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SUMMARY

Haemodynamics plays an important role in the progression and rupture of cerebral aneurysms. The
temporal and spatial variations of the wall shear stress in the aneurysmal sac are hypothesized to be
correlated with its growth and rupture. In addition, the assessment of the velocity field in the aneurysm
dome and neck is important for the correct placement of endovascular coils. This work describes the flow
dynamics in patient-specific models of saccular aneurysms of different sizes located in the ophthalmic
artery. The models were obtained from three-dimensional rotational angiography image data and blood
flow dynamics was studied under physiologically representative waveform of inflow. The three-dimensional
continuity and momentum equations for unsteady laminar flow were solved with commercial software
using nonstructured fine grid sizes. The intra-aneurysmal flows show complex vortex structures that change
during one pulsatile cycle. A relation between the aneurysm aspect ratio and the mean wall shear stress
on the aneurysmal sac is showed. Copyright © 2006 John Wiley & Sons, Ltd.
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INTRODUCTION

Cerebral aneurysms are pathological dilations of an artery, generally found in and about the circle
of Willis. Cerebral aneurysms involve both the anterior circulation and the posterior circula-
tion. Anterior circulation aneurysms arise from the internal carotid artery or any of its branches,
whereas posterior circulation aneurysms arise from the vertebral artery, basilar artery, or any of
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their branches. Rupture of a cerebral aneurysm causes subarachnoid haemorrhage with severe
neurological complications [1]. Cerebral aneurysms are classified into saccular and nonsaccular
types according to their shape and aetiology. Typically, saccular aneurysms arise at a bifurcation
or along a curve of the parent vessel. Classical treatments of saccular aneurysms are direct surgical
clipping or endovascular coil insertion. The coils promote blood coagulation inside the aneurysm
avoiding blood flow, excluding the aneurysm from the blood circulation [2].

It is generally accepted that unique structural features of the cerebral vasculature contribute to
the genesis of these aneurysms. The aneurysm wall is composed of layered collagen. Wall strength
is related to both collagen fibre strength and orientation. With physiological pressures the collagen
fibres become straight and thereby govern the overall stiffness of the lesion [3]. Although aneurysm
rupture is thought to be associated with a significant change in aneurysm size, there is still great
controversy regarding the size at which rupture occurs. Rupture occurs preferentially at the site
of the dome, particularly in daughter aneurysms. The relationship between geometric features
and rupture is closely associated with low flow conditions [4]. Consequently, haemodynamics
factors, such as blood velocity, wall shear stress (WSS), pressure, particle residence time and flow
impingement, play important roles in the growth and rupture of cerebral aneurysms. Aneurysm
haemodynamics is contingent on the aneurysm geometry and its relation to the parent vessel, its
volume and aspect ratio (depth/neck width) [5]. Shojima et al. [6] reported the effect of WSS on
cerebral aneurysm models created by three-dimensional computed tomographic angiography. It is
assumed that a WSS of 2 Pa is suitable for maintaining the structure of the aneurysmal wall and
a lower WSS will degenerate endothelial cells.

Raghavan et al. [7] have recently performed a 3D geometrical characterization of cerebral
aneurysms from computed tomography angiography data, reconstructing the geometry of cerebral
aneurysms. It is apparent that quantified aneurysm shape is more effective than size indices in
discriminating between ruptured and unruptured aneurysms. Parlea ef al. [8] presented a relatively
simple approach to characterizing the simple-lobed aneurysm shape and size using angiographic
tracings. Their measurements characterize the range of shapes and sizes assumed by these le-
sions. Hoi et al. [9] studied numerically the haemodynamics in models of saccular aneurysms
arising from the lateral wall of arteries varying arterial curves and neck sizes, they concluded
that saccular aneurysms located on more curved arteries are subjected to higher haemodynamics
stresses.

Imbesi and Kerber [10] have used in vitro models to study the flow dynamics in a wide-necked
basilar artery aneurysm. They investigated the flow after placement of a stent across the aneurysm
neck and after placement of Guglielmi detachable coils inside the aneurysm sac through the stent.
Lieber et al. [11] used particle image velocimetry to study the influence of stent design on the
flow in a lateral saccular aneurysm model, showing that stents can induce favourable changes
in the intra-aneurysmal haemodynamics. Tateshima et al. [12, 13] studied the intra-aneurysmal
flow dynamics in acrylic models obtained using 3D computerized tomography angiography. They
showed that the axial flow velocity structures were dynamically altered throughout the cardiac
cycle, particularly at the aneurysm neck. Aneurysm geometry often dictates the success of coil
embolization. The control of blood flow at the inflow region is a critical step in achieving permanent
occlusion of an aneurysm. The long-term anatomical durability of coil embolization in cerebral
aneurysms by means of microcoil technology depends on the aneurysm shape and the blood flow
dynamics at the aneurysm neck [12]. The haemodynamic in an aneurysm model only partially
embolized was modelling by Byun and Rhee [14], the inflow velocities were reduced and the
intra-aneurysmal blood flow motion was diminished in the blocked model. Only the complete
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blood coagulation inside the aneurysm excludes it from blood circulation, and therefore diminish
it risk of rupture.

Jou and colleagues [15] examined the relationship between haemodynamics and growth of two
fusiform basilar artery aneurysms. Large aneurysms can benefit from a computational fluid dy-
namics (CFD) approach combined with MR angiography to determine alterations in the flow
field caused by aneurysm growth. Steinman et al. [16] reported image-based computational
simulations of the flow dynamics for Newtonian fluid in a giant anatomically realistic hu-
man intracranial aneurysm. CFD analysis revealed high-speed flow entering the aneurysm at
the proximal and distal ends of the neck, promoting the formation of both persistent and tran-
sient vortices within the aneurysm sac. The pulsatile flow in a cerebral arterial segment
exhibiting two saccular aneurysms was investigated in Reference [17], they show that the two
aneurysms behave in a dissimilar manner, since the blood inflow region oscillates only in
one of them.

Cebral et al. [18] performed CFD analysis in cerebral aneurysms from computed tomography
angiography and 3D rotational angiography (3DRA) image data. They discussed the limitations
and difficulties of in vivo image-based CFD. The methodology can be used to study possible
correlations between intra-aneurysmal flow patterns and the morphology of the aneurysm and
eventually the risk of rupture. Cebral et al. [19] presented a sensitivity analysis of the haemody-
namic characteristics with respect to variations of several variables in patient-specific models of
cerebral aneurysms, they found that the variable that has the greater effect on flow field is the
vessel geometry. Hassan et al. [20] reported also a methodology to reconstruction of cerebral vessel
from images obtained from MR angiography, CT angiography, or 3DRA by using isosurfacing
technique.

The influence of non-Newtonian properties of blood in an idealized arterial bifurcation model
with a saccular aneurysm has been investigated by Perktold et al. [21], in the regions with relatively
low velocities there is no essential difference in the results with both fluid models. Recently, we
have reported on the effect of non-Newtonian blood model in a model of right internal carotid
artery with a saccular aneurysm, the effect on the WSS was important only in the arterial regions
with high-velocity gradients, on the aneurysmal wall the predictions with the Newtonian and
non-Newtonian blood models were similar [22].

The effect of arterial compliance has been considered in few reported studies of haemodynamics
in arteries with aneurysms. Low et al. [23] examined in models of lateral aneurysms the effects of
distensible arterial walls, they found out that the increase and decrease of the flow velocity reflects
the expansion and contraction of the aneurysm wall where the maximal wall displacement during
systolic acceleration is about 6% of the aneurysm diameter. Humphrey and Canham [24] modelled
saccular aneurysm as spherical hyperelastic membranes surrounded by the viscous cerebrospinal
fluid, the showed that the aneurysm model does not exhibit dynamic instabilities in response to
periodic loads.

In this work, we present detailed numerical simulations of 3D unsteady flows in three saccular
aneurysms of different sizes located in the ophthalmic artery constructed from 3DRA image
data. The purpose of this study is to report the effects of aneurysm size on flow characteristics,
pressure and WSS. The influence of non-Newtonian blood model in one case is also reported. This
investigation provides valuable insight in the study of saccular aneurysms subject to physiologically
realistic pulsatile loads. In addition, preprocedural planning for cerebral aneurysm endovascular
treatments will benefit from an accurate assessment of flow patterns and mean value of WSS in
the aneurysm as presented in this work by means of CFD.
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METHODS

The patient-specific models of the ophthalmic artery with saccular aneurysms are constructed from
3DRA image data. The geometries are reconstructed through the union of the several individual
components of the vessels; they are the ophthalmic artery, the saccular aneurysm, and the secondary
arteries.

Reconstruction and grid generation

The images were obtained with a Philips Allura 3D rotational angiograph. The patients were a
21-year old woman, a 57-year old woman, and a 42-year old man, the three without important
previous neurological antecedents. For this investigation the patients gave their proper and informed
consent. The 3DRA data consist in a set of 2D equally spaced images that are obtained over 180°
during intra-arterial injection of radio-opaque material. A 3D volume is reconstructed with an
isotropic voxel. The volumes selected for the reconstruction consist in cubes of 21.56, 21.10, and
43.77 mm of side, respectively.

The segmentation is made manually to obtain regular contours for each 2D image. The
parameterization of the contours is made using the software 3D-Doctor. Using 3D-Doctor a 3D
representation of the geometry utilizing a vector-based triangularization can be obtained. From
different cut planes using B-spline the contours are obtained, later NURBS surfaces are gen-
erated, and finally the different surfaces are pasted to create the geometry of the arteries with
saccular aneurysms, see Figure 1. The geometries are exported from the CAD Software to the
mesh generator Gambit (Fluent Inc.). More details of the reconstruction technique can be found in
Reference [22].

The principal cerebral aneurysm dimensions are the neck width (N), dome diameter (D),
and dome height (H). Table I shows the measurements obtained with 3DRA of the aneurysm
dimensions, and the values obtained in the CAD models. The differences on aneurysm dimensions
between 3DRA and CAD models are lower than 10% in the three cases.

Governing equations

The mass and momentum conservation equations for an incompressible fluid can be written as

V.v=0 ey

ov
p E-l—V'VV =—Vp+V.1 2)

where p is the density, v is the velocity field, p is the pressure, and t is the deviatoric stress tensor.
This tensor is related with the strain tensor

T=2ue 3)
where p is the viscosity and e is the strain tensor, which is defined for incompressible fluid as
e=1/2[Vv+ (VV)T] “4)

With Newtonian fluid assumption the viscosity of blood is constant, and a typical value of
1t=0.00319 Ns/m? was used. However, blood is a suspension of red blood cells in plasma.
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saccular aneurysm

ophthalmic artery

Figure 1. View of three ophthalmic arteries with saccular aneurysms from
3DRA data and reconstructed CAD models.
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Table 1. Principal aneurysm dimensions.

Case 1 Case 2 Case 3
3DRA Model 3DRA Model 3DRA Model
H (mm) 4.46 4.55 7.69 7.60 24.55 24.56
D (mm) 4.16 3.82 5.67 5.17 13.36 12.01
N (mm) 3.38 3.07 4.62 4.18 3.53 3.51

The viscosity of blood is mainly dependent on the volume fraction of red blood cells in plasma.
For case 2 we investigate the effects of non-Newtonian fluid model on haemodynamics. Al-
though we have reported this effect before in a similar geometry, [22], we want to quantify
their influence on mean WSS on the aneurysmal sac in a middle size aneurysm. The Herschel—
Bulkley fluid model was selected, because of it shows both yield stress and shear-thinning non-
Newtonian viscosity, and it is one accurate model to describe the rheological behaviour of blood
[25]. The Herschel-Bulkley fluid model of blood assumes that the viscosity p varies with the
strain rate v:

T=v2(e:e) (%)

This relation is usually expressed as an algebraic equation according to the law

p=ky =t + 0 ©)
v

The Herschel-Bulkley fluid model of blood extends the simple power law model for non-
Newtonian fluids to include the yield stress 79. We have taken the experimental values rec-
ommended by Kim [25] as k =8.9721 x 1073 Ns"/m?, n =0.8601 and 79 =0.0175 N/m?. The
variation of the viscosity of the Herschel-Bulkley model with the strain rate is similar to the
Carreau model, and the generalized power law models used in Reference [26]. The density
of blood is assumed constant, p = 1050 kg/m?>, for both Newtonian and non-Newtonian fluid
assumptions.

Boundary conditions

Since flow measurement is not part of the radiologic protocol in patients with cerebral aneurysm,
physiological flow condition is imposed using flow measurements using pulsed Doppler ultrasound
acquired in the internal carotid artery for a normal patient. The heart rate was 70 bpm. The mean
blood velocity in this artery was U = 37.4cm/s, and peak systolic flow occurs at /T = 0.619. The
time dependency of the inflow mean velocity is imposed by a Fourier representation of order 10.
The artery diameters at inlet were 2.8, 2.8, and 3.6 mm for cases 1-3, respectively. The boundary
condition for the inlet velocity is defined by Equation (7):

3n+1 r\ (i+h/n
Ut r)=Un(® - (%) )
n—+1 a
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Figure 2. Physiological waveform of mean inlet velocity.

where n=1 for a Newtonian fluid, n» =0.8601 for the Herschel-Bulkley non-Newtonian fluid
model and U, (t) is given by the flow waveform illustrated in Figure 2. The Womersley number,
which characterizes the flow frequency, the geometry of the model and the Newtonian fluid viscous
properties is o =2.18 for cases 1 and 2, and o =2.82 for case 3, respectively. For Newtonian fluid
the Womersley solution should be used at inlet, however with small « the solution for U (¢, r) from
Equation (6) is very close to the exact solution of Womersley [27]. Equation (7) is the solution
of velocity profile for the Herschel-Bulkley fluid model in a tube considering 19 = 0. The outflow
boundary condition is defined by dv/dn =0 for the fluid velocity at exit of each cerebral artery;
the two cerebral arteries at exit are defined as one common outflow boundary condition, so that
the sum of the flow rate in the cerebral arteries is equal to the flow rate at inflow. The reference
pressure at inlet of the computational domain is set to 13 158 Pa to consider a typical mean arterial
pressure.

Numerical method

Governing equations were solved with the software FLUENT (v6.0, Fluent, Inc., Lebanon, NH),
which utilizes the finite volume method for the spatial discretization. The interpolations for veloc-
ities and pressure are based on power-law and second order, respectively. The pressure—velocity
coupling is obtained using the SIMPLEC algorithm. The explicit time-marching second-order
scheme with a time step Az =3 x 107> s was used for the computations. The time step was com-
puted from the Courant-Levy condition [28], from Equation (8). With this small time step the
residual of the continuity and Navier—Stokes equations were smaller than 10~ in all temporal
iterations. To reduce the residuals, and consequently the numerical errors, and improve the accuracy
of the present numerical results, it is necessary to make the calculation with this small time step.
With this set-up, the computations need high CPU time. Case 2 with a time step of At =1 x 10™s
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Figure 3. Temporal variation of average WSS on the complete geometry with grid size for case 2.

was also simulated, to evaluate the dependence of the explicit scheme with the time step. The
differences on average WSS in the solution domain over one time period were lower than 5%.

Ax?
ANt=——
2(u/p) + UAx

To verify grid independence, numerical simulations based on the Newtonian fluid model were
performed on four grids with 59 647, 119762, 182781, and 381 283 cells for case 2. The average
WSS in the solution domain was computed in 24 instants of the second time period for the four
grid sizes. Figure 3 shows the variation of average WSS with the grid size, for the two fine grids
the predictions of WSS are equal. Considering that computational time increases linearly with grid
size for iterative solvers, 182781 cells are enough to capture the fluid dynamics in this model of
the ophthalmic artery with saccular aneurysm. The WSS was selected to check grid independence
in this work, because the average WSS on the aneurysmal sac is an important parameter to evaluate
in a saccular aneurysm, as it will be discussed.

For cases 1 and 3 we use 127 789 and 402 026 cells, respectively, to maintain constant the grid
spacing in the three cases. The same grid size was used for the Newtonian and non-Newtonian
blood assumptions in the comparison made in case 2. The unstructured grid was composed of
tetrahedral elements. The workstation used to perform the simulations in this work is based on an
Intel Pentium IV processor of 2.8 GHz clock speed, 1.5 Gb RAM memory, and running on the
Linux Redhat v8.0 operating system. The simulation time based on two consecutive pulsatile flow
cycles employing 57 143 temporal iterations was approximately 280 CPU hours for case 3.

®)

RESULTS
Flow dynamics
The Newtonian flow structures in ophthalmic arteries with saccular aneurysms can be seen through

the path lines at systolic time for the three cases in Figure 4. The path lines mix as they impacted
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(a)

x
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Figure 4. Instantaneous path lines at the systolic time ¢ = 1.3875 s for the three aneurysms
models: (a) case 1; (b) case 2; and (c¢) case 3.
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Figure 5. Velocity vectors in the aneurysmal mean plane at systolic time ¢ = 1.3875 s: (a) and at diastolic
time ¢ =1.5s; and (b) for the giant aneurysm, case 3.

the wall of the aneurysms and then swirled as they moved to the outflow zones. The flow exits the
aneurysms in a helical manner. A detailed look at the flow pattern is provided in Figure 5 through
velocity vectors view for the mean plane in the aneurysm at systolic (¢/7 =0.619) and diastolic
(t/T =0.75) times for the giant aneurysm, case 3. High-velocity flow enters from the inferior part
of the aneurysm and it travels into the core of the aneurysm. A complex vortex structure is formed
into the aneurysmal cavity and the position of this vortex changes between systole and diastole.
Very low velocities are observed in the superior region of the aneurysm.

The inflow and outflow region at the aneurysm necks are illustrated in Figure 6 with the
z-component of the velocity for the three cases at systolic time. The jet of fluid through the neck
of the aneurysm (i.e. inflow region) varies in size and position depending on the tilt of the aneurysm
dome with respect to the parent vessel. This finding is important for the endovascular treatment of
cerebral aneurysms, since controlling blood flow at the inflow region is a critical step in achieving
permanent occlusion of an aneurysm.

Flow-induced stresses

The absolute pressure distribution on the wall vessels at systolic time (¢/7 =0.619) can be seen
in Figure 7 for the three cases computed with Newtonian fluid model. The small and middle
size aneurysms have approximately the same pressure distribution, cases 1 and 2. For the artery
with a giant saccular aneurysm it shows higher pressure differences between the artery inlet
and outlet.

The spatial variation of WSS in the ophthalmic artery with saccular aneurysms of different sizes
can be observed in Figure 8. The aneurysmal sacs show large WSS for the small and middle sizes
aneurysms, for the giant aneurysm the WSS on aneurysm sac is very small. At this systolic time

Copyright © 2006 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2007; 53:793-809
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Figure 6. Velocity vectors at aneurysm inlet colour-coded with the z-component of the velocity for:
(a) case 1; (b) case 2; and (c) case 3, t =1.3875s.
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(t/T =0.619) the average WSS on aneurysm sacs are around of 8 Pa for the small and middle
sizes aneurysms, however for the giant aneurysm the average WSS on the sac falls to 2 Pa.

The effect of aneurysm size on the temporal variation of pressure drop in the computational
domain is shown in Figure 9. The pressure drop changes between the diastole and systole. In the
arteries with small and middle aneurysm sizes the maximal pressure drop at systole are 1370 and
2098 Pa, respectively. For the diastole the lower values are 217 and 340 Pa, respectively. Important
increase in the pressure drop is observed in the ophthalmic artery with the giant aneurysm, the
maximal pressure drop at systole is 9163 Pa, and the minimal pressure drop at diastole is 1784 Pa.
The pressure drop is directly related with the pumping power, so the high energy lost due the
blood motion in the giant aneurysm has also an important effect on the cerebral circulation.

The aneurysm sac surface was created using an imaginary line that divides the artery with the
saccular aneurysm on this neck. The temporal variation of spatial average WSS on aneurysm sac
in the ophthalmic artery with aneurysms of different sizes shows Figure 10. The WSS changes
between the diastole and systole. In the arteries with small and middle aneurysm sizes the maximal
WSS at systole are 7.3 and 8.1 Pa, respectively. For the diastole the lower values are 1.4 and 1.9Pa,
respectively. Important decrease in average WSS is observed in the ophthalmic artery with the
giant aneurysm, the maximal WSS at systole is only 2.1 Pa, and the minimal WSS at diastole
is 0.6 Pa.

As previously mentioned we investigate the effect of non-Newtonian blood model on pressure
drop and WSS for the artery with the middle size saccular aneurysm, case 2. Table II shows a

Copyright © 2006 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2007; 53:793-809
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Figure 7. Contours of absolute pressure on the artery surface for the three aneurysm models:
(a) case 1; (b) case 2; and (c) case 3, t =1.3875s.

comparison of spatial average of WSS on the artery, average WSS on aneurysm sac, and pressure
drop computed with Newtonian and the Herschel-Bulkley blood models for six representative
times of one pulsatile cycle. The prediction of WSS on aneurysm sac with Newtonian blood model
is 8.8% higher at systole, at diastole the difference is smaller. The prediction of WSS on artery
surface excluding the aneurysmal sac with Newtonian blood model is 13.8% higher at systole,
at diastole the difference is smaller. The velocity fields calculated with both models are very
similar; however, in the non-Newtonian model the viscosity shows great variation and it is lower
than the Newtonian viscosity near the artery walls; this lower viscosity produces lower WSS. The
prediction of pressure drop with Newtonian blood model is only 10% higher at systole, at diastole
the difference is again smaller. Considering the time and spatial average of WSS on the aneurysm

Copyright © 2006 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2007; 53:793-809
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Figure 8. Contours of WSS for the three aneurysm models: (a) case 1;
(b) case 2; and (c) case 3, t =1.3875s.

the prediction with Newtonian blood model is only 3% higher as with the Herschel-Bulkley blood
model, see Table III. It is conclude that the prediction of instantaneous WSS between the Newtonian
and non-Newtonian blood model differs less than 10% on aneurysm sac, particularly for the study
of time averaged WSS on saccular aneurysm the prediction using the Newtonian blood model is
reliable.

DISCUSSION

The endothelium is sensitive to changes in WSS and regulates local vascular tone by releasing
vasodilator and vasoconstrictor substances [13]. The relationship between geometric features and
rupture is also closely associated with very low flow conditions [6]. Localized stagnation of blood
flow is known to result in the aggregation of red blood cells, as well as the accumulation and
adhesion of both platelets and leukocytes along the intimal surface. This occurs due to dysfunc-
tion of flow-induced nitric oxide, which is usually released by mechanical stimulation through
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Figure 9. Temporal variation of pressure drop in the three aneurysm models.

o —&— casel
P wesleer case 2
Ay
~ :~ A': cm{J== case 3

WSS [Pa]
M oW A O N o ©

0.85 1.07 1.29 1.51 1.73
t[s]

Figure 10. Temporal variation of average WSS on the aneurysm sac for the three models.

increased WSS. It is assumed that a WSS higher than 2 Pa is suitable for maintaining the struc-
ture of the aneurysmal wall and values of WSS lower than 1.5 Pa will degenerate endothelial
cells [6].

The experimental evidence shows that saccular aneurysm with an aspect ratio (H/N) greater
than approximately 1.6 have more rupture risk, [4], because they exhibit very low flow near the
dome. We calculate the time and spatial average WSS on aneurysmal sac over one cardiac cycle
for the small, middle and giant size aneurysms, or aneurysms with different aspect ratio, see
Table III. For our cases with an aspect ratio of 1.5 and 1.8 the mean WSS were higher as the

Copyright © 2006 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2007; 53:793-809
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Table II. Comparison in case 2 of WSS on aneurysm sac, WSS on the artery, and pressure drop between
Newtonian and non-Newtonian Herschel-Bulkley blood models in different times.

t WSS WSS non-Newtonian WSS WSS non-Newtonian AP non-Newtonian
(s) aneurysm (Pa) aneurysm (Pa) artery (Pa) artery (Pa) AP (Pa) (Pa)
0.8625 3.39 3.29 9.57 9.18 794 764
1.275 1.90 1.92 5.76 5.77 603 600
1.35 4.55 4.28 16.52 14.99 1810 1691
1.3875 8.14 7.48 22.48 19.76 2098 1909
1.425 8.13 7.74 16.69 15.27 1080 991
1.6125 2.68 2.64 6.83 6.75 576 567

Table III. Mean WSS on aneurysm sac and pressure drop for the three
cases with Newtonian blood model, and for case 2 with non-Newtonian
Herschel-Bulkley blood model.

Case H/N WSS aneurysm (Pa) AP (Pa)
1 1.5 2.66 491
2 1.8 3.25 745
2 non-Newtonian 1.8 3.16 716
3 7.0 1.03 3437

critical reported value, [6], with an aspect ratio of 7.0 the mean value of WSS was only 1 Pa.
This finding could be use to estimate the rupture risk of saccular aneurysm, if we can obtain more
statistical evidence for this important correlation between a geometrical parameter of the saccular
aneurysm and average WSS obtained from CFD. Further studies are necessary to obtain more
cases of saccular aneurysms with different aspect ratio and performance CFD calculations in order
to have statistical information.

CONCLUSIONS

This work presents numerical investigations on the haemodynamics in three patient-specific models
of ophthalmic artery with saccular aneurysms of different sizes. References are made in regards to
optimal planning of endovascular coil embolization of cerebral aneurysms guided by assessment
of the intra-aneurysmal flow dynamics. The effects of Newtonian/non-Newtonian blood modelling
are reported with respect average values of WSS and pressure drop.

The flows within the aneurysms were highly complex with transient vortex structures that
change during the pulsatile cycle. The spatial average WSS on aneurysm sac shows tempo-
ral variations and important differences between the three investigated aneurysm sizes. The
patient-specific analysis of the CFD constructed from 3DRA image data could be used to im-
prove the prediction of rupture risk, if the average WSS on aneurysmal sac is related with this
aspect ratio.

Copyright © 2006 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2007; 53:793-809
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NOMENCLATURE
a artery radius
CFD computational fluid dynamics
D aneurysm dome diameter
e strain tensor
f frequency
k viscosity constant
H aneurysm dome height
N aneurysm neck width
p pressure
U mean velocity at inlet
v velocity
WSS wall shear stress
3DRA three-dimensional rotational angiography
Greek symbols
o Womersley number = a (2 f p/u)'/?
v strain rate
u fluid viscosity
0 density
T shear stress
Tw wall shear stress
o) yield stress
At time step
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