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Patient-specific hemodynamics
and stress-strain state of cerebral aneurysms
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Purpose: Approximately 5% of the adult population has one or more cerebral aneurysm. Aneurysms are one of the most dangerous
cerebral vascular pathologies. Aneurysm rupture leads to a subarachnoid hemorrhage with a very high mortality rate of 45–50%. Despite
the high importance of this disease there are no criteria for assessing the probability of aneurysm rupture. Moreover, mechanisms of
aneurysm development and rupture are not fully understood until now. Methods: Biomechanical and numerical computer simulations
allow us to estimate the behavior of vessels in normal state and under pathological conditions as well as to make a prediction of their
postoperative state. Biomechanical studies may help clinicians to find and investigate mechanical factors which are responsible for the
initiation, growth and rupture of the cerebral aneurysms. Results: In this work, biomechanical and numerical modeling of healthy and
pathological cerebral arteries was conducted. Patient-specific models of the basilar and posterior cerebral arteries and patient-specific
boundary conditions at the inlet were used in numerical simulations. A comparative analysis of the three vascular wall models (rigid,
perfectly elastic, hyperelastic) was performed. Blood flow and stress-strain state of the two posterior cerebral artery aneurysm models
was compared. Conclusions: Numerical simulations revealed that hyperelastic material most adequately and realistically describes the
behavior of the cerebral vascular walls. The size and shape of the aneurysm have a significant impact on the blood flow through the
affected vessel and on the effective stress distribution in the aneurysm dome. It was shown that large aneurysm is more likely to rupture
than small aneurysm.
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1. Introduction

One of the cases of subarachnoid hemorrhage is
an aneurysm rupture. Cerebral aneurysms are patho-
logical dilatations of the Willis circle arteries. While
only 2–5% of the world population [6], [3] are af-
fected, aneurysm rupture leads to subarachnoid hem-
orrhage with a very high rate of mortality (40–50%)
[2], [17].

Many researches showed that mechanical factors
(hemodynamic forces, blood pressure, wall shear
stress) play main role in processes of aneurysm initia-
tion, growth and rupture [24], [4], [16]. Aneurysms
are mainly formed in the apex of artery bifurcations
due to high hemodynamic stresses in this region.
Moreover, it was shown that wall shear stress (WSS)

defines the initial growth of the aneurysm due to its
influence on the endothelium [13]. Aneurysm growth
is associated with low blood velocity in the dome.
Rupture usually occurs in the dome. However, it re-
mains unclear what geometrical and/or mechanical
factor plays the main role and determine the rupture.
The most studied mechanical factor is WSS [15].
Moreover, modern medical diagnostic methods are
not able to answer the question on the probability of
the aneurysm future behavior and/or rupture.

Today the decision for treating cerebral aneurysms
is based on patients history, aneurysm size and loca-
tion. The critical size is the most discussed parameter.
Now there is a need for more dependable and precise
factor or criteria for assessing the risk of aneurysm
rupture for each patient based on patient-specific
blood flow simulation.
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Computational fluid dynamics and, in particular,
fluid-structure interaction simulations, are the only
method of predicting surgical operations and behavior
of the cerebral arteries [19], [22], [10], [23]. However,
in such simulations, it is important to consider not
only the patient-specific geometry but also patient-
specific arterial mechanical characteristics, individu-
alized boundary conditions for the blood flow at inlets
and outlets.

This paper presents results of the patient-specific
numerical modeling of the cerebral arteries behavior
in normal state and with two different aneurysm mod-
els. A comparative analysis of the three wall models
(rigid, perfectly elastic and hyperelastic) was con-
ducted. A study of the blood flow through the basilar
artery and posterior cerebral arteries (PCA) with two
aneurysm models of the left PCA was performed with
the help of finite element method.

The main aim of this study was to provide new
information to clinicians for better understanding of
the processes of the aneurysm initiation, growth and
rupture.

2. Material and methods

3D models of the arteries and aneurysm were built
on the basis of the contrast Magnetic Resonance Im-
aging (MRI). Figure 1 shows all the 3D models which
were used in numerical simulations. Technique for
creating 3D models is described in detail in our previ-

ous work [7]. Vascular wall was built on the basis of
morphological data provided by anatomy department
of Saratov State Medical University which is also
described in [7].

Final 3D models were exported into Ansys Work-
bench 15.0 (Ansys Inc., Canonsburg, PA, USA) as
Parasolid format (x_t) for tetrahedral meshing and
numerical simulation. We used inflation method for
the flow domain mesh creation. This method allowed
us to create boundary layers of prism elements. Such
layers are critical for accuracy and capturing the near
wall flow physics while conducting computational
fluid dynamics calculations. The number of inflation
layers, as well as the characteristic size of a mesh, was
calculated on the basis of the mesh independence
analysis with the help of the mesh refinement tests.
The total number of solid elements was about 11500.
Total number of fluid elements was about 70000 for
each model.

Patient-specific boundary conditions for carotid
and vertebral arteries were obtained on the basis of
ultrasound data [7]. The velocity profile assumed to
be rectangular. In [18], the authors showed that rec-
tangular velocity profile does not affect the blood flow
in the aneurysm. Moreover, in numerical calculations
we used 3D models with long sections of the basilar
artery to minimize influence of the rectangular veloc-
ity profile on the blood flow in aneurysms.

Blood was assumed as incompressible, homoge-
neous and Newtonian fluid with constant density of
1050 kg/m3 and dynamic viscosity of 0.0037 Pa·s.
In [11], it was shown that non-Newtonian characteris-

a)      b)      c) 

d)      e) 

Fig. 1. Basilar artery with PCA: (а) normal state, (b) with 40% stenosis, (c) aneurysm (5.5 mm length, 3.5 mm height),
(d) aneurysm (7.5 mm length, 5 mm height), (e) aneurysm (10 mm length, 7.5 mm height)
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tics of the blood should be considered only in vessels
with a small diameter (about and less than 0.1 mm)
where the shear rates are very small. Blood flow was
governed by Navier–Stokes equations for a moving
domain.

Three types of vessel walls were investigated: rigid,
perfectly elastic with Young’s modulus of 5 MPa [24]
and Poison’s ratio of 0.49 and hyperelastic Mooney–
Rivlin model [7] and density of 1400 kg/m3. The
Mooney–Rivlin strain energy function used in this
research is presented in the following equation

)3)(3()3()3( 2132211 −−+−+−= IICICICW (1)

where W – strain energy function of the material, I1, I2

– the Cauchy–Green strain tensor invariants, C1, C2,
C3 – material parameters which were calculated from
the mechanical experiments.

Comparative analysis for these three wall models
was performed for normal artery, artery with stenosis
and with aneurysm (Fig. 1a–c).

Fig. 2. Blood flow in carotid and vertebral arteries

The boundary conditions for the inlet velocity are
presented in Fig. 2. We stated zero pressure condition
for blood [5] at the outlets. No-slip boundary condi-
tions were applied at the blood–wall interface. Inlet
and outlet vessel ends were fixed.

Numerical calculations were performed in Ansys
Workbench. FSI problems were solved. We used two
modules for the calculations – Ansys CFX for blood
flow and Ansys Structural – for the vessel wall stress-
strain state calculation. This approach assumes that
hemodynamic forces are calculated and transferred to
the vessel wall in each time step. Then at the same time
step vessel wall stress-strain state is calculated and

deformations are transferred to the blood flow. Thus, in
the next time step blood flow is calculated in new
boundaries due to the displacements and deformations
of the vessel wall. Each model was simulated for two
cardiac cycles during 2 seconds. Coupled time step of
0.005 s was used. Numerical results from the second
cycle were analyzed in Ansys CFD-Post.

3. Results

Comparative analysis of
the three arterial wall models

Three models of the basilar artery-PCA bifurca-
tion were investigated. We assumed left PCA in
normal state, in the case of 40% stenosis and with
aneurysm. Blood flows through the left PCA were
compared for the three vessel wall models: rigid,
perfectly elastic and hyperelastic. Blood flows at the
left PCA outlet in the case of rigid vessel walls are
shown in Fig. 3. Curves in Fig. 3 show that the blood
flow for healthy left PCA and left PCA with aneu-
rysm do not differ during cardiac cycle. Blood flow
for left PCA with stenosis is decreased by 10% on
average.

Fig. 3. Blood flow in left PCA in the case of rigid walls

A similar situation was observed for the case of
perfectly elastic walls, which is shown in Fig. 4.

The situation with blood flows changed when
hyperelastic model was considered. Left PCA in



D. IVANOV et al.12

normal state showed the highest blood flow (solid
line in Fig. 5). Blood flow through the left PCA
with aneurysm decreased by 6% compared with
healthy artery. Blood flow through the stenosed left
PCA was decreased by 11% compared with healthy
artery.

Fig. 4. Blood flow in left PCA
in the case of perfectly elastic walls

Fig. 5. Blood flow in left PCA in the case of hyperelastic walls

So, the Mooney–Rivlin hyperelastic model with
three constants was used in further calculations. This
model showed the most adequate and realistic results
in a comparative analysis conducted for the healthy,
stenosed left PCA and artery with aneurysm.

Models of the basilar artery-PCA aneurysms

Two models of the left PCA with small and large
aneurysms were investigated. Aneurysm models and
their sizes are shown in Fig. 1d, e.

Blood flows at the outlets of the left PCA for both
models are shown in Fig. 6. It can be seen that in-
creasing the size of the aneurysm entails reducing the
blood flow at the outlet of the affected artery. The
difference in blood flow rates for the two models con-
sidered was about 17%.

Fig. 6. Blood flow in left PCA for large and small aneurysms

Fig. 7. Blood flow in right (healthy) PCA
for large and small aneurysms
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Blood flows at the outlets of the right healthy PCA
for both aneurysm models are shown in Fig. 7. The
graphs show that the decrease in blood flow through
the pathological left PCA (solid line in Fig. 6 corre-
sponds to a larger aneurysm) in connection with the
growth of the aneurysm leads to an increase of blood
flow through the healthy branch (dashed line in Fig. 7
corresponds to a healthy right PCA for the larger an-
eurysm model).

WSS at systole for the two models are shown in
Fig. 8a, b. The lowest WSS values (less than 1.5 Pa) are
achieved in the dome of the aneurysms, where blood
velocities are very small because of the blood swirling
within the aneurysm (Fig. 8). WSS values were even
lower at diastole due to reduced blood velocity at the
inlet and reduced blood flow through the vessel.

Streamlines at systole for both aneurysm models
are shown in Fig. 9. Streamlines show stagnation ar-

a)      b)

Fig. 8. WSS in systole for small (a) and large (b) aneurysm models

a)      b) 

Fig. 9. Streamlines in systole for small (a) and large (b) aneurysm models
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eas with reverse flows in the aneurysm dome. The
main blood flow passes aneurysm at the outer radius
and extremely low blood velocities are concentrated at
the bottom of the aneurysm dome.

Swirl in a small aneurysm is located symmetri-
cally. Figure 10 clearly shows a single vortex, located

across the dome of the aneurysm. Swirl in a larger
aneurysm is located asymmetrically (Fig. 10b).

Blood pressure field for both aneurysms is uneven.
The highest pressure values are concentrated at the
upper part of the dome (Fig. 11а, b). The average
pressure value was 1100 Pa for small and 1540 Pa for

a)      b) 

Fig. 10. Vortices in the aneurysm dome: (a) small aneurysm, (b) large aneurysm

a)      b) 

Fig. 11. Blood pressure fields in the aneurysm dome: (a) small ameurysm, (b) large aneurysm

a)      b) 

Fig. 12. Effective stresses in small and large aneurysm for systole (а) and diastole (b).
Large aneurysm – front view, Large aneurysm – back view, Small aneurysm – front view
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large aneurysm. The difference in average pressure
values for small and large aneurysms was about 33%.
This shows that in the case of the same boundary con-
ditions average pressure in large aneurysm was 33%
higher than average pressure in small aneurysm.

Effective stresses (Fig. 12) in larger aneurysm were
much higher than in small aneurysm. Effective stress
field in small aneurysm was more uniform than in
larger aneurysm. At the connection area of the large
aneurysm and left PCA high stress concentrations were
obtained which maintained their position during the
entire cardiac cycle. Effective stress reaches 50 000 Pa
in this region which is 3–4 times higher than maximum
effective stress value in the small aneurysm.

4. Discussion

In this article, we presented results of the patient-
specific cerebral aneurysms fluid-structure simula-
tions. We have numerically investigated basilar arter-
ies and PCA in normal state, with stenosis and aneu-
rysms of different sizes.

The first part of the present research was dedicated
to the vessel wall model selection. We compared 3
types of the wall models: rigid, perfectly elastic and
hyperelastic. Next, we considered two patient-specific
aneurysms of the left PCA taking into account patient-
specific boundary conditions at the inlet. Length of
the large aneurysm was greater than the length of the
small aneurysm by 33%. Height of the large aneurysm
was greater than the height of the small aneurysm by
50%. We analyzed blood flows at the outlets of the
pathological and healthy PCA. Pressures in aneurysm
sac, streamlines, WSS and effective stress fields were
analyzed for both models.

The conclusions of this study are important not
only from a computational point of view, but also
from the biomechanics point of view, as they contrib-
ute to the discussion on the mechanical factors influ-
ence on the formation, growth and rupture of cerebral
aneurysms.

The quality of the numerical calculations depends
not only on the choice of method for solving boundary
value problems, but also on competent formulation of
the problem, the quality of the computational mesh,
realistic geometric models and boundary conditions.
In [18], a method (algorithm) for constructing smooth,
realistic 3D models of vessels is presented. Authors
employed the region growing method with intensity
thresholding for image segmentation. This technique
in contrast to our’s [7] does not allow creating trifur-

cations. In this case, our method though is not auto-
mated, however, allows one to create realistic and
smooth 3D models suitable for calculations and edit-
ing.

In [9], it was shown that the use of patient-specific
boundary conditions at the inlet significantly changes
the WSS distribution, vortices and flow in an aneu-
rysm. So, in this research patient-specific models of
the cerebral arteries with patient-specific boundary
conditions at the inlet which were obtained with the
help of ultrasound were investigated.

To account for the near-wall flow in the aneurysm
and vessels tetrahedral mesh with 5 boundary pris-
matic layers was built (with decreasing thickness in
the radial direction) by analogy to [20]. This impor-
tant point about the mesh quality is not mentioned by
many authors in their works.

On the basis of numerical results we concluded
that hyperelastic model showed the most adequate and
realistic behavior of the arterial wall. In [21], authors
showed that linear model compared with hyperelastic
overestimates shear stresses on the wall by 11%. This
confirms our results that blood flow values in healthy
artery and artery with aneurysm were the same for
perfectly elastic walls. Nevertheless, in many recent
papers [9], [8], authors still used rigid walls while
modeling blood flow in aneurysm models. We are
confident that such simplifications significantly affect
hemodynamics of the healthy arteries and arteries
with aneurysms.

We evaluated blood flows through the PCA for
two different aneurysm models. It was found that the
larger aneurysm significantly reduced blood flow
downstream vessel. In this case, the blood flow
in both branches of the PCA was stored and redis-
tributed with a healthy PCA. Vortex in the dome of
the small aneurysm during cardiac cycle remained
symmetrical.

We have found significant heterogeneity of the ef-
fective stress distribution in the dome of the large
aneurysm, which may indicate that it is more likely to
rupture. Moreover, maximum value of the effective
stress for the large aneurysm was twice as high as that
for the small aneurysm. In [1], [19], authors obtained
a higher effective stresses for ruptured aneurysms
compared with unruptured aneurysms. It turns out that
in this case the larger aneurysm is more prone to rup-
ture than the small aneurysm. Higher average blood
pressure value in large aneurysm may also indicate
that it is more likely to rupture. Our results showed
that average maximum pressure value in small aneu-
rysm was 33% less than in large aneurysm with iden-
tical blood flow at the inlet of the basilar artery.
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Certainly, there are a number of simplifications
and limitations in this paper. First of all, the arterial
wall is anisotropic and contains three layers. Homo-
geneous and isotropic wall model used in our compu-
tations may lead to inaccurate predictions of the wall
deformation field and hemodynamic solution. It
would be better to use healthy arterial tissue in parent
vessels and collagenous tissue in the aneurysm part.
Second, the wall thickness is practically impossible to
obtain from tomograms. So, we used average mor-
phological data for wall thickness parameter. For
a more precise description of the stress-strain state of
the wall and hemodynamics it is necessary to obtain
morphological data for the wall thickness for each
particular patient on the basis of medical diagnostic
data. Also, instead of the zero boundary condition at
the outlet more physiological boundary condition
could be stated. We hope to pursue these problems in
our future studies.

5. Conclusions

The results showed that hyperelastic wall model
and interaction between blood and wall significantly
alter hemodynamics of the aneurysm with respect to the
rigid wall model. So, while modeling vascular wall
behavior it is necessary to consider its nonlinear char-
acter. Patient-specific modeling needs both the geome-
try of the individual patient and the individual bound-
ary conditions. Moreover, the geometry of an aneurysm
is an important factor which determines hemodynamics
and stress-strain state of the aneurysm wall.
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