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Abstract

Cerebral aneurysm is a complex vascular pathology, and the assessment of its rupture risk is often based on qualitative
criteria and clinical expertise. The present study aims to develop an objective parameter to support risk evaluation by
integrating morphological and hemodynamic analyses. A novel morphological parameter has been introduced, combining
key geometric features extracted from 3D vessel reconstructions of middle cerebral artery bifurcations. Computational
fluid dynamics (CFD) simulations were conducted to analyze hemodynamic factors such as wall shear stress and intra-
aneurysmal pressure, both of which are associated with aneurysm growth and rupture risk. Particular attention was given
to defining physiologically accurate boundary conditions, essential for obtaining reliable results. The new morphological
parameter alignment with clinical evaluations suggesting its potential to enhance the assessment of aneurysm operability
and improve surgical decision-making. This study highlights the importance of integrating morphological and hemody-
namic data into the risk assessment process to refine risk stratification and guide more effective treatment strategies.

Graphical Abstract
Schematic representation of the methodological pipeline used to derive a morphological parameter and perform hemody-
namic simulations to support surgical decision-making in aneurysm cases
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1 Introduction

Cerebral aneurysms represent abnormal dilations of cere-
bral arteries, generally caused by a structural deficiency in
the arterial wall. Assessing their rupture risk is an important
clinical challenge, made more crucial with the increasing
diagnostic identification of unruptured aneurysms due to
advancement in imaging. The decision between early sur-
gical intervention or conservative monitoring necessitates
of precise identification of characteristics that may influ-
ence the rupture risk [1-3]. Accurately predicting aneurysm
growth and identifying those at higher risk are essential steps
in enabling timely and targeted interventions. However, the
mechanisms leading to cerebral aneurysm rupture remain
poorly understood. Hemodynamic factors are commonly
considered pivotal in the pathogenesis, progression, and
rupture of aneurysms. By modelling the mechanical forces
within the cerebral vessels, Computational Fluid Dynam-
ics (CFD) simulations can help bridge the gap [4—6]. These
simulations allow for assessment of hemodynamic stresses
implicated in wall degradation and thinning, which may set
the stage for aneurysm rupture. However, the application of
CFD in clinical practice is limited by the lack of standard-
ized boundary conditions and the absence of robust data that
reflect true in vivo conditions. Using 3D anatomical mod-
els, CFD enables detailed analysis of blood flow dynamics,
including the evaluation of key parameters such as pressure,
flow velocity, and wall shear stress (WSS). These simula-
tions allow identifying regions of low wall stress that might
correlate with a higher risk of rupture. While studies have
shown promising results, the lack of consensus on reliable
hemodynamic indicators of rupture risk and the variability
in modelling approaches underscore the need for further
investigations [7, 8]. Integrating clinical, morphological,
and hemodynamic data derived from CFD could provide
new insights into the mechanisms driving aneurysm pro-
gression and rupture, aiding in the development of more
effective and personalized treatment strategies. A key chal-
lenge in simulating blood flow within aneurysms is the
accurate definition of boundary conditions. Analyzing the
velocity profile and flow regime at the inlet is essential to
minimize the risk of introducing non-physical effects that
could compromise the simulation’s accuracy. This step is
essential for accurately describing hemodynamic behavior.
This study aimed to evaluate the potential correlation
between morphological and hemodynamic characteristics
and the risk of cerebral aneurysm rupture. To achieve this,
geometries of middle cerebral artery bifurcations were ana-
lyzed. Blood flow simulations were conducted under physi-
ological flow conditions, with a detailed examination of the
inlet velocity profile. This work seeks to provide a compre-
hensive characterization of blood flow within aneurysms,
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with the goal of identifying parameters that improve under-
standing of the mechanisms underlying aneurysmal rupture.

2 Materials and methods

This study investigates the morphological characteristics
and blood flow parameters in middle cerebral artery aneu-
rysms using 3D models reconstructed from medical images.
A new parameter has been proposed to characterise aneu-
rysms and facilitate clinical evaluation.

CFD simulations have been performed by imposing
boundary conditions that simulate realistic flow and blood
rheology settings by focusing on wall shear stress (WSS)
and pressure.

The workflow consists of the following phases:

Geometric model.

Numerical model.

Mesh generation and analysis.

Rheology and blood flow.

Physiological boundary conditions in CFD simulation.

2.1 Geometric model

The present study is concerned with the characterization
of the aneurysm morphology, with a particular focus on
those located in the bifurcation of the middle cerebral artery
(MCA). To this purpose, data from digital rotational sub-
traction angiography (3DRA), CT angiography and open
datasets have been collected for sixty patients with unrup-
tured MCA aneurysms [9]. The objective was to character-
ize the size and shape of aneurysms using a morphological
parameter. To achieve this, the following information has
been collected for each patient: age, gender, and shape
parameters.

The vascular geometry has been extracted by importing
imaging data into the 3DSlicer segmentation software. A
semi-automatic threshold-based procedure was employed
to identify the region of interest by differentiating vascu-
lar structures from surrounding tissues. To obtain accurate
models of blood vessels and aneurysms, this initial segmen-
tation was then refined through manual operations such as
cropping and smoothing. This process involved the manual
cropping and thresholding of images to distinguish vessels
from surrounding tissues. To prepare the models for further
analysis, the vessel has been trimmed perpendicular to the
axis and extended to approximately seven times the ves-
sel diameter for the MCA inlet and five times for the out-
flow. This was achieved generative algorithm [10] designed
to compute cross-sectional planes orthogonal to generate
extensions, ensuring a fully developed flow profile (Fig. 1).
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Fig.1 Example of a reconstructed MCA aneurysm with inlet and outlet
extensions for CFD analysis

The workflow was comprised of the following steps:

data acquisition.

data import into segmentation software.

segmentation of vascular structures.

exclusion of minor vessels; outlet trimming and
extension.

5. export of the obtained vessel geometries as stereolithog-
raphy (STL) files.

bl el a e

In cases where only 3D models of the vascular structure
were available, phase (4) was initiated directly. Shape and
dimensions of the aneurysm were evaluated by including
the volume of the aneurysm dome, the maximum longitu-
dinal diameter and maximum height of the dome, and the
dimensions of the neck, measured in terms of both longitu-
dinal and transverse widths. Moreover, the diameter of the
parent vessel (Dv) was determined at a point situated 1.5
times the diameter of the vessel from the bifurcation (D1).
The definitions and methodologies for these morphological
parameters were derived from established guidelines [2]
and are represented in Fig. 2 (A) and 2 (B). The maximum
width (W) and height (H) were also measured. The height
was defined as the longest dimension from the neck to the

Fig. 2 Visual representation of
the methodology used to measure
the dimensional parameters of
each aneurysm: definitions of the
morphological parameters (A);
aneurysm measurement in the
medical image (B)

Table 1 Summary of patient information and aneurysm measurements,
including mean, standard deviation, maximum and minimum values

Aneurysm  Gender Age Measurement (mm)
(years)

60 Female 45 57+ 11 Heightdome  5.60 £ 3.32
(37-89) (1.31-18.84)
years Width dome 5.01 +2.62

(1.14-10.74)
Male 15 Neck longitu-  4.83 +2.09
dinal width (1.63-10.50)
Neck width 359+ 1.3
transverse (1.41-8.06)

tip of the dome, while the width was defined as the maxi-
mum longitudinal width. The parameters of the neck were
determined as the maximum longitudinal (N) and transverse
(NT) widths (Table 1).

In addition to these measurements, several dimensionless
ratios have also been calculated, such as the height-to-width
ratio (H/W), the width-to-neck ratio (W/N), and the height-
to-neck ratio (H/N, also known as the aspect ratio), which
typically describes the general configuration by providing
information about an aneurysm in terms of whether it is
elongated or spherical and how it expands in relation to its
neck. The study also proposed a new morphological param-
eter (MP) that combines several key parameters into a single
formula. This new parameter has been designed to be easily
calculated using two-dimensional data from tomographic or
angiographic images and could potentially be used in daily
clinical practice. The defined MP is presented in Eq. 1:

W ¥+N

MP
N 2

The development of the MP has been formulated based
on clinical indications, which underline the importance of
maximum size, symmetry, and shape generally. Each shape
parameter included in the MP evaluation was preliminarily

@ Springer



International Journal on Interactive Design and Manufacturing (IJIDeM)

analysed individually in relation to the studied cases, with
no evident correlations identified.

2.2 Numerical model

To analyze the flow dynamics within the aneurysm, CFD
simulations have been conducted using ANSYS CFX soft-
ware [11]. After importing the vascular geometries into the
solver, the boundary conditions have been carefully defined.
A velocity profile has been applied at the inlet. At the same
time, an entrainment outflow boundary condition was set
at the outlets to limit the influence of the imposed bound-
ary conditions on the mass flow rate partition through the
outlets.

The vessel walls have been assumed to be rigid, and no-
slip boundary conditions were applied to them. Blood has
been treated as an incompressible, non-Newtonian fluid
with a density of 1055 kg/m?, ensuring a realistic represen-
tation of hemodynamic behavior within the aneurysm.

2.3 Mesh generation and analysis

To ensure accurate resolution of hemodynamic variables,
unstructured tetrahedral meshes have been generated, incor-
porating layers of prismatic cells near the vessel walls to
better capture boundary layer effects (Fig. 3). Three dif-
ferent grids have been realized: a fine grid with about
1,400,000 elements, a mid-grid with about 750,000 ele-
ments and a coarse mesh with about 350,000 elements, as
convergence parameter the average WSS in the dome area
has been chosen. A Grid convergence index criteria has been
adopted for assessing the required mesh refinement. Even if
the best results in terms of GCI, have been obtained with the
fine mesh, the mid grid has been chosen for its good compu-
tational efficiency and accuracy of the results having a CGI
of less than 2% [12].

X 10,000 (mm) 4
| X
2500 7,500 L

Fig. 3 The mesh is used for simulation, with a close-up view of the
inlet region to highlight the prismatic boundary layer
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2.4 Rheology and blood flow

The choice between a laminar or turbulent flow model for
simulating blood flow aneurysms remains an open question
[13—16]. This decision is influenced by factors such as the
Reynolds number, the pulsatile nature of blood flow, and the
complex geometry of aneurysms [17]. Previous studies have
typically assumed laminar flow in intracranial aneurysms,
given that the Reynolds number in these cases is typically
lower than the threshold for the transition to turbulence in
flow through a pipe [16]. However, other studies involv-
ing direct numerical simulations (DNS) have confirmed the
presence of turbulence in the MCA aneurysms [13].

Turbulence can significantly impact the magnitude of the
WSS, which seems a key factor in aneurysm growth and
rupture. Often, research on this topic present conflicting
results regarding the significance of turbulent versus lami-
nar flow models. For example, in abdominal aortic aneu-
rysms, turbulent models tend to overestimate the mean WSS
over time, whereas for intracranial aneurysms, no signifi-
cant differences have been observed between laminar and
turbulent flow models [14]. The choice between a turbulent
or laminar flow model depends on the specific application
and requires careful consideration of the influencing factors.
For some scenarios, laminar flow assumptions are sufficient.

In the present paper, no significant differences have been
found between laminar and turbulent flow models for intra-
cranial aneurysms, consistent with previous findings. These
results support the idea that both assumptions could be
appropriate for simulating the hemodynamic in this context.
In addition to flow regime considerations, blood rheology
plays a pivotal role in accurately modelling hemodynamic.
Blood exhibits non-Newtonian behaviour, with viscosity
that decreases as shear rate increases. This shear-thinning
behaviour can significantly affect flow characteristics, par-
ticularly in regions of low shear stress. For this reason, we
employed the Carreau model, which has been shown to
effectively describe blood rheology in intracranial aneu-
rysms [18-20].

The Carreau model describes the viscosity of blood as
varying with the shear rate and as a function of the time con-
stant (1), equal to 3.313, the power law index (n), 0.3568,
zero shear viscosity (i_0), equal to 0.056, and the viscosity
at infinite shear rate (u_o0), equal to 0.00345.

In formulating Carreau’s model, blood’s viscosity is
described as follows:

n—1

Bo=pae + (g — o)1+ (M) 7 @)
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2.5 Physiological boundary conditions for CFD
simulation

One of the key aspects of this study has been to accurately
define the boundary conditions for the simulations to closely
replicate the behaviour of blood flow under physiological
conditions. The MCA carries approximately 19-21% of
the total blood flow in the Circle of Willis, making it a key
artery in the cerebral circulation [21]. To define the bound-
ary conditions for the simulations, flow rate data specific to
the MCA have been used to calculate both the average and
peak velocities at the inlet. A parabolic velocity profile has
been applied at the inlet, with an average velocity calculated
within the range of 0.4—0.8 m/s based on the mean flow rate
of the MCA [21]. This choice ensured that the simulated
inflow conditions reflected actual physiological measure-
ments. To gain further insight, we extracted representative
velocity profiles of blood flow in the MCA from transcranial
Doppler ultrasound data collected from healthy individuals
[22]. These profiles provided a precise representation of
how blood typically moves through the artery and formed
the basis of our boundary condition calculations.

A preliminary CFD analysis was conducted on a straight
cylindrical tube, chosen to replicate the conditions within
the artery. The tube length was set to 50 times its diameter
to ensure sufficient distance for flow stabilisation. Veloc-
ity measurements were taken at a location far from the
outlet and the inlet to minimise the influence of boundary
effects. The resulting profile exhibited a flattened parabola,
a consequence of blood’s non-Newtonian properties. This
observation is consistent with expected flow behaviours
for shear-thinning fluids like blood. Using this method, the
radial flow profile within the MCA was characterised and
used as the basis for defining inlet conditions. In this study,
steady-state simulations, were conducted using the flow rate
conditions. This assumption is in line with previous studies
that have shown the validity of steady-state approaches in
aneurysm hemodynamic [23, 24]. At the same time, steady-
state simulations allowed us to process a larger dataset, bal-
ancing accuracy, and efficiency. A set of CFD analyses has
been conducted using an ad hoc developed Fluid Structure
Interaction algorithm [25], considering E=1.8 MPa and v
= 0.45 as isotropic material elastic properties [20], finding
no significant differences in terms of WSS and maximum
pressure within the dome, compared to the fluid dynamic
analyses results so this condition has been adopted.

3 Results and discussion

Fluid dynamics provides valuable insights into the patho-
genic mechanisms that lead to aneurysm rupture. By ana-
lysing blood flow behaviour, it becomes possible to identify
factors that contribute to vessel wall weakening and rupture.
For each patient, both the hemodynamic conditions and the
morphological characteristics influencing the aneurysm
were evaluated. In terms of morphology, a novel param-
eter was developed to establish a threshold capable of dis-
tinguishing aneurysms that require surgical intervention.
From a hemodynamic perspective, intra-aneurysm pres-
sure (IAP) and WSS have been identified as key indicators
for predicting aneurysm progression and rupture [3, 4, 16,
26-28]. WSS, which quantifies the tangential force exerted
by blood flow on the vessel wall, is particularly critical for
understanding how aneurysms develop structural damage
and evolve.

The operability of each aneurysm was assessed by cli-
nicians based on their professional expertise, incorporating
qualitative evaluations into the overall analysis. The sur-
gical recommendations were primarily influenced by the
aneurysm’s shape, including the presence of irregularities,
and its maximum size, with aneurysms exceeding 5-7 mm
typically classified as severe. This evaluation was further
informed by structured interviews with three specialists in
the field, who reviewed segmented images to analyse key
parameters such as shape and irregularity. This clinical eval-
uation was integrated into the broader framework to provide
a real-world perspective on aneurysm management.

To enhance the understanding of aneurysm operability, a
detailed morphological analysis was conducted to identify
the geometric parameters most associated with clinical deci-
sion-making. Current qualitative tools, such as the PHASES
score [29], are widely used in clinical practice to estimate
rupture risk but often rely heavily on maximum size as the
primary determinant. This approach has been shown to over-
look other critical geometric factors, such as shape, volume,
and symmetry, which may significantly influence both the
risk of rupture and then the need for surgical intervention.

To address this limitation, the new MP integrates maxi-
mum size with the aneurysm’s overall volumetric shape,
offering a more comprehensive assessment of aneurysm
geometry. The parameter enables the establishment of a
threshold value that helps identify cases where immediate
surgical intervention may not be necessary.

The threshold was defined based on the distribution of
the morphological parameter across the analyzed cases.
As shown in Fig. 3, aneurysms above this value were
considered operable by clinicians. The value was empiri-
cally determined to reflect actual surgical decisions. This
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threshold provides a clear reference point that aligns closely
with expert clinical judgment.

Given the absence of universally accepted objective cri-
teria for assessing aneurysm operability, clinical opinion
continues to serve as the gold standard. The integration of
the MP into the clinical workflow has the potential to ensure
that assessments are supported by quantitative morpho-
logical data while remaining grounded in the expertise of
experienced clinicians. This combined approach leverages
numerical insights to validate and enhance professional
judgment.

The results reveal a good alignment between the MP and
expert clinical evaluations, emphasizing its potential as a
reliable and practical tool for assessing aneurysm risk.

Among the sixty aneurysms evaluated, thirty-eight were
deemed to be operable based on clinical judgment. The
PHASES score correctly identified 53% of these cases,
whereas the Morphology Parameter demonstrated a signifi-
cantly higher accuracy, correctly identifying 89% of oper-
able aneurysms. The operability indicator is indicated in
the graph (Fig. 4) by grey bars, while the MP and PHASES
score values are represented by green and blue markers,
respectively. This comparison underscores the effectiveness
of the MP in identifying high-risk aneurysms, offering a
more precise tool for clinical decision-making.

The multidimensional nature of the MP enables it to
capture aspects of the aneurysm’s overall structure, dem-
onstrating a good concordance with clinical evaluations.
For example, even smaller aneurysms may exhibit struc-
tural characteristics, such as a wide neck or irregular shape,
which elevate their risk of rupture. This highlights the limi-
tations of relying solely on maximum size-based metrics.

Furthermore, rupture risk is influenced by more than just
aneurysm size.

As a volumetric measure, the MP may better reflect the
mechanical forces contributing to wall degeneration, offer-
ing a more comprehensive perspective on aneurysm sta-
bility. By accounting for these factors, the MP provides a
robust framework for assessing rupture risk and guiding
surgical decision-making.

The graph in Fig. 5 illustrates the normalised WSS val-
ues for patients, organised by MP increasing aneurysms.
The green line represents the average WSS measured at the
aneurysm dome while the grey bars indicate whether surgi-
cal intervention was performed.

In smaller aneurysms (left side of the graph), WSS val-
ues show significant variability, this could be indicative of
hemodynamic variability, which may be associated with
higher risk of rupture. Conversely, larger aneurysms (right
side of the graph) demonstrate consistently lower WSS val-
ues. This behaviour corresponds to the low WSS, which is
characterised by slower flow and reduced shear stress, as
commonly observed in larger aneurysms [7]. The graph thus
indicates a decreasing trend in WSS with increasing aneu-
rysm size. These findings are consistent with the observa-
tions of Tang et al. [26], who similarly described a transition
from high WSS in small aneurysms to low WSS in larger
ones. This evidence supports the hypothesis that WSS is a
crucial parameter for risk assessment and decision-making
in clinical practice, providing a valuable framework for
monitoring aneurysm progression and guiding therapeutic
interventions. The graph of intra aneurysm pressure (Fig. 6),
measured at the aneurysm dome, showed no clear associa-
tion with medical opinions and the new parameter MP, mak-
ing predictions unreliable, suggesting that pressure may not

Comparison between the Morphological Parameter and PHASES

t 1
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Fig.4 The graph shows the data for each aneurysm as MP values increase, including the threshold. Includes bars indicating whether the aneurysm
is operable and another curve representing the PHASES value. For the y-axis, the risk assessment is displayed (0=no risk; 1 =high risk)
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Fig.5 The graph illustrates WSS values as MP values increase
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Fig. 6 The graph illustrates aneurysm pressure values as MP values increase

be helpful in assessing rupture risk, but may be more rel-
evant to aneurysm growth. Figure 7 shows an example of
wall shear stress and pressure distribution maps on a repre-
sentative MCA bifurcation aneurysm model. Further studies
are needed to understand its role and how it could be used
in clinical decisions.

4 Conclusion

The integration of morphological and hemodynamic param-
eters could allow to achieve a more comprehensive and
objective assessment of cerebral aneurysm rupture risk. In
this regard, this study valuated novel metrics, such as the
proposed MP, using CFD simulations and a detailed mor-
phological characterisation. Capturing the multidimensional

nature of aneurysm geometry and providing valuable insight
into structural features such as irregular shapes that influ-
ence the risk of rupture, the MP parameter could improve
the accuracy of risk assessment compared to traditional
size-based approaches. Its correlation with expert clinical
evaluation highlights its potential as a reliable quantitative
tool to complement current qualitative methods.

From a hemodynamic perspective, WSS emerged as a
critical factor for evaluating aneurysm stability. Smaller
aneurysms exhibited high WSS wvariability, potentially
indicative of growth or rupture risk, whereas larger aneu-
rysms consistently demonstrated low WSS values, sup-
porting a low-flow regime hypothesis. This highlights the
importance of a multi-parametric approach to aneurysm
analysis given the complex mechanisms underlying rupture.
Expanding the dataset would also improve the accuracy
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001 (m)

Fig. 7 Wall shear stress distribution (top) and pressure map (bottom)
on a representative middle cerebral artery (MCA) bifurcation aneu-
rysm obtained from CFD simulations

of models and broaden their applicability, particularly for
small or complex aneurysms. Longitudinal studies could
provide a clearer understanding of how aneurysms progress
under varying haemodynamic conditions.
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