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Abstract

Background: Cerebral aneurysms affect 3-5% of the adult population, and their rupture leads to subarachnoid hemorrhage with devastating
consequences. Despite established clinical and morphological risk factors, predicting which aneurysms will rupture remains a formidable challenge,
driving intense interest in the hemodynamic forces that govern aneurysm behavior.

Objective: This comprehensive review synthesizes three decades of research on cerebral aneurysm hemodynamics, critically examining the
evolution of computational fluid dynamics (CFD) methodologies, their validation through advanced imaging, and the translational journey toward
clinical implementation.

Methods: We systematically analyze the hemodynamic modeling pipeline-from image acquisition and segmentation to mesh generation,
boundary conditions, and numerical solvers-highlighting sources of variability and uncertainty. The review integrates findings from over 170
studies, encompassing epidemiological data, in vitro validation with particle image velocimetry, in vivo validation with 4D Flow MRI, and emerging
machine learning applications.

Key Findings: Wall shear stress (WSS) and its derivatives have emerged as central hemodynamic biomarkers, though their relationship with
rupture risk is paradoxically bidirectional-both low WSS (promoting inflammatory degeneration) and high WSS (triggering mural weakening)
have been implicated. Morphological factors including aspect ratio, location, and daughter blebs interact critically with hemodynamic patterns.
While patient-specific CFD provides unprecedented insight into intra-aneurysmal flow, multicenter initiatives reveal substantial variability in WSS
quantification, with imaging modality, segmentation technique, and mesh resolution representing major uncertainty sources.

Clinical Implications: Despite compelling retrospective associations, hemodynamic analysis has not achieved routine clinical adoption.
Translation requires: (1) standardization of imaging and modeling protocols, (2) prospective multicenter validation, (3) integration with clinical
and morphological risk scores, and (4) development of simplified parameters accessible to clinicians.

Future Directions: Emerging technologies including fluid-structure interaction, multiscale modeling incorporating cellular processes, and
machine learning-based prediction algorithms promise to enhance predictive capability. Ultra-high-field 7T MRI and accelerated 4D Flow techniques
are narrowing the validation gap between simulation and in vivo measurement.

Conclusions: Hemodynamic forces are undeniable determinants of aneurysm pathobiology, yet their clinical utility remains incompletely
realized. Bridging the gap between computational sophistication and clinical practicality represents the foremost challenge-and opportunity-for the
next decade of aneurysm research.

Keywords: Cerebral aneurysms, Computational fluid dynamics, Wall shear stress, 4D Flow MRI, Rupture risk prediction, Hemodynamics, Patient-
specific modeling, Clinical translation
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Introduction

Intracranial aneurysms are pathological dilations of cerebral
arteries that affect approximately 3-5% of the adult population
[114, 159, 161]. While many aneurysms remain asymptomatic
throughout life, aneurysm rupture leads to subarachnoid hemor-
rhage (SAH), a devastating condition associated with high mortality
and morbidity rates [67, 100, 113, 154]. The annual incidence of
aneurysmal SAH ranges from 6 to 16 per 100,000 population, with
case fatality rates approaching 50% in some studies [1, 67, 100].
Figure 1 illustrates the ultrastructure of brain capillaries, highlight-
ing the anatomical basis of the blood-brain barrier (BBB). It empha-
sizes that the endothelium is non-fenestrated, connected by tight
junctions, and lacks Aquaporin-1 (AQP-1) expression. This specific
configuration creates a highly selective, non-permeable barrier that
meticulously regulates the passage of substances from the blood-
stream into the brain’s interstitial fluid, a concept fundamental
to understanding cerebral physiology and the challenges of drug
delivery. The management of unruptured intracranial aneurysms
presents a clinical dilemma, as the risks of preventive treatment
must be weighed against the natural history risk of rupture. Large
prospective studies have established that aneurysm size, location,
and patient characteristics influence rupture risk. However, these
factors alone cannot fully predict which aneurysms will rupture,
leading to increased interest in hemodynamic determinants. Hemo-
dynamic forces, particularly wall shear stress (WSS), have emerged

as critical factors in vascular pathophysiology. In cerebral aneu-
rysms, abnormal hemodynamics are implicated in endothelial dys-
function, inflammation, and wall remodeling that may predispose
to growth and rupture. Computational fluid dynamics has become
the predominant tool for investigating intra-aneurysmal hemody-
namics.

The management of unruptured intracranial aneurysms pres-
ents a clinical dilemma, as the risks of preventive treatment must be
weighed against the natural history risk of rupture [24, 47, 69, 77,
108, 131, 148, 164, 167, 168]. Large prospective studies have es-
tablished that aneurysm size, location, and patient characteristics
influence rupture risk [37, 62, 63, 64, 94, 132, 148]. However, these
factors alone cannot fully predict which aneurysms will rupture,
leading to increased interest in understanding the hemodynam-
ic environment as a potential determinant of aneurysm behavior
[15, 30, 122]. Hemodynamic forces, particularly wall shear stress
(WSS), have emerged as critical factors in vascular pathophysiolo-
gy [87, 92, 122]. In cerebral aneurysms, abnormal hemodynamics
are implicated in endothelial dysfunction, inflammation, and wall
remodeling that may predispose to growth and rupture [10, 91,
125]. Computational fluid dynamics has become the predominant
tool for investigating intra-aneurysmal hemodynamics, offering de-
tailed quantification of velocity fields, WSS distributions, and other
flow parameters [13, 122, 144].

Figure 1: brain capillaries, the endothelium lacks fenestrations, contains tight junctions, and suppresses AQP-1 expression, resulting in a non-
permeable barrier that strictly regulates substrate entry into the brain interstitial space.
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This review aims to provide a comprehensive overview of the
current state of knowledge regarding cerebral aneurysm hemody-
namics, with specific focus on: [1] CFD methodologies and their
evolution, [2] imaging techniques for model construction and vali-
dation, [3] hemodynamic parameters associated with rupture risk,
[4] the influence of morphological factors, [5] validation studies
comparing CFD with in vitro and in vivo measurements, and [6]
clinical applications and translational challenges. Figure 2 con-
trasts the blood-cerebrospinal fluid barrier (BCSFB) located at the

choroid plexus with the barrier at the ependymal lining. It shows
that while the choroid plexus capillaries are fenestrated to allow
fluid filtration, the overlying epithelial cells are sealed by tight junc-
tions, forming the restrictive barrier. In contrast, the ependymal
cells that line the ventricles communicate via gap junctions, per-
mitting the free exchange of fluid between the ventricular system
and the brain’s interstitial space, illustrating the different levels of
barrier function within the brain’s fluid compartments.

-

k

Figure 2: The choroid plexus forms the blood—CSF barrier. Its capillaries are fenestrated, but tight junctions between epithelial cells prevent
free passage. In contrast, ependymal cells use gap junctions, allowing CSF to mix freely with interstitial fluid.

Epidemiology and Natural History of Intracranial
Aneurysms

Prevalence and Incidence

The prevalence of intracranial aneurysms in the general pop-
ulation has been estimated through systematic reviews and large
imaging studies. Rinkel et al. [114] reported a prevalence of approx-
imately 2-3% in adults, while subsequent meta-analyses by Vlak et
al. [161] found a slightly higher prevalence of 3.2%, with increased
rates in patients with autosomal dominant polycystic kidney dis-
ease and those with a family history of aneurysms. The Internation-
al Study of Unruptured Intracranial Aneurysms (ISUIA) provided
comprehensive data on the natural history of both ruptured and
unruptured aneurysms [47, 148]. Vernooij et al. [159] examined in-
cidental findings on brain MRI in the general population and iden-

tified aneurysms in 1.8% of adults, with higher prevalence in older
age groups. Multiple aneurysms occur in approximately 15-30%
of patients with intracranial aneurysms [65, 148]. Kaminogo et al.
[65] reported that patients with multiple aneurysms had distinct
demographic characteristics and outcomes compared to those with
single aneurysms. Figure 3 delineates the multi-layered barrier sys-
tem established by the arachnoid mater, known as the outer brain
barrier (OBB). It points out that although capillaries in the overly-
ing dura mater are fenestrated, the specialized arachnoid barrier
cells form a protective layer through tight junctions. Furthermore,
vessels traversing the subarachnoid space are sealed by their own
vascular walls, ensuring that below the pia mater, the cerebrospinal
fluid (CSF) can freely communicate with the brain’s interstitial flu-
id, maintaining the brain’s unique fluid environment.
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Figure 3: The arachnoid mater establishes the outer brain barrier. While capillaries in the dura mater are fenestrated, tight junctions between
arachnoid barrier cells form the outer brain barrier (OBB). Vessels in the subarachnoid space are sealed by their tunica, and capillaries within

the barrier have tight endothelium. Below the pia mater, CSF communicates freely with interstitial fluid.
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Rupture Risk Factors

The decision to treat unruptured aneurysms requires accurate
assessment of rupture risk. The ISUIA investigators [47, 148] iden-
tified aneurysm size, location, and previous SAH history as major
predictors of rupture. Subsequent prospective studies have refined
these risk estimates. The PHASES score, developed by Greving et
al. [37], incorporates population, hypertension, age, aneurysm size,
earlier SAH from another aneurysm, and site to provide individual-
ized rupture risk estimates. Long-term follow-up studies from Fin-
land by Juvela and colleagues [62, 63, 64] have provided valuable
data on the natural history of unruptured aneurysms, demonstrat-
ing that rupture risk continues over decades and is influenced by
smoking and aneurysm size. The UCAS Japan study [94] confirmed
size-dependent rupture risk and identified location-specific differ-
ences, with anterior communicating artery and posterior commu-
nicating artery aneurysms showing higher rupture rates. Sonobe et
al. [132] conducted the Small Unruptured Aneurysm Verification
(SUAVe) study in Japan, focusing on small aneurysms (<5 mm) and
finding that even these lesions have non-negligible rupture risk,
particularly in young patients and those with multiple aneurysms.

Clinical Presentation and Outcomes

Ruptured aneurysms typically present with sudden severe
headache, often described as “thunderclap” headache, and may be
associated with focal neurological deficits, loss of consciousness,
or seizures [67, 154]. The International Cooperative Study on the
Timing of Aneurysm Surgery [67] provided comprehensive data on
management outcomes following SAH. Al-Khindi et al. [1] reviewed
cognitive and functional outcomes after aneurysmal SAH, highlight-
ing that even patients with good neurological recovery often expe-
rience cognitive deficits affecting quality of life. The management of
ruptured aneurysms involves either surgical clipping or endovas-
cular coiling, with the choice influenced by aneurysm morphology,
location, and patient factors [32, 106]. The long-term outcomes of
patients with SAH remain suboptimal, with many survivors expe-
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riencing persistent cognitive and functional impairments [1, 113].

Computational Fluid Dynamics Methodology
Image Acquisition and Segmentation

Patient-specific CFD modeling begins with medical imaging
to obtain vascular geometry. Various imaging modalities have
been employed, each with advantages and limitations [39, 116].
Three-dimensional rotational angiography (3DRA) offers the high-
est spatial resolution for cerebrovascular imaging and is consid-
ered the gold standard for aneurysm morphology assessment [34,
104, 112]. Computed tomography angiography (CTA) provides rap-
id acquisition and is widely available, though with lower contrast
resolution than 3DRA [34, 112]. Magnetic resonance angiography
(MRA), including time-of-flight (TOF) and contrast-enhanced tech-
niques, offers non-invasive imaging without ionizing radiation [44,
48, 50, 56]. Geers et al. [34] compared the reproducibility of CFD
hemodynamics derived from CTA and 3DRA, finding generally good
agreement but noting that imaging modality influences quantitative
WSS values. Similarly, Ren et al. [112] compared 3DRA and CTA for
CFD modeling and reported that while geometric differences exist,
hemodynamic parameters show reasonable correlation between
modalities. The segmentation process converts imaging data into
three-dimensional surface models suitable for mesh generation.
Cebral and Lohner [12] described early approaches to image-based
mesh generation for CFD. Sazonov and Nithiarasu [117] developed
semi-automatic surface and volume mesh generation techniques
specifically for subject-specific biomedical geometries. The Mul-
tiple Aneurysms Anatomy Challenge 2018 (MATCH) organized by
Berg et al. [5] evaluated segmentation approaches across multiple
centers, revealing significant variability in segmentation outcomes
and highlighting the need for standardized protocols. Patient-spe-
cific CFD modeling begins with medical imaging to obtain vascular
geometry. Various imaging modalities have been employed, each
with distinct advantages and limitations for hemodynamic analysis.
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Table 1: Comparison of Imaging Modalities for Patient-Specific CFD Modeling.

Modality Spatial Resolution Hemodynamic Detail Key Limitations Primary Use
3D Rotatl(;gaDll{X;glography < 0.3 mm Very High Invasive, radiation Gold standard for morphology
. . Radiation, less - . o
CT Angiography (CTA) 0.5 mm High Widely available, fast acquisition
contrast
MR Angiography (MRA-TOF) 0.5-1 mm Moderate Long S::trilf:;:;e' flow No radiation, soft-tissue contrast
Contrast-Enhanced MRA 0.5 mm High Gadolinium injection Better coverage than TOF-MRA
4D Flow MRI (3T) 1.5-2 mm Low-Moderate Velocity aliasing, In vivo hemodynamics, validation
long scan tool
4D Flow MRI (7T) 0.7-1 mm Moderate leltedca(:]glablht}” Highest in vivo resolution for flow

Mesh Generation and Quality

The accuracy of CFD simulations depends critically on mesh
quality. Steinman et al. [133] organized the ASME 2012 Summer
Bioengineering Conference CFD Challenge, which compared solu-
tions for pressure and flow in a giant aneurysm across multiple
research groups using different solvers and mesh strategies. This
landmark study revealed that despite variations in numerical ap-
proaches, consistent results could be achieved with adequate
mesh resolution. Khan et al. [68] systematically investigated the
impact of solver numerics versus mesh and time-step resolution
on aneurysm hemodynamics, concluding that mesh and temporal

Table 2: Major Sources of Uncertainty in Patient-Specific CFD Modeling.

resolution are more critical determinants of accuracy than solver
specifics. Valen-Sendstad and Steinman [152] demonstrated that
insufficient mesh resolution can lead to erroneous prediction of
turbulent flow and inaccurate WSS estimates. The 2015 Interna-
tional Aneurysm CFD Challenge [150] further examined real-world
variability in WSS prediction, finding that while qualitative flow
patterns were consistent across participants, quantitative WSS val-
ues showed considerable variation depending on mesh strategies
and numerical schemes. Substantial variability exists across CFD
studies, stemming from multiple stages of the modeling pipeline.
Table 2 summarizes the major uncertainty sources, their estimated
magnitudes, and recommended mitigation strategies.

Newtonian

aneurysm dome regions

flow areas

Uncertainty Source Parameter Affected Magnitude of Error Mitigation Strategy Impact Level
Imaging Modalit Geometry reconstruc- Up to 15-20% difference in WSS Use 3DRA as standard; proto- hich
ging y tion between CTA vs 3DRA col standardization g
Image Segmentation Lumen g_eometry, wall Significant (MATCH st1.1(.iy: in- Semi-automatic tools; consen- high
thickness ter-operator variability) sus protocols
. Near-wall WSS Factor of 2-5x in WSS depending Mesh independence studies; .
Mesh Resolution accuracy on mesh density >3M elements for WSS High
. 200 e ] .
Inlet Boundary Condition Ve10c1ty/ﬂ0w rate at }0 30% WSS variation; Ipa PC-MRI flow measurement; moderate
inlet tient-specific vs. generalized phase-averaged waveforms
Outlet Boundary Con- e Influences flow splitting; affects Windkessel/ impedance
i Pressure distribution . i moderate
dition WSS in branches boundary conditions
. L . Non-Newtonian (Carreau or
Fluid Viscosity Model Non-Newtonian vs Most significant in low-shear Walburn-Schneck) for low- low- moderate

Boundary Conditions

Boundary conditions represent one of the most important
sources of uncertainty in patient-specific CFD modeling [135]. Inlet
boundary conditions typically specify velocity or flow rate wave-
forms at the proximal arteries. Jansen et al. [59] compared general-
ized versus patient-specific inflow boundary conditions and found
that while generalized conditions may suffice for some applica-
tions, patient-specific flow rates improve accuracy for quantitative
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hemodynamic parameters. Outflow boundary conditions are equal-
ly important and more challenging due to the distributed nature of
cerebral circulation. Chnafa et al. [19] proposed a rational approach
for minimizing the impact of outflow strategy on cerebrovascular
simulations, demonstrating that impedance-based boundary con-
ditions provide more physiologic flow distributions than simple
pressure outlets. Vignon-Clementel et al. [160] developed coupled
multidomain methods for outflow boundary conditions in cardio-
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vascular simulations, including Wind Kessel models that account
for distal vascular resistance and compliance. The Wind Kessel
model has been widely applied in cardiovascular hemodynamics
[40] and adapted for cerebral circulation. Bit et al. [8] investigated
realistic outlet boundary conditions for stenosed arteries, demon-
strating their importance for accurate hemodynamic assessment.
Figure 4 reiterates the concept of the outer brain barrier (OBB)

formed by the arachnoid mater. The image emphasizes the struc-
tural distinction between the fenestrated capillaries of the dura ma-
ter and the tight junctions of the arachnoid barrier cells. It serves as
a visual reminder of the multiple protective layers that encapsulate
the central nervous system, with the final layer allowing for free
communication between CSF and interstitial fluid beneath the pia
mater.

AP 23 GLE

ctherrancyie

Interstitial Fluad

Figure 4: The arachnoid mater establishes the outer brain barrier. While capillaries in the dura mater are fenestrated, tight junctions between
arachnoid barrier cells form the outer brain barrier (OBB). Vessels in the subarachnoid space are sealed by their tunica, and capillaries within
the barrier have tight endothelium. Below the pia mater, CSF communicates freely with interstitial fluid.

Fluid Properties: Newtonian Vs. Non-Newtonian Models

Blood exhibits non-Newtonian behavior due to its cellular com-
ponents and plasma proteins, with viscosity dependent on shear
rate [95]. The choice between Newtonian and non-Newtonian flu-
id models has been extensively investigated in cardiovascular CFD.
Cho and Kensey [20] examined non-Newtonian effects in diseased
arterial vessels, demonstrating significant differences in velocity
profiles and wall shear stress compared to Newtonian assumptions.
Walburn and Schneck [162] developed constitutive equations for
whole human blood that have been widely adopted in CFD studies.
Jahangiri et al. [57] compared multiple non-Newtonian models in
stenosed arteries, finding that model choice influences hemody-
namic factors. Liu et al. [84] specifically compared Newtonian and
non-Newtonian models in patients with intracranial arterial steno-
sis, concluding that non-Newtonian effects are most pronounced
in low-shear regions. Kumar et al. [75] performed transient anal-
ysis comparing Newtonian and non-Newtonian blood flow in the
human aorta. Wei et al. [165] investigated non-Newtonian effects
in Fontan hemodynamics, while Mahalingam et al. [86] examined

turbulence transition effects in coronary arteries.
Numerical Methods and Solvers

Various numerical methods have been applied to cerebral an-
eurysm hemodynamics. The finite volume method, implemented in
commercial solvers such as ANSYS Fluent and CFX, remains widely
used [58, 105, 111]. The finite element method offers advantages
for complex geometries and fluid-structure interaction [144, 160].
The lattice Boltzmann method has gained attention for its compu-
tational efficiency and ability to handle complex boundaries [58].
Girfoglio et al. [35] developed non-intrusive reduced-order models
for patient-specific aortic blood flow. Philip et al. [105] compared
idealized and patient-specific geometries for bifurcation aneu-
rysms using finite volume methods. Jain et al. [58] compared lattice
Boltzmann simulations with ANSYS solutions and MR imaging for
transitional hemodynamics in aneurysms. Figure 5 illustrates the
complete patient-specific CFD modeling workflow, from medical
image acquisition through to clinical translation, with key uncer-
tainty sources highlighted at each stage.
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Figure 5: Patient-specific CFD modeling pipeline and major uncertainty sources at each stage.
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Hemodynamic Parameters in Aneurysm
Assessment

Wall shear stress (WSS) and its spatiotemporal derivatives have
emerged as the most extensively studied hemodynamic parameters

in relation to aneurysm pathobiology. Table 3 provides a compar-
ative summary of the key hemodynamic parameters, their units,
rupture-associated thresholds, pathobiological mechanisms, and
evidence strength.

Table 3: Key Hemodynamic Parameters: Clinical and Pathobiological Summary.

. Rupture- Associated . . . . Evidence
Parameter Unit Threshold Pathobiological Mechanism Clinical Relevance SHEna
Wall Shear Stress Low (<1.5) or High . ) . Most studied; bidirection- .
(WSS) Pa (>10) Endothelial dysfunction, remodeling al rupture role high
Oscillatory Shear — (0 High (>0.2) Disturbed flow, atherosclerosis, wall Complements WSS; identi- hich
Index (OSI) to 0.5) g ' degeneration fies flow reversal &
Relative Residence s/Pa High (combined Low Thrombus formation, prolonged Integrated risk metric; moderate
Time (RRT) WSS + high 0SI) exposure growing use
Pressure Loss Coef- . Rupture risk proxy; less
ficient (PLc) Elevated Wall stress, aneurysm expansion validated moderate
Inflow Jet Velocity m/s Concentrate.d high- Impingement, localized wall stress Feature of ruptured moderate
speed jet aneurysms
Flow Complexity . . ) . . Qualitative; often correlat-
Index High complexity Vortex instability, wall fatigue ed with rupture moderate
Wall Shear Stress implicating high WSS [71, 91]. Meng et al. [91] proposed a unifying

Wall shear stress, the tangential force exerted by flowing blood
on the endothelial surface, is the most extensively studied hemody-
namic parameter in cerebral aneurysms [87, 122, 126]. Shojima et
al. [126] performed CFD analysis of 20 middle cerebral artery an-
eurysms and found that WSS was significantly lower in aneurysms
compared to parent arteries, with ruptured aneurysms exhibiting
lower WSS than unruptured lesions. The relationship between WSS
and aneurysm rupture has been debated, with some studies sup-
porting low WSS as a rupture risk factor [10, 61,93, 126] and others

hypothesis suggesting that both low and high WSS can contribute
to aneurysm pathobiology through different mechanisms: low WSS
promotes inflammatory remodeling and degeneration, while high
WSS triggers endothelial-mediated mural weakening. Boussel et
al. [10] performed longitudinal imaging of growing aneurysms and
found that regions of aneurysm growth corresponded to areas of
low WSS at baseline. Jou et al. [61] compared WSS in ruptured and
unruptured internal carotid artery aneurysms, finding lower WSS
in ruptured lesions. Miura et al. [93] confirmed that low WSS is in-
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dependently associated with rupture status in middle cerebral ar-
tery aneurysms. Conversely, Cebral et al. [14] found that ruptured
aneurysms were characterized by complex flow patterns and con-
centrated inflow jets, often associated with high WSS regions.

Kono et al. [71] examined hemodynamics at rupture sites and
identified high WSS as a feature of the rupture location. Figure 6
showcases the power of computational fluid dynamics (CFD) in as-

and locations. It presents simulated data for velocity, wall shear
stress (WSS), oscillatory shear index (OSI), and relative residence
time in aneurysms of the intracranial arteries (e.g., ICA, MCA), the
thoracic aorta, the abdominal aorta (AAA), and coronary arteries
(CAA). The figure visually demonstrates how flow patterns and bio-
mechanical forces can be quantified and compared in patient-spe-
cific geometries, highlighting the versatility of CFD as a diagnostic

. . ) tool.
sessing hemodynamic parameters across various aneurysm types
( 1
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Figure 6: Hemodynamic parameters (velocity, wall shear stress, oscillatory shear index, residence time) assessed by computational modeling
for aneurysms at different anatomical locations: intracranial (ICA, paraclinoid, MCA), thoracic (distal arch, dissecting), abdominal (AAA), and
coronary (CAA).
_ J

Oscillatory Shear Index and Other WSS Derivatives

The oscillatory shear index (OSI) quantifies the directional
changes in WSS during the cardiac cycle and has been associated
with atherosclerotic plaque development [74]. Ku et al. [74] origi-
nally described the relationship between low and oscillating shear
stress and atherosclerosis in the carotid bifurcation. In cerebral an-
eurysms, high OSI has been proposed as a marker of disturbed flow
that may promote wall degeneration [139, 140]. Sugiyama et al.
[139] investigated relative residence time, a parameter combining
low WSS and high OS], in intracranial aneurysms and found associ-
ations with atherosclerotic changes. The same group [140] exam-
ined relative residence time as a risk factor for thrombus formation
during aneurysm embolization. The gradient oscillatory number
and other WSS derivatives have been explored as potential rup-
ture discriminants [41, 137]. Himburg et al. [41] performed spatial
comparisons between WSS measures and endothelial permeability,
providing mechanistic insights into how WSS patterns influence

vascular biology. The relationship between WSS and aneurysm rup-
ture is paradoxically bidirectional. Meng et al. proposed a unifying
hypothesis suggesting that both low and high WSS can contribute
to aneurysm pathobiology through distinct mechanisms. Low WSS
(below ~1.5 Pa) promotes inflammatory remodeling and macro-
phage-mediated wall degeneration, while high WSS (above ~10 Pa)
triggers endothelial mechanosensing pathways leading to mural
weakening. Figure 7 illustrates this dual-pathway framework.

Pressure and Pressure Gradients

While less frequently studied than WSS, intra-aneurysmal pres-
sure and pressure gradients may contribute to wall stress and rup-
ture risk [124, 153]. Shimogonya et al. [124] proposed the pressure
loss coefficient as a potential indicator of rupture risk. Valencia et
al. [153] analyzed blood flow dynamics in basilar artery aneurysm
models, examining both WSS and pressure distributions. Chen et
al. [16] characterized WSS and pressure in intracranial atheroscle-
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rosis using CFD, demonstrating that both parameters vary with
plaque characteristics. Raghavan et al. [109] quantified aneurysm
shape and its relationship to rupture risk, indirectly addressing
wall stress distributions. Longitudinal studies have demonstrated

that aneurysm growth preferentially occurs at regions of low WSS.
Figure 8 illustrates the conceptual distribution of growth rate ver-
sus WSS across stable, growing, and ruptured aneurysm popula-
tions, synthesized from the published literature.
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<15 Pa > 10 Pa
. A »
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Inflammatory Endothelial
Remodeling Dysfunction
L v s
Rupture Risk
Normal physiologic WSS: 1.5 - 4.0 Pa
Figure 7: Bidirectional WSS hypothesis: low WSS promotes inflammatory degeneration; high WSS triggers endothelial-mediated mural
weakening. Both pathways converge on aneurysm rupture.
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Figure 8: Conceptual distribution of aneurysm growth rate versus wall shear stress (Pa). Ruptured aneurysms cluster at both low-WSS and
high-WSS extremes, consistent with the bidirectional hypothesis.
N J

Flow Patterns and Complexity rysms and investigated the effects of perianeurysmal environment
on flow patterns during growth. Gopalakrishnan et al. [36] ana-

Qualitative flow characteristics, including flow stability, im- lyzed dynamics of pulsatile flow through model abdominal aortic

pingement regions, and intra-aneurysmal vortex structures, pro-

. ) . o aneurysms, providing insights applicable to cerebral aneurysms.
vide complementary information to quantitative parameters [11,

. Fukazawa et al. [33] used CFD to characterize local hemodynamic
122]. Cebral et al. [11] characterized cerebral aneurysms for rup-

ture risk assessment using patient-specific hemodynamics, iden-
tifying complex flow patterns as features of ruptured aneurysms.
Sforza et al. [122, 123] reviewed hemodynamics of cerebral aneu-

features at middle cerebral artery aneurysm rupture points, finding
that rupture sites were associated with specific flow characteris-
tics. Omodaka et al. [102] similarly examined local hemodynamics
at rupture points.
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Kinetic Energy and Momentum

The kinetic energy and momentum of blood flow entering
aneurysms influence intra-aneurysmal hemodynamics and wall
loading. Isoda and colleagues have extensively investigated inflow
hemodynamics using both CFD and MR-based techniques [51-55].
Their work has characterized the relationship between inflow jet
characteristics and aneurysm geometry. Chnafa et al. [18] examined
vessel caliber and flow splitting relationships at the internal carot-
id artery terminal bifurcation, providing reference data for inflow
boundary conditions. Seymour et al. [121] measured blood flow
rate and WSS in seven major cephalic arteries, establishing norma-

tive values for CFD validation.

Morphological Factors and Hemodynamic
Interactions

Aneurysm morphology and hemodynamics are tightly coupled:
geometric characteristics directly influence intra-aneurysmal flow
patterns, while hemodynamic forces drive wall remodeling and
shape change over time. Table 4 provides a comprehensive com-
parison of established morphological risk factors, their thresholds,
evidence strength, and clinical significance.

Table 4: Morphological Risk Factors for Aneurysm Rupture: Comparative Summary.

Morphological Risk Threshold Evidence Key References Clinical Notes
Factor Strength
Aneurvsm Size >7 mm (moderate) >25 mm Stron ISUIA, UCAS Japan, Most established clinical predictor; size
Ty (high) J PHASES score alone insufficient
Aspect Ratio 16 Moderate- Ujiie et al. 1999, 2001; High AR = stagnant flow in dome; re-
(Dome/Neck) ' Strong Dhar et al. 2008 quires standardized sizing method
Irregular Baghavan etal. 2005; Blebs correlate with focal low WSS; inde-
Any bleb presence Strong Chien et al. 2009; Zhang et .
Shape / Blebs pendent predictor
al. 2016
Location: PCo- Posterior Communicating or Stron UCAS Japan 2012; Greving Location-specific hemodynamics; higher
mA/ AComA Anterior Communicating Artery 5 etal. 2014; Lin et al. 2013 rupture rate per PHASES score
Bifurcation vs. . . Baharoglu et al. 2012; Distinct pathomechanisms; morphologic
Sidewall Bifurcation type Moderate Chungetal. 2014 predictors differ by type
Parent Vessel . Hoi et al. 2004; Chnafa et Influences inflow jet; non-linear interac-
High curvature, narrow angle Moderate . .
Geometry al. 2017 tion with aneurysm morphology

Aneurysm Size and Shape

~

.

Figure 9: Use of computational fluid dynamics simulations to derive detailed hemodynamic information of high clinical relevance for predicting
the risk of cardiovascular and neural diseases, and identifying critical structural and hemodynamic parameters for clinical assessment.
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Aneurysm size has long been recognized as a rupture risk factor
[27,47,62,148]. Dhar et al. [27] identified morphology parameters
for rupture risk assessment, including size, aspect ratio, and bot-
tleneck factor. Ujiie et al. [146, 147] proposed aspect ratio (dome
height-to-neck width) as a reliable index for predicting rupture,
based on the observation that high aspect ratio aneurysms exhib-
it more disturbed flow. Raghavan et al. [109] quantified aneurysm
shape and demonstrated that irregular shapes are associated with
increased rupture risk. Skodvin et al. [129] examined cerebral aneu-
rysm morphology before and after rupture in a nationwide case se-
ries, providing unique insights into morphological changes associ-
ated with rupture events. Singla et al. [127] developed a CFD-based
model for assessing rupture risk in cerebral arteries with varying
aneurysm sizes. Lauric et al. [76] demonstrated that rupture sta-
tus discrimination performance of aspect ratio, height/width, and
bottleneck factor is highly dependent on aneurysm sizing meth-
odology. Figure 9 illustrates the clinical translational pathway for
computational fluid dynamics (CFD) simulations in neurovascular
and cardiovascular medicine. It depicts the process of converting
medical images into detailed 3D models to derive clinically rele-
vant hemodynamic information. The ultimate goal, as shown, is
to predict disease risk, such as aneurysm rupture, by identifying
critical structural and hemodynamic parameters. This workflow
underscores the potential of CFD to move beyond research and pro-

vide actionable insights for patient-specific clinical assessment and
treatment planning.

Aneurysm Location and Type

Aneurysm location influences both natural history and hemo-
dynamic characteristics [26, 37, 94]. Baharoglu et al. [2] identified
a dichotomy in morphological predictors of rupture status between
sidewall and bifurcation-type intracranial aneurysms, suggesting
that different hemodynamic mechanisms may operate in these an-
eurysm types. Chung et al. [23] compared hemodynamics of sac-
cular and fusiform aneurysms of the basilar artery, finding distinct
flow patterns between morphological types. Lin et al. [82, 83] an-
alyzed morphological parameters to differentiate rupture status
in anterior communicating artery and middle cerebral artery an-
eurysms, respectively. Jing et al. [60] examined hemodynamic and
morphological characteristics of posterior communicating artery
aneurysms. Kono and Terada [72] specifically studied hemody-
namics of the anterior communicating artery using CFD. Figure 10
presents a radar-chart visualization of the relative hemodynamic
and morphologic risk signatures for ruptured versus unruptured
aneurysms, aggregated from the systematic literature reviewed.
Ruptured lesions consistently show elevated risk across all dimen-
sions, with the most pronounced differentiation in flow complexity,
aspect ratio, and low WSS.

( N
—#— Ruptured Anerysm Size
& Unruptured [=Trmm)
Comphix Aspect
1 RaYg (=1.6)
LFO(L‘;']“‘] High G51
Blebs

Figure 10: Radar chart comparing the hemodynamic and morphologic risk profiles of ruptured vs. unruptured intracranial aneurysms across

seven validated dimensions. Scale: 0—10 (literature-derived evidence scores).
N\ J

Daughter Blebs and Irregularities

The presence of daughter blebs or irregular protrusions on
aneurysm domes has been associated with increased rupture risk
[17,172]. Chien et al. [17] performed patient-specific hemodynam-
ic analysis of small internal carotid artery-ophthalmic artery aneu-
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rysms with and without blebs, finding that bleb formation is asso-
ciated with specific hemodynamic environments. Zhang et al. [172]
analyzed hemodynamics of intracranial aneurysms with daughter
blebs, demonstrating that blebs are typically located in regions of
low WSS and complex flow. Varble et al. [158] examined shared and
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distinct rupture discriminants of small and large intracranial aneu-
rysms, including the role of surface irregularities.

Parent Vessel Geometry

The geometry of the parent vessel and its relationship to the
aneurysm significantly influences intra-aneurysmal hemodynamics
[18, 43, 96, 97]. Hoi et al. [43] studied effects of arterial geome-
try on aneurysm growth using three-dimensional CFD. Chnafa et
al. [18] provided detailed measurements of vessel caliber and flow
splitting at the internal carotid artery terminal bifurcation. Nagar-
goje and colleagues [96, 97] investigated the effects of sinus size
and position on hemodynamics in carotid artery bifurcations and

analyzed pulsatile flow dynamics in symmetric and asymmetric bi-
furcating vessels. Usmani and Muralidhar [149] examined unsteady
hemodynamics in intracranial aneurysms with varying dome ori-
entations.

Validation of Computational Fluid Dynamics

CFD predictions must be validated against experimental and
in vivo measurements to establish their reliability. Two primary
validation approaches exist: in vitro validation with particle image
velocimetry (PIV) and in vivo validation with phase-contrast MRI
techniques. Table 5 provides a detailed comparison of available val-
idation methods.

Table 5: Comparison of CFD Validation Methods: Capabilities, Accuracy, and Use Cases.

Method Spatial Resolution Parameter WSS Accuracy Limitations Best Use Case
Accuracy
. High velocity ~2% error for Cannot reproduce in vivo Benchmark for new
PIV (In Vitro) 0.1-0.3 mm accuracy velocity conditions CFD methods
2D Phase-Contrast Moderate (flow o Limited to 2D planes; no Flow rate validation;
MRI (PC-MRI) 1-2mm rate) 10-20% WSS error Wss widely used
Moderate
_eno . N . e
4D Flow MRI (3T) 1.5-2 mm velocity, low 30-50 A)_WSS Velocity aliasing; long Clinical Yalldatlon,
underestimate scan routine use
WSS
4D Flow MRI (7T) 0.7-1 mm Bestin vivo ~20% WSS error Limited availability, high Research standard;
resolution cost narrows gap to CFD
i - 0,
Computational Unlimited Varies 30-80% Assumptions re: geome- No gold standard for
0.01-0.1 mm between centers L
(CFD only) parameters (WSS) try, boundary conditions WSS

In Vitro Validation with Particle Image Velocimetry

( M
Clinical Feasibility
Spatial Resolution
3 16
- 3:}
i, §f
i it
3 35
H $T
i 8
LT T T Dnvim)  fnvwe) MR  MRITT  Smulaton
Figure 11: Comparison of CFD validation modalities: spatial resolution (mm, lower is better) and clinical feasibility score (higher is more
practical). PIV offers best resolution but lowest clinical feasibility; 4D Flow MRI at 3T provides the optimal balance for routine validation.
k J

Particle image velocimetry (PIV) has been extensively used to
validate CFD predictions in idealized and patient-specific aneu-
rysm models [31, 110]. Ford et al. [31] compared PIV-measured

and CFD-predicted flow dynamics in anatomically realistic cerebral
aneurysm models, finding good qualitative agreement but quantita-
tive differences that highlighted the importance of accurate geome-
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try reproduction. Raschi et al. [110] performed combined CFD and
PIV analysis of hemodynamics in a growing intracranial aneurysm,
using serial imaging to track morphological changes and validate
flow predictions. Bhardwaj et al. [7] modeled flow in an in vitro
anatomical cerebrovascular model with experimental validation,
demonstrating the feasibility of physical modeling for CFD valida-
tion. Figure 11 presents a comparison of CFD validation modalities.

In Vivo Validation with Phase-Contrast MRI

Phase-contrast MRI (PC-MRI) and time-resolved 3D phase-con-
trast MRI (4D Flow MRI) provide the primary means for in vivo val-
idation of CFD predictions [3, 9, 48, 49, 56,90, 98, 111]. Bammer et
al. [3] performed time-resolved 3D quantitative flow MRI of major
intracranial vessels, establishing techniques for acquiring velocity
fields in vivo. Boussel et al. [9] directly compared PC-MRI mea-
surements and CFD predictions in intracranial aneurysms, demon-
strating reasonable agreement for flow patterns and velocity fields
while noting discrepancies in WSS quantification. Rayz et al. [111]
similarly compared CFD results with in vivo MRI measurements,
validating simulation approaches for clinical applications. Isoda
and colleagues have made substantial contributions to MR-based
hemodynamic assessment [48-56] [70, 171]. Their work has devel-
oped magnetic resonance fluid dynamics (MRFD) based on time-re-
solved 3D phase-contrast MRI and compared these measurements
with CFD predictions. Isoda et al. [53] performed in vivo hemody-
namic analysis of intracranial aneurysms using MRFD, while subse-
quent studies compared inflow hemodynamics between CFD and
MREFD [51, 52]. Naito et al. [98] compared magnetic resonance flu-
id dynamics with computed fluid dynamics for intracranial aneu-

rysms. van Ooij etal. [156, 157] estimated WSS with phase-contrast
MRI in both in vitro and in vivo settings and developed methodolo-
gy to detect abnormal relative WSS using 4D Flow MRI.

High-Field MRI and 4D Flow

Higher magnetic field strengths offer improved signal-to-noise
ratio and spatial resolution for flow imaging. Berg et al. [6] com-
pared cerebral blood flow CFD with time-resolved 3D phase-con-
trast MRI at 7T, demonstrating the potential of ultra-high-field MRI
for hemodynamic validation. Meckel et al. [90] performed in vivo
visualization and analysis of 3D hemodynamics in cerebral aneu-
rysms with flow-sensitized 4D MR imaging at 3T. Markl et al. [89]
provided a comprehensive review of 4D Flow MRI techniques and
applications. Schnell et al. [120] examined three-dimensional he-
modynamics in intracranial aneurysms, investigating the influence
of size and morphology on flow patterns. Nett et al. [99] developed
accelerated dual velocity encoding techniques for 4D phase-con-
trast MRI. Takehara et al. [143] assessed the accuracy and repro-
ducibility of 4D Flow MRI for WSS measurements in cerebral aneu-
rysms. Figure 12 demonstrates the application of 4D Flow MRI for
visualizing complex hemodynamics, specifically in a case of chronic
aortic dissection. The end-systolic streamlines vividly show blood
entering the false lumen through a primary entry tear. Correspond-
ingly, the color-coded wall shear stress (WSS) map on the aortic
wall reveals elevated hemodynamic forces along the superior wall
of the proximal descending aorta, where the flow jet impinges. This
image highlights the capability of advanced imaging to provide in
vivo validation for CFD models and to identify regions exposed to
pathological mechanical stress.

( 7
Figure 12: The application of 4D-flow imaging provides valuable insight into hemodynamics in chronic aortic dissection. As shown end-
systolic streamlines visualize flow entering the false lumen through the primary entry tear (arrow). Correspondingly, the wall shear stress map
demonstrates increased hemodynamic forces along the superior wall of the proximal descending aorta.

N J
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Multi-Modality Validation Approaches

Recent studies have employed multi-modality approaches
combining CFD, MRI, and other techniques for comprehensive val-
idation. Rutkowski et al. [115] used machine learning to enhance
cerebrovascular 4D Flow MRI velocity fields using CFD simulation
data. Thomas et al. [145] assessed cerebrovascular responses to
physiological stimuli in identical twins using multimodal imaging
and CFD. Suh et al. [141] quantified hemodynamic changes in ab-
dominal aortic aneurysms with exercise using MR exercise imaging
and CFD, demonstrating the potential for functional hemodynamic
assessment.

Clinical Applications and Translational Challenges
Rupture Risk Prediction

The ultimate goal of hemodynamic analysis is to improve
rupture risk prediction beyond what is possible with clinical and
morphological factors alone [26, 107, 119, 142, 169]. Cebral et al.
[14] quantitatively characterized hemodynamic environments in
ruptured and unruptured brain aneurysms, identifying flow com-
plexity and concentrated inflow jets as features of ruptured lesions.
Xiang et al. [169] developed hemodynamic-morphologic discrimi-
nants for intracranial aneurysm rupture, finding that low WSS and
high oscillatory shear index were associated with ruptured aneu-
rysms. Takao et al. [142] examined hemodynamic differences be-
tween unruptured and ruptured aneurysms during observation.
Schneiders et al. [119] evaluated the additional value of intra-an-
eurysmal hemodynamics in discriminating ruptured versus unrup-
tured aneurysms, finding that hemodynamic parameters improved
classification beyond morphological factors alone. Detmer et al.
[26] analyzed associations of hemodynamics, morphology, and pa-
tient characteristics with aneurysm rupture stratified by location.

Treatment Planning and Device Design

CFD has been applied to simulate the hemodynamic effects of
endovascular treatments, including coiling and flow diversion [25,
42, 73]. Hodis et al. [42] studied the relationship between aneu-
rysm occlusion and flow diverters using CFD. De Santis et al. [25] in-

vestigated the hemodynamic impact of stent-vessel malapposition
following carotid artery stenting. Krings et al. [73] examined partial
targeted embolization of brain arteriovenous malformations. Gun-
dert et al. [38] used CFD to identify optimal stent design parame-
ters for reducing WSS gradients in coronary arteries, an approach
applicable to cerebrovascular stents.

Growth and Remodeling Prediction

Longitudinal studies have begun to elucidate the relationship
between hemodynamics and aneurysm growth [10, 101, 110, 138].
Boussel et al. [10] demonstrated that aneurysm growth occurs at
regions of low WSS in a patient-specific longitudinal study. Raschi
etal. [110] analyzed hemodynamics in a growing intracranial aneu-
rysm using serial imaging and CFD. Sugiyama et al. [138] performed
hemodynamic analysis of growing intracranial aneurysms arising
from the posterior inferior cerebellar artery. Nordahl et al. [101]
examined morphological and hemodynamic changes during cere-
bral aneurysm growth. Cebral and Raschi [15] reviewed suggested
connections between risk factors of intracranial aneurysms, inte-
grating hemodynamic, morphological, and clinical factors.

Machine Learning and Big Data Approaches

The increasing availability of hemodynamic data has stimulated
interest in machine learning approaches for rupture risk prediction
[115, 128]. Sinnaswamy et al. [128] provided an extensive review
of deep learning and machine learning interventions in prediction
and classification of aneurysm types. Rutkowski et al. [115] demon-
strated the use of machine learning to enhance 4D Flow MRI veloc-
ity fields using CFD simulation data, suggesting potential for hybrid
approaches combining imaging and computation. Table 6 presents
a structured roadmap for clinical translation, mapping current
barriers to proposed solutions with realistic timelines and current
development status. Machine learning approaches are increasing-
ly being applied to integrate large-scale hemodynamic data with
clinical outcomes [115, 128]. These methods offer the potential to
identify complex, non-linear relationships between hemodynamic
parameters and rupture risk that may not be apparent through tra-
ditional statistical approaches.

Table 6: Clinical Translation Roadmap: Challenges, Solutions, and Timelines.

Challenge Current Barrier Proposed Solution Timeline Status
Imaging Protocol Stan- Multi-center segmentation Consensus imaging protocols; MATCH NEAR-TERM (1-3 .
S o R Ongoing
dardization variability inititative model years)
CFD Parameter Standard- Inter-center WSS variability Reporting guidelines; reference NEAR-TERM (1-3
s In Progress
ization 30-80% benchmarks years)
Prospective Multicenter Lack of prospective rupture Large-scale cohort with hemodynamic MID-TERM (3-7 Planned/ On-
Validation outcome data baseline and follow-up years) going
Machine Learning Inte- Time-consuming simula- ML surrogate models; accelerated MID-TERM (3-7
. . S Research Phase
gration tions (hours per case) CFD; hybrid pipelines years)
Clinical Decision Support Clinician accessibility; com- Simplified scores (PHASES+ hemody- LONG-TERM (5-10
. . . Conceptual
Tool plex metrics namics); Al-assisted reports years)
FSI / Multiscale Modeling Rigid wall assumptlon.; mo- Flu1d-stru?ture interaction + wall LONG-TERM (5-10 Research Phase
lecular processes omitted biology models years)

Citation: Mohammad Yaghoub Abdollahzadeh Jamalabadi*. Cerebral Aneurysm Hemodynamics: from Computational Modeling to Clinical
Translation. Arch Neurol & Neurosci. 18(3): 2026. ANN.MS.ID.000936. DOI: 10.33552/ANN.2026.18.000936

Page 14 of 23


http://dx.doi.org/10.33552/ANN.2026.18.00093http://dx.doi.org/10.33552/ANN.2026.18.000936

Archives in Neurology and Neuroscience Volume 18-Issue 3

Challenges in Clinical Translation

Despite decades of research, hemodynamic analysis has not
yet become standard clinical practice for aneurysm management.
Berg et al. [4] reviewed the reliability of hemodynamic modeling
in intracranial aneurysms, concluding that CFD alone cannot solve
the clinical equation. Chung and Cebral [22] reviewed proposed
clinical uses of CFD and their challenges, identifying issues relat-
ed to standardization, validation, and interpretability. Steinman
and Pereira [135] provided an overview of sources of error and
variability in patient-specific computational models of cerebral an-
eurysms. Valen-Sendstad et al. [150] documented real-world vari-
ability in aneurysm WSS prediction through the 2015 International
Aneurysm CFD Challenge. Maramkandam et al. [88] proposed a
novel parameter for rupture risk prediction based on morphology,
potentially simplifying the translation of hemodynamic insights to
clinical practice.

Emerging Technologies and Future Directions
Fluid-Structure Interaction

Fluid-structure interaction (FSI) models incorporate vessel
wall compliance and deformation, potentially providing more re-
alistic assessments of wall stress [105, 123, 144]. Philip et al. [105]
examined hemodynamics and biomechanics of morphologically
distinct saccular intracranial aneurysms, comparing idealized and
patient-specific geometries. Sforza et al. [123] investigated effects
of perianeurysmal environment during aneurysm growth, indirect-
ly addressing the role of surrounding structures in constraining
deformation. Taylor and Figueroa [144] reviewed patient-specific
modeling of cardiovascular mechanics, including FSI approaches.

Multiscale Modeling

The integration of cellular and molecular processes with con-
tinuum hemodynamics represents a frontier in aneurysm research
[21, 45, 46, 78, 79]. Choudhury et al. [21] studied transport and
interaction between blood flow and low-density lipoprotein in
near-wall regions. Hoque et al. [45, 46] used dissipative particle dy-
namics to simulate red blood cells in flow through constricted chan-
nels and bifurcations. Lei et al. [78] developed methods for direct
construction of mesoscopic models from microscopic simulations.
Leng et al. [79] used CFD modeling of symptomatic intracranial ath-
erosclerosis to predict stroke recurrence risk.

Porous Media Modeling

Some investigators have applied porous media modeling to
simulate blood flow in regions with complex geometry, such as
partially thrombosed aneurysms or tissue-engineered constructs
[28, 29, 163, 166]. Ergun [28] and Ergun and Orning [29] devel-
oped fundamental equations for fluid flow through packed columns
that have been adapted for biological applications. Whitaker [166]
provided theoretical derivations of Darcy’s law for flow in porous
media, while Wang et al. [163] developed volume-averaged macro-
scopic equations for fluid flow in moving porous media.
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Multicenter Initiatives and Standardization

The recognition of variability in CFD methods has led to multi-
center initiatives aimed at standardization and reproducibility [5,
133, 150]. The ASME 2012 CFD Challenge [133] demonstrated that
with careful attention to numerical parameters, consistent results
could be achieved across different solvers and research groups.
The 2015 International Aneurysm CFD Challenge [150] revealed
persistent variability in WSS prediction and identified sources of
discrepancy. The Multiple Aneurysms Anatomy Challenge 2018
(MATCH) [5] focused specifically on segmentation variability,
demonstrating that geometric reconstruction remains a major
source of uncertainty in patient-specific modeling. These initiatives
have informed recommendations for best practices and reporting
standards.

Discussion
Summary of Key Findings

This comprehensive review synthesizes the extensive litera-
ture on cerebral aneurysm hemodynamics, encompassing over 170
studies spanning from epidemiological observations to advanced
computational modeling. Several key themes emerge from this
body of work. First, the hemodynamic environment within intra-
cranial aneurysms is complex and patient-specific, influenced by
aneurysm morphology, parent vessel geometry, and physiologic
flow conditions [11, 12, 13, 122]. Computational fluid dynamics has
matured into a powerful tool for quantifying this environment, pro-
viding detailed measurements of velocity fields, wall shear stress,
and derived parameters that are not accessible through clinical im-
aging alone [9, 13,111, 144].

Second, wall shear stress and its spatiotemporal derivatives
have emerged as the most extensively studied hemodynamic pa-
rameters in relation to aneurysm pathobiology [10, 61, 87, 91, 93,
126]. However, the relationship between WSS and rupture risk is
complex, with both low and high WSS implicated through different
mechanistic pathways [91]. This complexity likely reflects the mul-
tifactorial nature of aneurysm progression, involving endothelial
dysfunction, inflammatory remodeling, and mural weakening [15,
92, 125].

Third, morphological characteristics including aneurysm size,
aspect ratio, location, and the presence of daughter blebs interact
with hemodynamics to influence rupture risk [2, 23, 26, 27, 60, 76,
82, 83, 146, 147, 158, 172]. These interactions underscore the im-
portance of integrating morphological and hemodynamic assess-
ments for comprehensive risk stratification [26, 119, 169]. Fourth,
validation studies comparing CFD with in vitro PIV measurements
[7, 31, 110] and in vivo phase-contrast MRI [3, 9, 48, 49, 53, 56,
90, 98, 111, 156] have generally demonstrated good qualitative
agreement while revealing quantitative discrepancies that high-
light sources of uncertainty. High-field MRI at 7T offers enhanced
resolution for validation [6], and 4D Flow MRI techniques contin-
ue to advance [89, 99, 115, 143]. Fifth, despite decades of research
and thousands of patient-specific simulations, hemodynamic anal-
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ysis has not yet achieved widespread clinical adoption [4, 22, 135].
Challenges include methodological variability across centers [5,
68, 133, 150, 152], uncertainty regarding which parameters most
strongly predict outcomes, and the need for prospective validation
in clinical cohorts.

Sources of Variability and Uncertainty

Understanding the sources of variability in hemodynamic mod-
eling is essential for interpreting study results and advancing to-
ward clinical applications [135]. Image acquisition and segmenta-
tion introduce geometric uncertainty that propagates through the
modeling pipeline [5, 34, 104, 112]. Mesh resolution and numerical
schemes influence quantitative results, particularly for WSS which
is sensitive to near-wall grid resolution [68, 133, 150, 152]. Bound-
ary conditions represent another major source of uncertainty [59,
135, 160]. While patient-specific flow rates improve accuracy [59],
such data are often unavailable, necessitating generalized or litera-
ture-based conditions [121]. Outflow boundary conditions are par-
ticularly challenging in the cerebral circulation due to the complex-
ity of distal vascular beds and collateral pathways [19, 160]. Fluid
properties, including the choice between Newtonian and non-New-
tonian models, affect results in low-shear regions such as aneurysm
domes [20, 57, 75, 84, 86, 162, 165]. However, the magnitude of
these effects relative to other sources of uncertainty remains de-
bated.

Toward Clinical Translation

The translation of hemodynamic analysis to clinical practice
will require addressing several fundamental challenges [4, 22, 135].
Standardization of imaging protocols, segmentation methods, mesh
generation, and numerical parameters is essential for ensuring re-
producibility across centers and over time. The development of re-
porting guidelines and quality metrics would facilitate comparison
across studies and meta-analysis of accumulated data. Prospective
multicenter studies are needed to establish the predictive value of
hemodynamic parameters beyond established clinical and morpho-
logical risk factors [26, 37, 94, 119, 142, 169]. Such studies should
employ standardized methodologies and include sufficiently large
patient populations with long-term follow-up to capture rupture
events. The integration of hemodynamic analysis with emerging
technologies, including machine learning [115, 128], multiscale
modeling [21, 45, 46, 78], and fluid-structure interaction [105, 123,
144], may enhance predictive capability. Simplified parameters de-
rived from complex simulations [88, 124] could facilitate clinical
implementation by reducing computational requirements and im-
proving interpretability.

Limitations of This Review

This review, while comprehensive, has several limitations. The
literature on cerebral aneurysm hemodynamics is extensive, and
despite our efforts to include representative studies, some relevant
work may have been omitted. The focus on English-language pub-
lications may exclude important contributions in other languages.
The rapid pace of methodological development means that some
emerging techniques may not be fully represented. More aspects of

Citation: Mohammad Yaghoub Abdollahzadeh Jamalabadi*. Cerebral Aneurysm Hemodynamics: from Computational Modeling to Clinical
Translation. Arch Neurol & Neurosci. 18(3): 2026. ANN.MS.ID.000936. DOI: 10.33552/ANN.2026.18.000936

CFD calculation can mentioned in following references: The inves-
tigation of blood flow dynamics under various physical conditions
represents a significant contribution to cardiovascular research.
Early work established fundamental understanding of non-Newto-
nian blood behavior in magnetohydrodynamic pumps [175], pro-
viding foundation for subsequent magnetic field applications in
medicine. The analysis of biomagnetic Carreau fluid flow through
stenosed arteries with magnetic heat transfer [177] advanced the
understanding of magnetic targeting for cardiovascular interven-
tions. Complementary research examined oxygenated and deoxy-
genated blood flow through tapered stenosed arteries under mag-
netic field influence [178], revealing important differences in flow
characteristics based on blood oxygenation states. Thermal radia-
tion and viscous effects on entropy generation in forced convection
blood flow over axisymmetric stretching sheets [179] provided in-
sights into energy dissipation in cardiovascular systems. Numeri-
cal investigation of viscous heating effects in renal artery stenosis
under peristaltic wall motions [185] addressed kidney-specific he-
modynamics, while energy harvesting via micro-turbines in blood
arteries [190] explored innovative power generation for implant-
able bio-devices.

A major research theme involves developing and optimizing
drug delivery mechanisms. Microrobots propulsion system design
for targeted drug delivery [182] established theoretical frameworks
for microscopic medical interventions. Magnetic field effects on sil-
ver nanoparticles for drug and gene delivery in biological systems
[181] demonstrated the potential of magnetic targeting. Optimal
design of magnetic fields for reaction control in drug delivery appli-
cations [184] provided optimization methodologies for treatment
planning. Fluid-solid interaction modeling of cerebrospinal fluid
absorption in arachnoid villi [183] addressed neurological drug
delivery pathways. The investigation of magnetohydrodynamic ef-
fects on natural silver nanoparticles for pharmaceutical compound
transport [189] combined nanotechnology with magnetic guid-
ance. Olfactory drug aerosol delivery with acoustic radiation [176]
and numerical modeling of olfactory drug delivery with acoustic
streaming [202] pioneered non-invasive brain-targeting approach-
es through the nasal pathway. Comprehensive toxicity studies es-
tablished safety profiles for nanoparticle-based medical applica-
tions. Research on silver nanoparticles synthesized from seaweed
Sargassum angustifolium in common carp (Cyprinus carpio) [180]
provided foundational ecotoxicity data. Similar investigations in
Barbus sharpeyi [186] expanded the toxicity database across spe-
cies. Magnetic field effects on silver nanoparticle-induced oxidative
stress and apoptosis [188] revealed important interactions be-
tween magnetic targeting and cellular responses.

Development and analysis of medical devices represents a sig-
nificant contribution area. Flow analysis in magnetohydrodynamic
pumps for blood circulation [175] supported artificial heart and
bypass technologies. Inspiratory leakage flow fraction for surgical
masks with varying gaps and filter materials [173] addressed crit-
ical public health needs during respiratory disease outbreaks. Use
of nanoparticle-enhanced phase change material for cooling sur-
face acoustic wave sensors [187] improved medical sensing device
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performance. Energy harvesting from blood flow using micro-tur-
bines [190] explored self-powered implantable devices. Research
on surgical mask performance [173] provided quantitative under-
standing of respiratory protection mechanisms. Bubble growth dy-
namics in pool boiling [174], while primarily thermal engineering
research, has applications in understanding gas exchange in biolog-
ical fluids and respiratory therapeutics. Three-dimensional lattice
Boltzmann modeling of bubble growth [174] established computa-
tional methods applicable to microfluidic medical devices. Droplet
formation in microfluidic T-junctions [191] provided fundamental
understanding for lab-on-chip diagnostic and therapeutic systems.
Effect of injection angle, density ratio, and viscosity on droplet for-
mation [191] optimized microfluidic device design for biomedical
applications. Advanced computational approaches addressed spe-
cific disease mechanisms and therapies. A molecular key to the
filter: podocin phosphorylation in early-stage steroid-resistant ne-
phrotic syndrome [192] combined molecular modeling with clin-
ical nephrology. Conservative numerical framework for nonlinear
ultrasound propagation in thermo-viscous tissue phantoms [193]
advanced therapeutic ultrasound applications. Comprehensive re-
view of computational modeling in tumor and brain disorders with
focus on ablation therapies [194] synthesized knowledge for oncol-
ogy applications.

Numerical investigation of temperature fields in hyperthermia
considering diffusion in interstitial tissue [199] optimized cancer
thermal therapy protocols. Parameter study of J-integral over craze
lines in root-canalled teeth [201] applied fracture mechanics to den-
tal biomechanics. Electrohydrodynamic squeeze-film interaction
in synovial joints [200] addressed joint lubrication mechanisms
with implications for arthritis treatment. Recent work explores
cutting-edge biomedical applications. Cracking the molecular ma-
trix: next-gen Al reshapes biomedicine [195] reviewed artificial
intelligence applications in medical research. Smart lubrication for
joints using carbon nanomaterials [196] investigated advanced ma-
terials for orthopedic applications. Comprehensive review on deep
learning for genomics and Al in drug discovery [197] synthesized
computational approaches for pharmaceutical development. Supe-
riority of carbon nanocomposites on diarthrosis lubrication [198]
extended nanomaterial applications to joint therapy. International
dissemination of medical research included presentations on olfac-
tory drug delivery [202] and pool boiling applications in biomedi-
cal contexts [203], demonstrating engagement with the global sci-
entific community.

Conclusions

Cerebral aneurysm hemodynamics represents a mature field of
investigation with over two decades of active research. Computa-
tional fluid dynamics has provided unprecedented insight into the
flow environment within intracranial aneurysms and its relation-
ship to aneurysm initiation, growth, and rupture. Wall shear stress
and related parameters have emerged as key hemodynamic factors,
though their precise role in rupture risk stratification remains in-
completely defined. Significant progress has been made in validat-
ing CFD predictions against in vitro and in vivo measurements, and
multicenter initiatives have begun to address issues of variability
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and reproducibility. However, translation to routine clinical prac-
tice awaits further standardization, prospective validation, and the
development of simplified approaches that can be integrated into
clinical workflow. The integration of hemodynamic analysis with
clinical, morphological, and emerging molecular biomarkers holds
promise for improving the management of patients with unrup-
tured intracranial aneurysms, enabling more accurate identifica-
tion of lesions at highest risk of rupture and appropriate selection
for preventive treatment.
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