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Effect of Inflow on Computational Fluid Dynamic Simulation of
Cerebral Bifurcation Aneurysms

A. Farnoush, Y. Qian, A. Avolio

Abstract— Morphological characteristics associated with
cerebral aneurysm formation can be used to assess aneurysm
rupture. This study investigated hemodynamic effects resulting
from change in the parent artery diameter of bifurcation type
aneurysm. Computational fluid dynamic (CFD) analysis was
performed on middle cerebral artery (MCA) models with
various parent artery diameters. Calculations were performed
with steady flow rate (125 + 12.5 ml/min) at the parent artery
inlet. Energy loss (EL) was calculated from pressure and
kinetic energy obtained from flow velocity. The results indicate
that the high wall shear stress (WSS) and EL occurs in model
with the smallest parent vessel compared to the other models
for all three inflows. Results also showed that 10% variation of
inflow results in average of 23 + 2.9% changes in WSS and 25.5
+ 0.5% changes in energy loss. These results demonstrated that
for CFD analysis of MCA bifurcation type aneurysm, upstream
parent vessel and inflow evaluation for individual patient is
essential.

I. INTRODUCTION

he prevalence of unruptured intracranial aneurysms is

reported to be between 2% [1] and 5% [2].
Investigations of the relationship between aneurysm location
and its rupture indicated that the anterior communicating
artery and the middle cerebral artery, where aneurysms are
located at the bifurcation, bleeds easily in contrast with
lateral aneurysms such as those found at the branching and
bending points on the internal carotid artery [3]. The rank
order of decreasing aneurysm size for ruptured lesions has
been found to be ophthalmic, internal carotid artery (ICA)
bifurcation, basilar bifurcation, middle cerebral artery
(MCA) bifurcation, posterior communicating artery
(Pcomm), anterior communicating artery (Acomm),
posterior inferior cerebellar artery (PICA), and distal
aneurysms.[4]
However the relationship between these parameters in aiding
neurosurgeons to choose the best preventive treatment for
unruptured aneurysm and considering the risk of surgical
outcome are still unknown, despite the study of 263 patients
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with 339 MCA aneurysms showing that age and aneurysm
size are the only 2 independent predictors of surgical
outcome. [5]

On the other hand, calculated energy loss (EL) in
ruptured and unruptured aneurysms at the internal carotid
artery (ICA) based on patient-specific computational fluid
dynamics (CFD) models showed a significant difference
between EL in ruptured and unruptured aneurysms (average
values of 167 Pa, 6.3 Pa respectively) suggesting that the
magnitude of EL may have an effect on aneurysm rupture
[6].

Our hypothesis is that the formation of the aneurysm at
the apex of the bifurcation leads to change in energy balance
of the vasculature associated with the aneurysm. Therefore
investigating changes in energy balance due to
morphological variation could explain the risk of rupture.
The purpose of this study was to elucidate the poorly
understood hemodynamic effects resulting from different
geometry and sizes of the parent vessels of cerebral
aneurysm. The first step was to clarify the relationship
between hemodynamic forces and parent artery diameters in
an attempt to establish clear correlations to evaluate risk of
rupture and improve the management of unruptured
aneurysms.

II. METHODOLOGY

A. Idealized bifurcation model

CFD analysis of patient specific models due to a variety
of parameters such as geometry, location of the aneurysm
and different morphology of parent vessels have limitations
that can affect calculated hemodynamic parameters.
Therefore an idealized three dimensional model was built of
MCA bifurcation aneurysms using ANSYS Workbench 12.1
to increase the performance of patient specific modeling.
The basic aneurysm (Model A) was designed to have a 3.5
mm height (H), 5.2 mm sac diameter (D) with neck width
(N) of 4.0 mm. A straight parent artery of diameter (Dp) 2.0
mm was connected to two branches of 2.0 mm diameter
(Db), as shown in Fig. 1a [7]. Model B and C were modified
to have a similar aneurysm configuration and branch
diameters with parent artery diameter of 3.0 mm and 4.0
mm. Bifurcation angle was set at 180° in all models.
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Fig. 1. (a) Symmetric bifurcation aneurysm at MCA. Bifurcation angle was
180° .2.0 mm parent artery (Dp) and 2.0 mm branch arteries (Db) were
selected for the idealized model. Sac diameters (D) of the aneurysms were
set at 5.2 mm. (b) Eine and Equee are the spatially averaged energy values
over the cross section of the neck.

TABLE I: CALCULATED ENERGY LOSS USING (1) AND (2) AT DIFFERENT
INFLOWS AND FLOW DIVISIONS. ALL DIMENSIONS ARE IN PASCAL (PA).

Inflow at 60:40 flow Flow division at branches

division for value 125 (ml/min)
Dp(mm) 112.5%  125%  137.5% 60:40 70:30 80:20
2 116.8 152.1 185.1 152.1 86.8 75.0
3 42.5 533 65.3 533 53.0 50.3
4 10.6 13.6 17.0 13.6 13.2 123

* Inflow dimensions are in (ml/min).

B. Computational Analysis

To characterize the flow regime in the parent artery and
branches, an incompressible, steady-state laminar flow
model was considered for the simulation. In the large arteries
(diameter > 0.5 mm) or for very low shear rates, the Non-
Newtonian behavior of blood flow is negligible. Therefore,
blood was assumed to be a Newtonian fluid [8], [9] with
density and dynamic viscosity of 1050 kg/m’ and 0.0035
Pa.s respectively [10] . Arteries were assumed to be rigid
where a no-slip boundary condition was imposed. Three
flow distributions of 60:40, 70:30 and 80:20 were prescribed
at extended outlets to cover all the possibility of flow
division between two branches of three dimensional
idealized models. Investigating the stability of pulsatile blood
flow at the neck of cerebral aneurysm (sidewall and
bifurcation) showed that analysis of steady, non-pulsatile
flow in many cases can provide reasonable information
about intra-aneurysmal flow in addition to be faster and
time-dependant [11].Therefore calculations were performed
with steady flow rate (125 £+ 12.5 ml/min) at the parent
artery inlet.

The commercial finite volume software (ANSYS®
CFX.12.1) was used to analyze the flow model and CFD
simulations.

The energy loss dissipated for a blood flow transition
through the bifurcation for a specific control volume of each
idealized model satisfies:

Energy loss (EL) = Eiye — Eouttet (1)

1 1
EL Aneurysm :Z[Pi +p5Vi2j_Z(Po +p5"3j )

Eiplet Eoutlet
where p, P and v are the fluid density, static pressure and
velocity respectively; i indicates the inflow to the aneurysm;
o the outflow of aneurysm (Fig. 1b). Eiye and Egyqe are the
spatially averaged energy values over the cross section of the
neck.

III. RESULTS

A. Effect of inflow on energy loss

Accuracy of the numerical simulation can be affected by
imprecise upstream parent artery evaluation [12]. In
addition, an irregular shape of the parent artery in patient
specific models with various diameters at different locations
can affect the velocity of the jet flow at the apex of the
bifurcation. Hence, to analyze the intra-aneurysmal flow,
calculation of flow velocity at the proximal part of the
bifurcation is necessary.

To examine this phenomenon for a range of inflow of 125
+ 12.5 ml/min, the energy loss of the aneurysm neck was
calculated using (1) (Table I).

The results indicate that for all models increasing the
inflow leads to augmentation of kinetic energy, term

1
< pEv2 >, and energy loss.

Comparison of the results showed that as inflow increases
from 112.5 ml/min to 125 ml/min and then from 125 ml/min
to 137.5 ml/min, the energy loss increases with average of
27 +£2.5% and 23 + 1.8% respectively. A Dp of 2.0 mm is
more sensitive to inflow changes due to augmentation of
velocity in smaller vessel diameter for specific nominal
inflow.

B. Effect of flow distribution at the branches of bifurcation

Distribution of blood flow in the bifurcation branches in a
patient specific model is poorly understood and cannot be
readily measured non-invasively. Therefore to increase the
accuracy of estimation for a nominal value of 125 ml/min
inflow, different flow distributions were examined for all
models.

As shown in Table I, energy loss of model A with a 2.0
mm parent vessel is more sensitive to distribution of flow at
branches. The average of energy losses for all three flow
divisions were calculated 104.6 + 41Pa, 52 + 1.7 Pa, 13 =
0.6 Pa for model A, B and C respectively.

C. Energy loss with respect to parent artery diameter

Comparison of the flow pattern inside the aneurysm at a
center section of all three models showed that the flow is
asymmetric with inflow near the dominant branch and
outflow near the branch with smaller flow (Fig. 2a). The
location of a vortex center varied with parent vessel
diameter, approaching close to the neck for models with the
larger parent diameter (model B and C) and close to the
dome for model A with the smallest parent vessel.
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Fig. 2. (a) Application of CFD to MCA bifurcation aneurysm .The only
single changing parameter among the three models was the parent artery
diameter; Top row: Typical velocity streamlines (m per second)
demonstrating the difference in intra-aneurysmal flow between models
bottom row: Typical Wall shear stress maps (Pa) revealing the highest shear
stress area in model A and the lowest in model C. (b) EL calculated at
aneurysm neck as a function of parent vessel diameter (Dp). The flow
distribution of 60:40 was selected as it had the greatest effect on energy
loss. Error bars indicate standard deviation of EL values determined for the
three inflows of 112.5 ml/min, 125 ml/min and 137.5 ml/min.

Fig. 2b suggests that the aneurysm in model A loses the
highest energy for a range of inflow (125 ml/min + 12.5)
compared to model B and C (model A: 151 + 34; Model B:
53 £ 11; model C: 13 £ 3 for flow division of 60:40)

D. Wall shear stress with respect to parent artery diameter

Wall shear stress (WSS) is defined as the tangential force
per unit area that is exerted by the moving fluid on the
surface of the artery and its magnitude is proportional to the
velocity gradient near the artery surface [13].

For bifurcations studied with parent vessels of different
diameters, the average WSS on the aneurysm surface is
shown in Fig.2a and Fig. 3. Generally, the results show that
by increasing the inflow, WSS increases, whereas the
highest WSS occurs in model A compared to model B and C

(as flow increases from 112.5 ml/min to 125 ml/min and
from 125ml/min to 137.5 ml/min, the WSS increases with
average of 25 £ 3.7% and 21 + 1.2% respectively)
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Fig. 3. WSS calculated at aneurysm surface for different parent artery
diameter (Dp) as a function of inflow for 60:40 flow distribution.

IV. DiscussioN

Morphological characteristics of aneurysms and their
effect on initiation, growth and rupture of aneurysm have
been extensively studied suggesting that aneurysm size and
shape irregularity are two independent factors predicting
rupture [14],[15]. But the roles of the parent vessel
geometries which provide the jet flow at the apex of the
bifurcation are poorly understood. Our results showed that
for similar aneurysm and inflow, parent vessel size can
change the energy loss from 10.6 Pa to 116.8 Pa for 4.0 mm
and 2.0 mm parent artery diameters respectively. Therefore
considering the morphological characteristic of the aneurysm
by itself cannot provide enough information for making
decisions about the treatment.

Castro, in 2006, showed that CFD modeling of truncated
parent vessels underestimated the magnitude of WSS and
corresponding hemodynamic parameters [12]. These
findings are in good agreement with our results suggesting
that modeling bifurcation aneurysms without considering the
geometry of the parent artery can underestimate
hemodynamic parameters such as energy loss and WSS.

Due to noise and insufficient resolution, phase contrast
magnetic resonance imaging (PC MRI) may not have precise
geometry and velocity information, which can affect the
quality of the numerical simulation [16]. In this present
study, by assuming 10% deviation for assumed inflow, we
explore the importance of upstream parent artery evaluation.

Evaluation of flow distribution at branches of a
bifurcation is poorly understood. The assumption of a zero
pressure boundary condition in CFD modeling of patient
specific model causes the flow rates in the outflow segments
to be determined according to their resistances, whereas in
reality this is determined not only by the resistance of those
segments but also by the resistance of all distal vessels.
Thus, the sensitivity of the patient-specific results to flow
splits in the outflow segments also needs to be addressed.
Our results suggest that until there is access to non-invasive
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measurement of flow at branches, various distributions
should be considered for numerical simulations.

For MCA aneurysms, Cebral et al suggested two types of
flow patterns in MCA aneurysms: type III (43%) (changing
direction of inflow jet with creation of a single vortex) and
type I (29%) (unchanging direction of inflow jet with a
single associated vortex) [17] . Our results showed that type
III flow can be seen inside the aneurysm.

The study of magnitude of WSS in 20 MCA aneurysm
conducted by Shojima et al suggests the pathogenic effect of
a high WSS in the initiating the aneurysm. A low WSS may
facilitate the growth and may trigger the rupture of a cerebral
aneurysm [18] . These results were obtained by considering
the same velocity profile at inlet condition for all patient
specific models. However, our results showed that the high
WSS and energy loss occurs in model A with the smallest
parent vessel compared to the other models if the inflow
coming from the internal carotid artery (ICA) was the same.
This study agrees with previous work showing that, the
possibility of different inflow for each patient needs to be
accounted for CFD analysis of patient-specific models [19].

Compliant models of cerebral aneurysms were not used in
the present study for two main reasons: I) its high demand in
terms of computational time, II) the necessity to validate the
required information (aneurysmal wall compliance) which is
not within the scope of this study. However, the presented
results are useful in establishing more accurate numerical
simulation of cerebral aneurysms and can be used in clinical
trials.

V. CONCLUSION

Based on data presented in this study, evaluation of flow
in upstream parent vessel and flow division at branches is
essential. Our results indicates that even 10% variation of
inflow results in average of 23+ 2.9% changes in WSS and
25.5 + 0.5% changes in energy loss that could affect any
conclusion from the hemodynamic results of MCA
bifurcation type aneurysm modeling. .
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