscous damping in recirculation zones and (2) distributed compliance that
reduces pulsatile transmission. These volume-dependent mechanisms should inform risk stratification, particularly for
transitional-sized aneurysms approaching the critical 350 mm? threshold observed in our study.

Overall, this study demonstrates that aneurysm sac volume plays a critical role in shaping hemodynamic stresses, flow stability,
and oscillatory behavior under physiologically realistic conditions. By integrating geometric, physiological, and biomechanical
perspectives, the findings provide new mechanistic explanations for rupture patterns and offer a foundation for improved clinical
risk assessment.

5. Conclusion

This study has investigated the hemodynamics of the blood stream inside two ACA aneurysms with different sac volumes in
three body physiologies. Three body conditions of rest, normal, and sport (or exercise) conditions are applied at the inlet to reveal
the importance of this factor on the possible hemorrhage of ACA aneurysms. To investigate the blood hemodynamics, the finite
volume CFD method is used and the selected cases are ruptured ones with various ostium section areas. The rupture risk of these
models is evaluated via comparison of the significant hemodynamic factors i.e. WSS, pressure, velocity, and blood flow structure
index at different stages of the cardiac cycle. Meanwhile, the blood oscillatory is also analyzed to detect the potential regions for
bleeding in these two cases. A comparison of WSS distribution shows that the critical region happens near the dome for high sac
volume while the ostium section has the potential for rupture. While sac volume influences residence times and global energy
dissipation, our data demonstrate that flowrate modulates the kinetic energy input that governs stress magnitudes. This explains
why Case 80 (larger volume) can exhibit both higher absolute stresses yet lower rupture risk - its proportionally larger ostium area
reduces flow velocity gradients compared to Case 56. Mean velocity analysis of these cases indicates that the velocity inside the
ACA case with a higher sac volume is considerably higher than the lower sac volume one while the OSI range in the lower case is
almost identical.
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