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a b s t r a c t

Recent computational fluid dynamics (CFD) studies relate abnormal blood flow to rupture of cerebral
aneurysms. However, it is still debated how to model blood flow with sufficient accuracy. Common
assumptions made include Newtonian behaviour of blood, traction free outlet boundary conditions and
inlet boundary conditions based on available literature. These assumptions are often required since the
available patient specific data is usually restricted to the geometry of the aneurysm and the surrounding
vasculature. However, the consequences of these assumptions have so far been inadequately addressed.

This study investigates the effects of 4 different viscosity models, 2 different inflow conditions and
2 different outflow conditions in 12 middle cerebral artery aneurysms. The differences are quantified
in terms of 3 different wall shear stress (WSS) metrics, involving maximal WSS, average WSS, and
proportion of aneurysm sac area with low WSS. The results were compared with common geometrical
metrics such as volume, aspect ratio, size ratio and parent vessel diameter and classifications in terms of
sex and aneurysm type.

The results demonstrate strong correlations between the different viscosity models and boundary condi-
tions. The correlation between the different WSS metrics range from weak to medium. No strong correlations
were found between the different WSS metrics and the geometrical metrics or classifications.

& 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Cerebral aneurysms are relatively common. Around 1–6% of the
population develop aneurysms during a life-time (Schievink, 1997)
and often at a quite early age (50–60 years). The rupture of a
cerebral aneurysm causes subarachnoid hemorrhage (SAH), a
stroke associated with high risk of morbidity, and a mortality rate
as high as 60% within 30 days (le Roux and Wallace, 2010). The
rupture risk is however quite low, usually estimated to less than
1% per year (Rinkel et al., 1998). Risk of rupture has been related to
the size and morphology of aneurysms and their surrounding
vasculature, but individual risk assessment is still not feasible. CFD
could potentially aid clinicians in individualized assessment and
treatment planning, and is therefore under active research.

Recently, three large retrospective computational studies have
demonstrated that fluid dynamics simulations can be used to
discriminate ruptured from non-ruptured aneurysms (Cebral et al.,
2011a, 2011b; Xiang et al., 2011). However, what constitutes an
appropriate computational model is an open question. Fluid–

structure interaction (e.g. Bazilevs et al., 2010; Isaksen et al., 2008)
and non-linear viscosity models (e.g. Gambaruto et al., 2011; Xiang
et al., 2012) have received some attention as extensions of the more
commonly used Newtonian flow simulations within rigid vessels.
Still, while these studies argue for adding complexity to the model,
they typically employ relatively simple boundary conditions obtained
from the literature and only consider a few aneurysms.

Vascular remodelling due to flow conditions was observed
already 150 years ago by Virchow. As demonstrated more recently
by e.g. Chien (2007) and Hoi et al. (2008), among others, the wall
shear stress (WSS) acting on the endothelial cells surfacing the
arterial wall plays a central role in this remodelling. It has been
shown that aneurysms grow in the direction of low WSS (Boussel
et al., 2008), but there is no conclusion whether low or high WSS
correlates with rupture status. That is, certain studies have found
high WSS to be correlated with rupture status (Jou et al., 2008;
Cebral et al., 2011b), which contrasts the correlation of low WSS
reported by others (Xiang et al., 2011; Miura et al., 2013).

Recently, clinical researchers have expressed scepticism towards
CFD analysis because of the overwhelming and confounding number
of models and flow metrics, c.f. the editorial in AJNR (Kallmes, 2012).
It is therefore timely to compare different models and metrics in an
effort to reduce this number. In this study we simulate flow in 12
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different middle cerebral artery (MCA) aneurysms, 4 different visc-
osity models, 2 different inflow boundary conditions and 2 different
outflow boundary conditions. We included natural sex and age
variations in the hematocrit levels of the viscosity models. WSS is
quantified in terms of three different metrics: maximal WSS, average
WSS, and proportion of aneurysm sac area with low WSS with
respect to the different viscosity models and boundary conditions.
We also compare with common geometry metrics such as aneurysm
volume, aspect ratio, and parent vessel diameter and classifications
in terms of sex and aneurysm type.

2. Methods

Computed tomography angiography (CTA) volume images were obtained from
a 16 multi-detector row spiral scanner (Somatom Sensation 16; Siemens, Erlangen,
Germany) taken from 12 MCA aneurysms treated at the Department of Neuro-
surgery, University Hospital of North Norway between 2006 and 2008. The register
was approved by the local ethics committee and data inspectorate.

The Vascular Modelling Toolkit (VMTK) was used to segment the CTA images
and create CFD meshes. The aneurysm models have been meshed with 800,000–
1,200,000 tetrahedral cells containing three boundary layers. The isolation of the
aneurysm sac was done using the same approach as Ford et al. (2009). We used
a previously developed and validated Navier–Stokes solver (Valen-Sendstad et al.,
2012a) implemented in FEniCS (Logg et al., 2011), with minor extensions to
stabilize the flow for larger time steps. Specifically, we implemented an incre-
mental pressure correction scheme (Goda, 1979) with semi-implicit handling of the
nonlinear convection term, implicit Euler time-stepping and used first order linear
continuous elements for both the velocity and pressure. This scheme was found
favorable when compared to the schemes in Valen-Sendstad et al. (2012a) in terms
of the accuracy and efficiency. A thorough comparison and verification of this
scheme can be found in Evju (2011), which shows that the scheme is second order
accurate in space and first order in time.

Mesh convergence for the involving meshes has been verified in a previous
study (Valen-Sendstad, 2011, paper IV), where the maximal pointwise kinetic
energy and total kinetic energy varied with less than 2% between the two finest
meshes for all cases, and the maximal pointwise vorticity and integrated vorticity
varied with less than 5% between the same meshes. A time step of 1.25 ms was
used, which gave 800 time steps per second. The simulations were run for four
cycles to eliminate cyclic variations, and the solution was saved at every fifth time
step of the fourth cycle.

For all the 12 aneurysm geometries (see Fig. 1), we employed and compared
four different viscosity models, two different inlet boundary conditions and two
different outlet boundary conditions, for a total of 72 simulations. The different
viscosity models are summarized in Table 1. A Newtonian viscosity model with a
value of 0.00345 Pa s was used as reference. The Casson model incorporates
hematocrit and asymptotic viscosity. Hematocrit level varies according to age and
sex and we have chosen hematocrit levels 38% (C38) and 40% (C40) corresponding
to women before and after menopause (Jacobsen et al., 2012). The shear-rate
dependence of all viscosity models is as visualized in Fig. 2. The marked area in this
figure demonstrates the asymptotic behaviour of the different viscosity models,
ranging from shear rates typical for healthy MCAs. The Newtonian reference model
has the same viscosity as the asymptotic value of the modified Cross model, making
this model relevant for isolating the shear thinning effects. Both the Casson models
have lower asymptotic values, and the difference between them reflects the change
in hematocrit.

The inlet velocity is set to be a linear interpolation of a parabolic profile radially
in space. The spatial peak velocity is determined by using a pulsatile waveform,
depicted in Fig. 3. This waveform is taken from the MCA segment of a female
patient undergoing cerebrovascular treatment. For our reference calculations, the
spatial peak velocity has been scaled to a timed average of 0.75 m/s, which has
been found to be an average flow velocity in female MCAs (Krejza et al., 2005). As a
comparison to this, we have also employed a set of simulations using a reduced
inflow velocity of 25% to 0.56 m/s, roughly corresponding to the average velocity in
the MCA of people aged 460. For all simulations we used a heart rate of 75 beats
per minute, and a density of 1056 kg=m3.

To represent the peripheral resistance, a resistance condition is applied at the
outlets in the reference simulations:

p¼ CQo;

where Qo is the flow rate though the outlet. The value of the coefficient is set
to C ¼ 5:97� 109 Pa s=m3 for the MCA (Alastruey et al., 2007). The traction free
outflow conditions corresponds to C¼0. The parameters used for each set of
simulations have been summarized in Table 2.

For the reference case, we computed some key flow properties, shown in
Table 3. The Reynolds number (Re) is computed as QD=ðνAÞ, where Q, D, ν, and A are
the inlet flow rate, parent vessel diameter, kinematic viscosity, and parent vessel
cross sectional area, respectively. The Womersley number (Wo) is computed as

Rðω=νÞ1=2, where R is the radius and ω is the angular frequency. The inlet WSS
(IWSS) is calculated from the Poiseuille formula, τ¼ 8μQ=ðDAÞ, where μ corre-
sponds to the Newtonian viscosity value. The inlet diameter varies from 1.5 mm to
3.5 mm, roughly a factor 2.3, which is also reflected in the Reynolds and Womersley
numbers. Correspondingly, the flow rate varies by a factor of 5.2, or 2:32, from
0.633 mL/s to 3.600 mL/s. The IWSS is inversely related to the diameter.

The WSS magnitude has been time-averaged over the full cardiac cycle, and
normalized with the IWSS. Based on results of previous studies on the relationship
between WSS and aneurysm growth and rupture (see for example Cebral et al.,
2011b; Xiang et al., 2011; Jou et al., 2008), we have chosen and calculated three
WSS metrics. These are the maximum WSS of the aneurysm sac (MWSS), the
average WSS over the aneurysm sac (AWSS) and the area of low shear (LSA) which
have been defined as the area where the normalized WSS is less than 0.1, divided
by the total sac area.

The correlation was calculated using Pearson's correlation coefficient. With
two sets of measurements X ¼ fx1 ; x2;…; xng and Y ¼ fy1; y2 ;…; yng, the coefficient is
calculated as

rX;Y ¼ ∑n
i ¼ 1ðxi�xÞðyi�yÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

∑n
i ¼ 1ðxi�xÞ2∑n

i ¼ 1ðyi�yÞ2
q

where x and y is the sample mean of X and Y, respectively. Strong, medium, and
weak correlation are defined by absolute values of rX;Y greater than 0.8, greater
than 0.4, and less than 0.4, respectively. For the data with binary outcome, sex and
aneurysm type, we let men and bifurcation take the value 1, while women and
sidewall are 0.

3. Results

Average WSS: There are large differences in AWSS between the
aneurysms in the reference case, ranging from a minimum value of
0.24 (A12) to a maximum of 1.8 (A6) (ratio 7.7), with an average
value of 0.94, as shown in Fig. 4a. The effects of the different
viscosity models differ from the reference in the range �9.4% to
5.3%. The variations are largest for the C38 case, with an average
decrease of 3.1% and a standard deviation of 3.8%. The modified
Cross model, which is the only model that isolates the shear
thinning, predicts the smallest deviations on an average (0.5%) and
has the lowest standard deviation (2.4%).

For the cases with modified boundary conditions, we see that
the differences from the reference are far larger than in the non-
Newtonian cases. For the reduced inflow case, the AWSS was
significantly reduced on an average (�22.4%). This suggests that
the WSS in the aneurysm is more sensitive to flow changes than
what a linear relationship would predict.

For the traction free case, the results vary greatly, from �6.8%
to 36.1%. It is worth noting that the three traction free simulations
causing the largest differences from the reference simulations are
A1, A4 and A5, where the aneurysms all occur downstream from a
modelled bifurcation, see also Fig. 1. The different outflow condi-
tions do in these cases cause a significantly different flow diver-
sion between the different outlets (A1: 36.1%, A4: �6.8%, and A5:
12.4%) and correspondingly different flow and WSS within the
aneurysms. For the other aneurysms, the changes are of the same
order as for the non-Newtonian cases.

Maximum WSS: As shown in Fig. 4b, the MWSS reference values
vary from 2.3 (A11) to 11 (A9) (ratio 4.6), with an average value of
6.0. The changes caused by the viscosity models range from �7.7%
to 3.9%. Again, the C38 model yields the greatest variations, with a
standard deviation of 3.5%. Similar results are obtained for the
C40 case. The modified Cross model is again the most coherent
with the reference values, although a clear indication is shown
for a slightly lower MWSS, with an average decrease of 2.8% and
standard deviation of 2.0%.

We also note that the viscosity seems to be of greater
significance in some aneurysms than others. In aneurysm A4 for
example, the C38 model predicts an increase as high of 3.9%, the
C40 model predicts an increase of 2.2% and the MC model predicts
a �7.2% change. In other aneurysms, such as A2 and A3, the MWSS
seems to be much less dependent on viscosity.
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For the reduced inflow case, we see very similar variations as
found for AWSS. Again, the average decrease in MWSS is more
sensitive than the 25% reduction predicted by linear relationship,
with an average additional decrease of 22.9%. The variations for
the traction free case are large, ranging from �4.0% to 37.4%. The
results are not coherent with those for the AWSS. In aneurysm A6
for example, we see an increase in max WSS of 16.9%. This is in
contrast to the results for AWSS, which showed an increase of only
1.5%. In this particular case, the MWSS occurs close to the edge of
the isolated aneurysm sac causing this peak WSS to fall outside the
sac in the case in the reference simulation.

Area of low WSS: For the LSA metric, the reference values
vary greatly, from 0.002 (A1) to 0.59 (A4) (ratio 293), and the

average is 0.17, as seen in Fig. 4c. There are mainly three
aneurysms (A3, A4 and A12) that contribute to the relatively high
average area.

The shear thinning effects, isolated in the modified Cross
model, tend towards a reduced LSA. The two Casson models
predict similar changes. Overall, there are only small variations
caused by the viscosity models, with differences in the range
�0.037 to 0.022.

The reduced inflow case shows the largest changes by far, with
an average increase of 0.046. In all aneurysms, this case predicted
an increased area, however, the variations between the aneurysms
are large. Case A5 is particularly interesting, as this increases to
0.233, almost three times the reference value.

a) A1

c) A3

e) A5 

g) A7

i) A9

k) A11

b) A2

d) A4

f) A6

h) A8

j) A10

l) A12

Fig. 1. The 12 different aneurysms used in simulations. Streamlines of the velocity at systole on the left, and the corresponding WSS magnitude on the right. The inflow is
from below. Images are created from the reference simulations.
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The traction free case displays only minor changes, comparable
to the changes caused by different viscosity models. The differ-
ences range from �0.012 to 0.028.

Correlation: Shown in Fig. 5 are scatterplots of each metric,
comparing the values from the reference case with those obtained
by the other cases. The linear correlation is very strong for all
cases, with r-values of 0.95 or higher. The differences in viscosity
models give correlation values of 0.995 or higher.

Table 4 shows the correlation matrix between aneurysm type,
sex, parent vessel diameter (D), aneurysm volume (V), aspect ratio
(AR), size ratio (SR), MWSS, AWSS, and LSA. There are no strong
correlations, but there are medium correlations between LSA
and AR (0.72), SR and AR (0.71), AWSS and LSA (�0.63), SR and
V (0.60), D and V (0.59), AWSS and AE (0.52), LSA and SE (0.50), D
and Sex (0.47), Sex and V (0.48), and Sex and AWSS (0.44). The rest
of the correlations are low. Fig. 6 shows the relationship between
the different WSS metrics.

4. Discussion

This study investigates 3 different WSS metrics in 12 cerebral
aneurysms with respect to 2 different inflow conditions, 2 different
outflow conditions, and 4 different viscosity models. The different
WSS metrics showed only weak or medium correlation (�0.06,
0.40 and �0.63) between each other and the other geometrical
metrics. The different viscosity models gave less than 4% change
on an average for the different WSS metrics. Furthermore, the
different viscosity models and boundary conditions all showed
strong correlation (40:95).

The low sensitivity of average WSS with respect to the viscosity
model is consistent with other studies (Gambaruto et al., 2011;
Jiang et al., 2011; Lee and Steinman, 2007), which concern one
single cerebral aneurysm, a canine model aneurysm, and carotid
arteries. Furthermore, neglecting the non-Newtonian effects of
blood may underestimate the average WSS, as well as overestimate
the maximum WSS, which is coherent with the recent study (Chen
and Lu, 2006).

We have investigated 4 different viscosity models, but many
other nonlinear viscosity models have been proposed or consid-
ered (see for example Gambaruto et al., 2011; Chen and Lu, 2006).
However, during this study, we considered seven different viscos-
ity models initially, and similar results were obtained with all
models (Evju, 2011).

Table 1
The viscosity models used in the simulations. The modified Cross and Casson model
parameters are taken from Robertson et al. (2009) and Yeow et al. (2002),
Dintenfass (1985), respectively.

Name Model Parameters

Newtonian μ¼ 0:00345 Pa s
Modified Cross μ̂ ¼ ð1þðλ_γ ÞmÞ�a μ̂ ¼ ðμ�μ1Þ=ðμ0�μ1Þ,

λ¼ 3:736 s; ;m¼ 2:406,
a¼ 0:254; μ0 ¼ 0:056 Pa s,
μ1 ¼ 0:00345 Pa s

Casson
μ¼ τy

_γ
þ2 ffiffiffiffiffiffiffi

μ1
p ffiffiffiffiffi

τy
p
ffiffiffi
_γ

p þμ1
τy ¼ 0:02687 H3 Pa s,

μ1 ¼ η0ð1�TkHÞ�2:5,
η0 ¼ 0:00145 Pa s,
Tk¼ 0:62; ðH¼HematocritÞ.

Fig. 2. The viscosity as a function of the shear rate for the different viscosity
models.

Fig. 3. Normalized waveform.

Table 2
A summary of the parameters used in the different simulations. The simulations
described by the first row is used as a reference for the comparisons with the other
simulations.

Simulation Key Viscosity Inflow condition Outflow condition

Reference Ref. Newtonian 0.75 m/s Resistance
Modified Cross MC Modified Cross Ref. Ref.
Casson, H40 C40 Casson, hct 40% Ref. Ref.
Casson, H38 C38 Casson, hct 38% Ref. Ref.
Traction free TF Ref. Ref. Traction free
Reduced inflow RI Ref. 0.56 m/s Ref.

Table 3
A summary of the reference simulations, with inlet diameter, Reynolds and
Womersley numbers, flow rate, calculated average WSS at the inlet, rupture status
(ruptured/unruptured), type (sidewall/bifurcation), sex, aneurysm volume, aspect
ratio and size ratio.

Aneurysm D
(mm)

Re
(–)

Wo
(–)

Q
(mL/
s)

IWSS
(Pa)

Status Type Sex V
(mm3)

AR
(–)

SR
(–)

A1 3.43 386 2.66 3.40 2.96 U S M 212 1.15 3.04
A2 2.51 248 1.95 1.59 3.54 U B F 33 0.90 1.59
A3 2.49 241 1.93 1.54 3.49 R B F 54 1.80 3.61
A4 2.12 222 1.64 1.21 4.45 U S F 43 1.42 3.08
A5 1.96 209 1.52 1.05 4.92 U S F 13 1.08 1.54
A6 2.55 282 1.98 1.85 3.91 R B M 18 0.79 1.58
A7 3.53 398 2.74 3.60 2.88 R B M 509 1.00 3.95
A8 2.40 264 1.86 1.62 4.14 R B F 278 0.94 3.86
A9 2.24 246 1.74 1.42 4.41 R S F 33 2.10 3.74
A10 2.68 298 2.08 2.05 3.74 R B F 265 0.80 3.32
A11 1.55 159 1.20 0.63 6.00 R B F 24 0.59 1.65
A12 1.74 184 1.35 0.82 5.46 U B M 251 2.25 5.85
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We have assumed the vessel and aneurysm walls to be rigid
and impermeable, which is reasonable for flow and WSS predic-
tion in finite segments of large arteries (Steinman, 2012). Further-
more, we have implicitly used the common assumption that the
flow is laminar through the choice of the numerical solver and
resolution in both time and space, although this assumption has
recently been challenged (Valen-Sendstad et al., 2011). Removing
these simplifications would require additional patient-specific
parameters to be determined and cause a significant increase in
computational time. In addition, these chosen simplifications are
the most common in clinical studies.

The hematocrit levels vary with age and sex (Jacobsen et al.,
2012), with a clear increase in womenwith increasing age. Women
also have increased risk of rupture (Linn et al., 1996; de Rooij et al.,
2007) and it is natural to question whether these natural viscosity
variations can alter the WSS significantly and perhaps help explain
the increased rupture risk. However, as we have seen in this study,

the differences in WSS in MCA aneurysms caused by the different
viscosity models are relatively small compared to the WSS varia-
tions among the different individuals. The sex differences in
rupture risk may be related to the fact that women on an average
have vessels with smaller diameters than men (Lindekleiv et al.,
2010). We found a medium correlation between sex and vessel
diameter and aneurysms volume.

The recent works (Baharoglu et al., 2012; Valen-Sendstad et al.,
2012b) suggest that the flow differs in bifurcation and sidewall
aneurysms. However, in our current study, there are only weak
correlations between the aneurysm type and the different metrics.

Recently, clinical researchers have expressed scepticism towards
CFD analysis despite years of enthusiasm. The scepticism arose
mainly because of the overwhelming number of models and flow
characterizations described in a rapidly growing number of papers
on the topic, c.f. e.g. the editorial in AJNR (Kallmes, 2012) and its
response from CFD practitioners (Robertson and Watton, 2012;

Fig. 4. The different WSS metrics for the different aneurysms, viscosity models and boundary conditions. From top to bottom, the AWSS, MWSS, and LSA values are
displayed.
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Cebral and Meng, 2012). Based on our study, different WSS metrics
do not have strong correlation and it is therefore important to find
the right WSS metrics. On the other hand, the different viscosity
models and boundary conditions correlate strongly.

5. Conclusion

This study shows that the different viscosity models and boun-
dary conditions correlate strongly for three different WSS metrics.
The correlation between the different WSS metrics ranges from
weak to medium. No strong correlations were found between the
different WSS metrics and the geometrical metrics or classifications.

Conflict of interest statement
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Fig. 5. Scatterplots of each metric, comparing the values from the reference case
with those obtained by the other cases.

Table 4
Correlations between parent vessel diameter, aneurysm type, sex, aneurysm volume,
aspect ratio, size ratio, MWSS, AWSS, and LSA for the reference simulations.

D Type Sex V AR SR MWSS AWSS LSA

D 1.00 0.01 0.47 0.59 �0.21 0.08 0.50 0.70 �0.38
Type 1.00 �0.13 �0.32 0.28 �0.12 0.07 �0.36 0.15
Sex 1.00 0.48 0.09 0.30 0.13 0.44 �0.19
V 1.00 �0.05 0.60 0.07 0.21 �0.21
AR 1.00 0.71 0.38 �0.52 0.72
SR 1.00 0.19 �0.39 0.50
MWSS 1.00 0.40 �0.06
AWSS 1.00 �0.63
LSA 1.00

Fig. 6. Scatterplots of the different WSS metrics for the references simulations.
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