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In experiments turbulence has previously been shown to occur in intracranial aneurysms. The effects of

turbulence induced oscillatory wall stresses could be of great importance in understanding aneurysm
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rupture. To investigate the effects of turbulence on blood flow in an intracranial aneurysm, we

performed a high resolution computational fluid dynamics (CFD) simulation in a patient specific middle

cerebral artery (MCA) aneurysm using a realistic, pulsatile inflow velocity. The flow showed transition

to turbulence just after peak systole, before relaminarization occurred during diastole. The turbulent

structures greatly affected both the frequency of change of wall shear stress (WSS) direction and WSS

magnitude, which reached a maximum value of 41.5 Pa. The recorded frequencies were predominantly

in the range of 1–500 Hz. The current study confirms, through properly resolved CFD simulations that

turbulence can occur in intracranial aneurysms.

& 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Stroke is a leading cause of death in the Western world (Feigin,
2005). One reason for stroke is the rupture of aneurysms usually
found in or near the Circle of Willis, an arterial network located at
the base of the brain. It is estimated that 1–6% of the population
will harbor aneurysms during their lifetime (Schievink, 1997), and
that the average risk of rupture is 1–2% annually (Rinkel et al.,
1998). The initiation, growth, and rupture of intracranial aneur-
ysms is a complex and multi-factorial process. Population studies
have shown that aneurysm rupture is influenced by, e.g., age,
gender, smoking, alcohol consumption, hormonal factors, and a
mother’s age when the first child is born, cf. (Eden et al., 2008;
Kongable et al., 1996; Mhurchu et al., 2001; Brisman et al., 2006;
Weir, 2002; Schievink, 1997; Longstreth et al., 1994; Humphrey,
2001). The precise mechanism however is still not known. It is
well-known that arteries remodel themselves according to flow
conditions (Chien, 2007). For example, blood vessels thicken if
blood pressure rises, is lengthened with axial loads, or increase
internal diameter with high values of WSS. In addition, if the WSS
exceeds a limit of 40 Pa, the endothelial cells are believed to be
ll rights reserved.
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damaged, and an aneurysm might form (Davies et al., 1986; Fry,
1968).

Blood flow in cerebral arteries is a complex phenomenon.
Establishing adequate computational flow models that are of
clinical relevance has been an active area of research the last
decades. Many studies focus on the relevance of nonlinear
rheology (Johnston et al., 2006; Fisher and Rossmann, 2009;
Kim et al., 2008; Gijsen et al., 1999; Lee and Steinman, 2007;
Galdi et al., 2008), and perhaps the most active area is interaction
between blood flow and elastic vessel walls (Gerbeau et al., 2005;
Heil, 2004; Bazilevs et al., 2010). There has been remarkably little
focus on the presence of turbulence in cerebral arteries, and the
assumption of laminar flow is commonly accepted. The clinical
relevance of determining whether a flow is turbulent is revealed
when examining the effects of turbulent flows. A turbulent flow
may produce highly increased magnitude of WSS, increased
frequency at which the WSS changes direction and local pressure
fluctuations. The resulting cell remodeling under such flow
conditions is currently unknown.

Turbulence has previously been shown to occur both in the
aorta (Khanafer et al., 2007) and in a stenosed carotid artery
(Lee et al., 2008). Audible sound, which implies turbulence, has
successfully been recorded from saccular aneurysms in dogs
(Sekhar et al., 1990) and humans (Ferguson, 1970; Kurokawa
et al., 1994). The lowest recorded Reynolds number where
turbulence occurred, Rec, in glass models of human intracranial
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arteries (Roach et al., 1972), was less than 500 with a bifurcation
angle of 1801 and an aneurysm present in the bifurcation. This
result strongly contrasts the commonly accepted Rec¼2300 in
stationary pipe flow (White, 1999).

There seems to be a gap between the cited experiments and
the most of the hemodynamic simulations that are performed.
The current work will therefore address the presence of turbu-
lence in an middle cerebral artery (MCA) aneurysm. The motion of
a fluid is mathematically described by the Navier–Stokes equa-
tions, and a Direct Numerical Simulation (DNS) is performed if all
characteristic scales of a turbulent flow are included in the
simulation (Wilcox, 2002; Pope, 2000; Durbin and Reif, 2001).
A properly executed DNS can capture physically complex phe-
nomenon like transition to turbulence and relaminarization. The
objective of the present study is to determine if turbulence can
occur in an intracranial MCA aneurysm, and to determine the
effects of the turbulence on the aneurysm wall, using DNS.
2. Methodology

2.1. Imaging and patient data

An MCA aneurysm from a patient treated at the Department of Neurosurgery,

University Hospital of North Norway during the period 2006–2008 was chosen for

patient-specific modeling. The aneurysm was retrieved by searching for MCA

aneurysms in an aneurysm quality register, cf. (Lindekleiv et al., 2009). The

register was approved by the local ethics committee and the data inspectorate,

and the involved patient gave consent for the use of imaging and clinical data.

Three-dimensional (3D) imaging of the intracranial arteries and the aneurysm was

obtained by computed tomography angiography (CTA). The CTA examination was

performed on a 16 multi-detector row spiral computed tomography scanner

(Somatom Sensation 16, Siemens, Erlangen, Germany).

The patient-specific geometry was recreated on a computational mesh using

the Vascular Modeling Toolkit (Vascular Modeling Toolkit, 2004). The geometry is

shown in Fig. 1. We included as much as possible from the vessel to create realistic

inlet and outlet conditions (Castro et al., 2006). In addition, the vessels have been

extrapolated with a length of 10 diameters to reduce the boundary artifacts

influencing the flow. Three computational mesh sizes consisting of 1, 3.1 and

5.5 million tetrahedrons were used. To assess whether or not the flow field was

properly resolved, the grid resolution was quantified in terms of the viscous length

scale, computed as

lþ �
u%Dl

n : ð1Þ

Here, Dl is a local length scale that represents the averaged extent of the

tetrahedron grid cell Dl¼ 12=
ffiffiffi
2
p
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friction velocity, un, is given as
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Fig. 1. Patient-specific geometry illustrated as a 20% opaque surface. The sphere,

P, indicate where the velocity and pressure have been measured. The parent artery

is the M1 segment of the MCA and ’D’ indicates the diameters.
where Sij is the shear deformation rate and where Einstein’s summation conven-

tion is used. If lþ ¼ 1, then the average grid size Dl equals the viscous length scale

which is the smallest spatial scale at which turbulent fluctuations can persist.

Since we are not considering an almost unidirectional flow, the usual classifica-

tions of the viscous scales in three different spatial dimensions are not straightfor-

ward (Durbin and Reif, 2001; Pope, 2000; Wilcox, 2002). Instead we have assumed

that lþ �Oð1Þ in any direction is sufficient as an indication of a proper grid

resolution. Inside the aneurysm dome lþ � 2 on the finest mesh. Similarly, we

computed

tþ �
n

u2
%

, ð3Þ

where tþ is the smallest time scale in a turbulent flow. In our simulation tþr2:2.

The diameter of the aneurysm is 8.2 mm and the height is 9.1 mm, measured

when the dome was extracted from the artery, similar to Ford et al. (2009). The

parent artery is the M1 segment of the MCA and has the diameter (D) 2.68 mm.

The daughter vessels are 2.38 and 1.67 mm in diameter respectively. Based on the

parent artery in Fig. 1 and the inflow velocity (U ) in Fig. 2 the corresponding mean

and maximum Reynolds numbers (UD=n) are 436 and 697 respectively, where the

kinematic viscosity is n¼ m=r, see Section 2.2. With a heart rate of 60 beats per

minute, the angular frequency (o) is 0:002 p=ms, and the Womersley number,

D=2ðo=nÞ1=2, is 1.8.
2.2. Computational fluid dynamics simulations

To simulate the flow, we solved the incompressible Navier–Stokes equations

(Durbin and Reif, 2001; White, 1999), using the numerical solver CDP (CDP),

which is a finite volume code developed at Stanford University. CDP uses a second

order accurate node-based finite volume discretization in space and advances the

equations in time using a second order accurate incremental pressure corrections

scheme (Goda, 1979), with Adams–Bashforth treatment of the convective term,

and a (midpoint) Crank–Nicolson discretization for the diffusive term. The blood

density and viscosity were set to r¼ 1025 kg=m3 and m¼ 0:0035 Pa s, respec-

tively. The time step was set in reference to the smallest mesh sizes and varied

from 0.1, 0.05 to 0.025 ms. Since the smallest viscous scales of the flow can be

assumed to be resolved, no explicit turbulence model was applied. The simula-

tions were performed on 32 CPUs, and each cardiac cycle required 12 h of

computational time, resulting in roughly 5000 CPU hours. Due to the computa-

tional cost, we were restricted to simulating 13 heartbeats, where the reported

values are taken from the last 12 cycles computed on the finest grid.
2.3. Boundary conditions

Fig. 2 shows the waveform from a patient of equivalent age, which was used as

the inflow boundary condition. The values have been adjusted to fit the minimum,

mean and maximum values obtained by Krejza et al. (2005) where the MCA

velocities of 335 people were measured. It should be noted that any transition

occurring inside the aneurysm is most likely caused by local flow conditions

rather than pre-determined fluctuating modes of the inflow boundary conditions,

see Fig. 2. On the outlets we used a non-reflecting boundary condition with an

equal flux division between the daughter vessels. This particular choice was made

since the pressure drop in the main cerebral arteries, such as in the MCA, is
Fig. 2. The figure shows the inflow velocity profile with red points indicating the

time from where Figs. 3, 4 and 8 are made at T1¼250 ms and T2¼300 ms. (For

interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)
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dominated by the resistance in the complex downstream vasculature, cf.

(Alastruey et al., 2007; Vignon-Clementel et al., 2006).

2.4. Turbulent kinetic energy

To derive the specific turbulent kinetic energy (TKE), we decompose an

instantaneous velocity component, ui, as,

ui ¼ uiþui
0 , ð4Þ

where ui and ui
0 are the mean and fluctuating velocity components respectively in

the xi direction. The TKE is then defined as:

k¼ 1
2ðui

0ui
0Þ , ð5Þ

where the overline represents ensemble (phase) average quantities.

2.5. Convergence tests

To assess whether or not the resolutions in both space and time are sufficient,

we also measured the integral of the (pseudo) dissipation rate (E) within the

computational domain (Pope, 2000, Chapter 5),

E¼

Z
O
e dO, ð6Þ

where e¼ nðð@ui=@xjÞð@ui=@xj ÞÞ. For the two finest meshes with the time step set to

0.025 milliseconds, E varied with less than 1% between the meshes. Combined

with lþ � 2 and tþr2:2 , we considered this to be sufficient evidence that all

spatial and temporal scales were adequately resolved.
3. Simulation results

3.1. Flow

The parent artery bends slightly and the flow entered the
dome at an angle. Due to a narrowing of the parent artery just
before the aneurysm dome, the velocity field exhibited a local
maximum just after entering the aneurysm. The flow was similar
at the start and end of the heart cycle, with a single vortex in the
center of the domain. However, during the heart cycle the
position where the flow impinged onto the opposing wall chan-
ged and as a consequence the entire flow changed. From peak
systole through to the deceleration phase several complex vor-
tical structures arose. The flow underwent several regimes from
laminar, to transitional, turbulent, then finally back to laminar
again. The flow patterns at the specific times indicated in Fig. 2,
are shown in Fig. 3. The vorticity, ~o �r � ~u, is shown as a scalar
field in Fig. 4, and illustrates highly complex turbulent structures
which are dampened towards diastole. In Fig. 5 measurements
from two cycles in P of all three velocity components (top), as
Fig. 3. Flow patterns [mm/ms] visualized as a slice through the aneurysm dome with a

velocity vectors change significantly both in the center of the dome and in the high cu

time, in the latter regions.
well as pressure is shown. The peak pressure fluctuations are at
roughly 200 Pa which corresponds to 1.5 mmHg, at a frequency
of 100 Hz.

3.2. Turbulent kinetic energy

Fig. 5 shows the three velocity components measured in P for
two cardiac cycles, cf. Fig. 1. The flow is highly complex, and
analysis revealed that the flow exhibits a transition to turbulence
after peak systole. This can be explained by the fact that during
the acceleration phase local flow instabilities were dampened,
whereas during the deceleration phase, the instabilities had a
tendency to grow. This is fully consistent with earlier findings
(Juárez and Ramos, 2003), and visible in Fig. 6 where the u1

component of the velocity from the last four cycles has been
superimposed. The flow is highly complex, and differed signifi-
cantly after peak systole. The ensemble averaged TKE measured in
P obtained from 12 cycles is shown in Fig. 7 (top), along with the
corresponding frequency spectrum (bottom) of the last 3/4 cycle.
The results in Fig. 7 confirm that the flow remains laminar until
peak systole and that the peak turbulent kinetic energy occurs
roughly 100 ms after peak systole. The frequency spectrum shows
that the flow exhibits time variations up to about 5000 Hz.

3.3. Wall shear stress

The WSS in this aneurysm had a peak value of 41.5 Pa where
the flow impinged at peak systole, but the peak WSS value and
the impingement point changed throughout the cycle. At the back
of the aneurysm dome, relative to where the flow impinged, the
flow was highly oscillatory and the WSS showed complex, chaotic
behavior in time and space. By comparing regions of the aneur-
ysm dome at different time steps, it is clear that the WSS direction
changes several times during a heartbeat. Fig. 8 shows the WSS
magnitude at the surface of the aneurysm. The highly complex
and detailed WSS pattern changes significantly during only 50 ms,
as can be seen at T1 to the left and T2 to the right in Fig. 8.
4. Discussion

In the aneurysm used in the current study, there are three
main reasons why the flow exhibited a non-laminar behavior.
First, the volume of the aneurysm dome is relatively large,
264 mm3. As the blood entered the dome, the increased volume
rrows indicating flow direction at times T1–T2. The direction and magnitude of the

rvature regions near the wall. Recirculation zones also appear and disappear with



Fig. 4. The magnitude of the vorticity [1/ms] is visualized as a slice through the aneurysm dome at times T1–T2.

Fig. 5. The top half of the figure shows velocity measurements in u0 ,u1 and u2 directions for the point P shown in Fig. 1 over two heartbeats. The bottom half of the figure is

the corresponding pressures at this location.
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resulted in less confinement of the jet and the flow therefore had
an increased tendency to become more unstable. Second, strong
shear forces developed due to the large velocity gradients, as the
high speed flow entered the dome. This caused the flow field to
undergo shear induced instabilities. Third, the shear instabilities,
which are of the Kelvin–Helmoltz type, resulted in a series of
(primary) vortices which dominates the dynamics of the jet. After
these impinge on the aneurysm wall they lead to an unsteady
separation, cf. (Popiel and Trass, 1991). All three effects contribute
to an increased likelihood for transition to turbulence.

In a previous CFD study of 20 MCA aneurysms, the maximum
WSS was found to be 14.3976.21 Pa (Shojima et al., 2004). The
maximum WSS in the current case was significantly higher
(41.5 Pa). The exact reasons for these differences are not known,
but it could be the patient-specific geometry. In Shojima et al.
(2004) the average mesh consisted of 60.000 hexahedral elements
and a time step of 10�4 s, whereas here we use 5.5 million
tetrahedrons and a time step of 2.5�10�5 s. This time step could
not have been larger, since the flow had only just been fully
resolved.
The other main difference is the boundary conditions, which
have been a focus of research in recent years. In Shojima et al.
(2004), a traction-free boundary condition was applied at the
outlets, whereas we have applied an equal mass flux on the
outlets, more consistent with Alastruey et al. (2007). The com-
puted flow is obviously sensitive to the choice of boundary
conditions, and the results will therefore be conditional to the
outflow boundary conditions. The outflow in this paper is dis-
cussable, but measurements are often not available or difficult to
perform. More advanced models have been proposed in, e.g.,
(Alastruey et al., 2007; Vignon-Clementel et al., 2006; Olufsen
et al., 2002; Olufsen, 1999; Alastruey et al., 2008; Steele et al.,
2007). Tests revealed however that the main finding in the
current study, which is that the flow shows transition to turbu-
lence, does not change.

The present study has been limited to a Newtonian description
of the blood, but the effects on the flow are believed to be small
for arteries in the vicinity of the Circle of Willis (Lee and
Steinman, 2007). We have also assumed rigid, impermeable walls
when the actual process involves an interaction between the



Fig. 6. The figure shows the u1 velocity component, measured in P, from the last four cycles (labeled c9–c12) for a small period of time close to peak systole which occurs

at t¼226 ms. Small cycle to cycle variations occur just before peak systole (TKE is less than 10�4), but differ greatly as the inflow decelerates, cf. Fig. 7. This departure

between the signals quantifies the existence of turbulence.

Fig. 7. The top half of the figure shows the average TKE based on 12 cycles, and the bottom half of the figure is the frequency spectrum.
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blood flow and the surrounding tissue. The relative wall displace-
ment in MCA aneurysms has previously been shown to be 10–15%
(Bazilevs et al., 2010). Additionally, since patient-specific flow
rates were not available, we used a realistic waveform with
average flow rates taken from Krejza et al. (2005).

Recent DNS simulations of hemodynamics have shown that
the turbulent kinetic energy might produce eddies that approach
the length scales of red blood cells (RBC) which are 8 mm in
diameter. As pointed out by Antiga and Steinman (2009) it is
highly likely that viscous effects due to RBC interaction will occur,
and a DNS where the smallest length scales approach RBC might
therefore produce unreliable results. In the current study, the
smallest length scales were Z� 0:065 mm which was roughly
eight times larger than the RBC diameter.

We have demonstrated computationally that turbulence can
be present in an intracranial aneurysm. Consequently, turbulence
and its subsequent effects on the arterial wall should be con-
sidered in future simulations to describe the blood flow
adequately.
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Fig. 8. WSS [g/ms2 mm] at times T1 (left) and T2 (right) at the top of the aneurysm dome shows how the flow changes significantly over the short time span of 50 ms.
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