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Modelling of cerebral aneurysm parameters
under stent installation
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Abstract — A computer simulation of a cerebral aneurysm is performed. Based on real surgery data,
3D geometry of the anomaly is reconstructed, hydrodynamic parameters of the blood flow (velocity,
pressure, gradient) are calculated, strains and stress are obtained on the vascular walls in the case of
the aneurysm and after stent installation changing the geometry of a vessel. It is shown that success-
ful surgery is characterized by lowering the flow velocity, pressure, its gradient, and stresses on the
vascular walls.

A cerebral arterial aneurysm is a local distension, i.e., a local protrusion of a vascular
wall. An arterial wall has several layers, an aneurysm generally consists of an inner
layer called intima. It has no muscular structure, is less tensile than the wall of a
healthy vessel and hence can be broken under a load which a healthy vessel can
withstand well. In most cases the aneurysm occurs under anatomical variations or
pathological changes in the structure of cerebral vessels, as well as at the points
of vessel bifurcations or under arteriovenous malformations. This anomaly is one
of the most frequent and dangerous diseases of cerebral arteries. The treatment of
aneurysms is very difficult, their appearance and development proceeds for a long
time without any symptoms up to the moment of breaking. If the presence of an
aneurysm is determined, neurosurgeons need to estimate its growth rate and the
risk of its breaking. This is necessary for correct determination of the time and
technology of surgery. The medical aspects of this problem are discussed in detail
in [4].

The problem of aneurysm modelling is very complicated and has many param-
eters. The formation and dynamics of an aneurysm is explained by many factors,
including histological, genetic and hemodynamic ones. There are several theories of
the formation and growth of aneurysms. In [8, 14], the distribution of shear stresses
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induced by the blood flow in a vessel is considered as the main factor causing the
formation and growth of aneurysms. It is assumed that the endothelium is sensible
to this tension and can change the vessel structure subject to it. Thus, the cross-
section of a vessel depends on the parameters of the blood flow, in particular, on
shear tension [12, 14]. If the shear tension increases, the cross-section of the vessel
uniformly increases over a certain length. If the shear tension increases locally, then
a local distension may appear in a vessel, which is an aneurysm. At the same time,
there are no data unambiguously associating the formation, growth, and breaking of
an aneurysm with the growth of shear tension. There are two alternative theories of
‘low’ and ‘high’ flows. The first theory assumes that lower flow velocities and lower
shear tensions corresponding to them lead to a blood congestion, which results in
the disfunction of nitric oxide (NO) release on the wall. This implies weakening
of the vascular wall, its distension and a local protrusion, i.e., an aneurysm. In the
‘high’ flow theory, large flow velocities and shear tensions lead to the destruction of
endothelium and an excess release of NO, which also weakens the wall of the vessel.
The protrusion of the wall is caused by the hemodynamic shock of the blood flow.
There are arguments pro and contra each of these theories, therefore, at the moment
we cannot reject any of them with confidence. Review [14] also presents the re-
sults of computer simulations of an aneurysm and associated vessels, including 3D
models.

The treatment of aneurysms is performed surgically. The endovascular method
consists in the exclusion of the aneurysm from the blood flow by intravascular de-
ployment of agents causing blood clot formation inside the aneurysm, the so-called
embolization of an aneurysm [4, 5, 8, 14]. For example, such agents are spirals or
stents. A stent is a special structure having the form of a cylindrical frame. It is in-
stalled into a vessel and can implement several functions, i.e., to decrease the blood
flow in the aneurysm, which causes the blood clot formation in it, to change the
geometry of the vessel and (or) the flow in order to optimize the hemodynamic pa-
rameters in it. So-called wide-neck aneurysms consisting actually of a single cupula
are difficult for treatment. It is hard to fill those aneurysms with an embolizing
agent, therefore, a stent is installed in those cases, which changes either the flow in
the aneurysm, or the vessel geometry and redirects the flow.

In this paper we propose a mathematical model of aneurysm surgery by stent
installation changing both the vessel geometry and the flow in it. In order to de-
scribe the blood flow, we use the stationary Navier—Stokes equations for a viscous,
incompressible, Newtonian fluid. The behaviour of vascular walls is described by
the linear elasticity equations. Numerical experiments have been performed with the
use of the ANSYS package at the Information-Computing Center of the Novosibirsk
State University.

We are simulating the actual surgery performed by neurosurgeons of the Novosi-
birsk Research Institute of Blood Circulation Pathology, Akad. E. N. Meshalkin
Clinic. We are using the values of pressure and velocity of the blood flow measured
directly is cerebral vessels during the operation. Those measurements have been
taken with the use of a Volcano ComboMap sensor. The sensor has the diameter
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0.36 mm and allows one to measure simultaneously the pressure and the blood flow
velocity in vessels with a diameter greater than 1.5 mm. The velocity is measured
by the ultrasonic Doppler method (12 MHz), the pressure is measured by a piezo-
electric manometer [5, 10]. The aim of the paper is to determine the hemodynamic
blood flow parameters in a vessel and the strength properties of the vascular walls
in the presence of an aneurysm before and after the stent installation changing the
geometry of the vessel. The operation performed was successful from the medical
viewpoint. This makes it possible to express its success by comparison of the natu-
ral parameters before and after the operation, these parameters are the flow velocity,
streamline vorticity, pressure, shear strains, and stresses on vascular walls.

When simulating such complicated and multifactor objects, we always tend to
optimize the complexity of the model to get a simplest possible model taking into
account the ‘significant’ factors. In this paper we show that the model proposed
here describes the improvements in hydrodynamic and mechanical parameters of
the blood flow and the vessel and hence can be used in pre-surgery modelling, which
is an important and promising approach in modern medicine.

1. Mathematical model

The blood flow is described by the Navier—Stokes equations for a three-dimensional
stationary motion of an incompressible viscous Newtonian fluid

divv=0 O (D)
Vi+ (v-V)v+Vp = vAv n '

where v is the velocity, p is the pressure, V is the kinematic viscosity coefficient, £
is the internal volume of the computational domain including the T-shaped configu-
ration of the vessels and the aneurysm placed at the point of a bifurcation; y = dQ
is the boundary, i.e., the vascular wall, [}, is the cross-section of the parental vessel
of the tee, I'1oue and I'poy¢ are the cross-sections of the child vessels (exits of the tee).

The nonslipping condition v = 0 is posed on y for Navier—Stokes equations
(1.1), at the entrance I, the constant velocity v, = 20 cm/s is specified across
the cross-section, the constant pressure values p; = 67mm Hg and p, = 68mm Hg
are given at the exits I'1oy and I’y These values were measured in the course of
an operation [5, 10]. Navier—Stokes equations (1.1) were solved numerically by the
SIMPLE method [11], the least squares method was used for discretization of the
spatial derivative (the values at the centers of the cells were used), the momentum
is discretized by a second-order upwind scheme.

The stressed state of the vascular walls is described by the model of an isotropic
linear-elastic material
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Figure 1. Computational domain.

where 6 = (0;;) is the stress tensor, i, j = 1,2,3; v is the Poisson coefficient. The
first group of equations relates to the equilibrium conditions, the second one rep-
resents the Beltrami—Michell relations. Stresses caused by the blood pressure are
specified on the inner surfaces of the walls. The external side of the wall is free of
load. The inlet and outlet boundaries are fixed.
The relation between the stress tensor (o) and the strain tensor (€) are deter-
mined by Hooke’s law
o=EFEe.

The Young modulus £ = 1 MPa, v = 0.49, the width of the wall is 0.4 mm. Such
model is rather commonly used [3, 14].

At present, the Navier—Stokes equations are considered for the problem of a vis-
cous incompressible fluid with various inlet and outlet boundary conditions. Along
with specification of the velocity vector values, one can specify pressure and one ve-
locity component so that the velocity vector is perpendicular to the inflow-outflow
boundary [6, 13]. In a hydroelastic flow problem, it is possible to specify the (to-
tal) pressure and to pose the condition that the tangent velocity component equals
zero [9]. The description of the Fluent package mentions only one condition for the
outlet, i.e., pressure. Such boundary condition is natural in the case when the sim-
ulation uses experimental (clinical) data. Our calculations have demonstrated good
agreement of the calculated and experimental data. This is an argument in favor of
the Fluent package widely used nowadays [14] in hemodynamics calculations.

The vascular wall geometry was constructed on the base of MR tomograms for
all three computed cases. The three-dimensional representation of the vessels in the
anomaly region was obtained by the tomogram processing code ITK-SNAP. The
type of the stent used in the operation is intended for reinforcing the walls of the
vessel so that the stent becomes a part of this wall after its installation [1].

Figure 1 shows the configuration of the vessels before and after stenting. The
stent installation results in the transformation of the anomalous T-configuration of
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Figure 2. Computational grid.

the bifurcation with a protrusive aneurysm into a natural Y-shaped one where the
aneurysm is almost imperceptible [1,2].

We use a tetrahedral computational grid (see Fig. 2). Refining the grid with
66482 nodes and 352260 elements to 360570 nodes and 2036619 elements, i.e., five
times, we get that the deviation of the pressure values is less than 1%; slightly larger
deviations (up to 5%) are observed for the absolute value of the velocity. Further
refinement of the grid does not affect the result, which indicates the adequacy of the
numerical approach used.

2. Results: hydrodynamic parameters

We have calculated the following hydrodynamic parameters before and after the
operation: velocity, streamline distribution, pressure, and its gradient.

Figure 3 shows the behaviour of the streamlines. As was expected, there is a
stagnation point at the bifurcation of the vessel. After the stent installation the vortic-
ity of the streamlines decreases,, which is a positive trend for a wide-neck aneurysm.

Figures 4 and 5 illustrate the distributions of the pressure and the absolute value
of the pressure gradient on the vascular walls before and after stenting. The regions
of high pressure gradients may be dangerous from the medical viewpoint. The stent-
ing promotes a more uniform distribution of the pressure and decreases the absolute
value of the pressure gradient.

The shear stress distribution

T=u(Vv-n)

where i is the dynamic viscosity coefficient (0.004 kg-s/m? for blood), and 7 is the
normal to the wall, strongly depends on the structure of the incoming vessel, the
form of the aneurysm, and the diameter of its neck. In this case the width of the
flow is close to the diameter of the cross-section of the aneurysm, therefore, there
is no local increase in the shear stress on the cupola of the aneurysm, the stresses
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Figure 3. Streamlines in the vessel before (left) and after (right) stent installation.
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Figure 4. Pressure distribution (left) and the absolute value of the pressure gradient (right) on vascular
walls before stent installation.

6.000 (mm) 2 3 " 6.000 (mm)
3.000 [kg mA-2 sA-2] 3.000

Figure 5. Pressure distribution (left) and the absolute value of the pressure gradient (right) on vascular
walls after stent installation.
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Figure 6. Shear stress distribution of vascular walls before (left) and after (right) stent installation.
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Figure 7. Diagram of maximal values of pressure (mmHg), velocity (cm-s~!), absolute value of the
pressure gradient (10* kg-m_2 s~2), and maximum of WSS (Pa) before (red) and after (green) stent
installation.

are distributed uniformly over the cupola. A local increase in shear stress appears
where the flow comes into narrower vessels (see Fig. 6).

The diagram in Fig. 7 presents the comparison of the parameters before and after
surgery. It is seen that stenting results in decreasing the maximal pressure (slightly),
the absolute value of the pressure gradient, the maximal velocity, and the maximal
shear stress. This indicates that the Y-shaped geometry obtained after surgery is
preferable concerning the effect of the flow on the vascular wall [1,2].

3. Results: stressed-deformed state parameters of vascular walls

The wall deformation is calculated relative to the initial (not stressed) state. We
reckon that the calculation of stresses is necessary, because it is assumed that the
break of a material occurs at the point where the stresses reach the critical value
(exceed the breaking point of the material). The problem where an aneurysm breaks
has no clear solution today [4]. Therefore, the calculation of different parameters
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Figure 8. Distribution of von Mises deformations (left) and stresses (right) on vascular walls before
surgery.
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Figure 9. Distribution of von Mises deformations (left) and stresses (right) with minimum and max-
imum points on vascular walls before stent installation.
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Figure 10. Distribution of von Mises deformations (left) and stresses (right) with minimum and max-
imum points on vascular walls after stent installation.
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Figure 11. Diagram of maxima of vascular wall deformations before (red) and after (green) stent
installation depending on the Young modulus of the vascular wall.

which may cause such breaking is very important. In the determination of the place
of breaking, not only high hydrodynamic parameters, but also the mechanical prop-
erties of the wall are of great importance. The physical interpretation of von Mises
criterion is that the elastic energy reaches its critical value under deformation. The
von Mises stress is calculated from the components of the stress tensor by the for-
mula [7]:
1 2 2 2 "2

6, = |5(01=02)" + (32— 03)" + (03~ 01) : (3.1
Figures 8—10 present the distributions of von Mises deformations and stresses before
and after surgery. Note that the contours of the deformation and stress distributions
are different. At the same time, the contours of the deformations before and after
surgery are similar. The deformations have their maximal value at the neck of the
aneurysm, but not on the cupola and not at the stagnation point of the flow. It is in-
teresting to note that the stress maximum lies inside the vessel, before the operation
it lies in the incoming vessel and after surgery it is at the point of the bifurcation
(see Figs. 9 and 10). We can conclude that the aneurysm origin is at the point of
bifurcation and its growth occurs on the neck.

There are data [4] indicating that the elasticity modulus changes depending on
pressure, and the ratio of those values for the stressed and unstressed states can reach
four. We performed numerical calculations for different values of the Young mod-
ulus. The results for deformation and stress maxima are presented in the diagram
(see Fig. 11).

Conclusion

In this work we have performed numerical simulation of the cerebral arterial aneurysm
before and after stenting. We used a relatively simple model assuming that the vas-
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cular walls and the aneurysm are homogeneous. The principal factor in the surgical
operation that is successful from the medical viewpoint is the change of the vessel
geometry by means of a stent.

It is shown that the surgery decreases the pressure, the absolute value of the
pressure gradient on the vascular wall, the flow velocity, and the shear stress.

It is shown that the stress maximum is located on the inner side of the aneurysm,
before surgery it is on the wall of the incoming flow, and after surgery is is at the
point of the flow stagnation. The points of the maximum of deformations, stresses,
and the absolute value of the pressure gradient are different both before and after
surgery.

The main peculiarity of this work is the calculation of the actual configuration
of the aneurysm and the comparison of hydrodynamic and mechanical parameters
of the blood flow and vascular walls before and after stenting. The results obtained
here give interesting information for surgery modelling and prognosis of singular
points in an aneurysm.

References

1. M. H. Babiker, L. F. Conzalez, J. Rayan, F. Albuquerque, D. Collins, A. Elvikis, and D. H.
Frakes, Influence of stent configuration on cerebral aneurysm fluid dynamics. J. Biomech. (2012)
45, 440-447.

2. S. De Bock, F. Lannaccone, G. De Santis, M. De Beule, P. Mortier, B. Verhegghe, and P. Segers,
Our capricious vessels: The influence of stent design and vessel geometry on the mechanics of
intracranial aneurysm stent deployment. J. Biomech. (2012) 45, 1353—-1359.

3. C. G. Caro, T. J. Pedley, R. C. Schroter, and W. A. Seed, The Mechanics of the Circulation.
Oxford Univ. Press, New York, 1978.

4. Cerebral Aneurysm Surgery (Ed. V. V. Krylov), Vols. I-III. Moscow, 2012 (in Russian).

5. A. P. Chupakhin, A. A. Cherevko, A. K. Khe, N. Y. Telegina, A. L. Krivoshapkin, K. Y. Orlov,
V. A. Panarin, and V. I. Baranov, Measuring and analysis of local cerebral hemodynamics pa-
rameters of patients with cerebral vascular malformations. J. Pathol. Blood Circul. Cardiosurg.
(2012) 4, 27-31.

6. C. Conca, F. Murat, and O. Pironneau, The Stokes and Navier-Stokes equation with boundary
conditions involving the pressure. Japan J. Math. (N.S.) (1994) 20, No. 2, 279-318.

7. A. E. H. Love, A Treatise on the Mathematical Theory of Elasticity, Dover Publ., New York,
1934.

8. D. Ma, G. F. Dargush, S. K. Natarajam, E. I. Levy, A. H. Siddiqui, and H. Meng, Computer
modelling of deployment and mechanical expansion of neurovascular flow diverter in patient-
specific intracranial aneurysms. J. Biomech. (2012) 45, 2256-2263.

9. B. Muha and C. Canic, Existence of a week solution to a nonlinear fluid-structure interaction
problem modelling the flow of an incompressible, viscous fluid in a cylinder with deformed
wall. Arch. Rational Mech. Anal. (2013) 207, 919-968.

10. V. A. Panarin, K. Y. Orlov, A. L. Krivoshapkin, A. P. Chupakhin, A. A. Cherevko, A. K. Khe,
N. Y. Telegina, and V. I. Baranov, An application of fluid dynamics computations in selecting
for embolization scenario of cerebral arteriovenous malformation with a fistula component. J.
Pathol. Blood Circul. Cardiosurg. (2012) 3, 39-43.



11.
12.

13.

14.

Modelling of cerebral aneurysm 11

S. V. Patankar, Numerical Heat Transfer and Fluid Flow, Ch. 6, McGraw-Hill, New York., 1980.

A. Quarteroni, M. Tuveri, and A. Veneziani, Computational vascular fluid dynamics: problems,
models and methods. Comput. Visual. Sci. (2000) 2, 163-197.

V. V. Ragulin, The problem of viscous fluid flow through a bounded domain with a given gradient
of pressure or head. In: Solid Dynamics. Proc. Inst. Hydrodynamics, Siberian Branch of Acad.
Sci. SSSR, Novosibirsk 1976, Issue 27, pp. 78-92.

D. M. Sforza, C. M. Putman, and J. R. Cebral, Hemodynamics of cerebral aneurysms. Annual
Rev. Fluid. Mech. (2009) 41, 91-107.



