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Abstract Precise locations of rupture region under con-
trast agent leakage of five ruptured cerebral artery aneurysms
during computed tomography angiography, which is to our
knowledge for the first time, were successfully identified
among 101 patients. These, together with numerical simu-
lations based on the reconstructed aneurysmal models, were
used to analyze hemodynamic parameters of aneurysms
under different cardiac cyclic flow rates. For side wall type
aneurysms, different inlet flow rates have mild influences on
the shear stresses distributions. On the other hand, for branch
type aneurysms, the predicted wall shear stress (WSS) corre-
lates strongly with the increase of inlet vessel velocity. The
mean and time averaged WSSes at rupture regions are found
to be lower than those over the surface of the aneurysms.
Also, the levels of the oscillatory shear index (OSI) are higher
than the reported threshold value, supporting the assertion
that high OSI correlates with rupture of the aneurysm. How-
ever, the present results also indicate that OSI level at the
rupture region is relatively lower.
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1 Introduction

Intracranial aneurysms pose a major threat to a patient’s life,
because of the disastrous complications that can arise if they
rupture. Accurate criteria for predicting aneurysm rupture are
important for therapeutic decision-making, and some clini-
cal and morphological factors may help to predict the risk
for rupture of unruptured aneurysms, such as sex, size and
location [1-4].

Hemodynamic factors and morphology parameters are
considered to be among the primary contributors to aneurysm
rupture [5]. Dhar et al. [6] and Ma et al. [7] identified
image-based morphological parameters that correlate with
human intracranial aneurysm rupture Hemodynamic factors
and morphology parameters are considered to be among the
primary contributors to aneurysm rupture [5]. Dhar et al. [6]
and Ma et al. [7] identified image-based morphological para-
meters that correlate with human intracranial aneurysm rup-
ture, such as aspect ratio (AR), non-sphericity index (NSI)
and undulation index (UI).

Based on 3D imaging and simulation technology, patient-
specific hemodynamics analysis has become feasible [8—
11]. The aneurysmal hemodynamic factors, such as wall
shear stress (WSS) and oscillatory shear index (OSI), have
been proposed as indicators of aneurysm rupture risk [12,
13]. However, opposing hypotheses have shown that high
[12] or low [13] WSS is responsible for aneurysm rup-
ture. Shojima et al. [14] have demonstrated that maxi-
mal WSS tends to occur near the neck of an aneurysm,
rather than in the tip or bleb, and that the average WSS
for an aneurysm region is significantly lower than that
for the vessel region. Additionally, Jou et al. [15] found
that ruptured aneurysms had a greater portion of their sur-
face under low WSS than unruptured aneurysms (27 vs.
11 %).
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It should be noted that rigid wall was adopted in most
previous studies. However, development of numerical algo-
rithm [16,17] allows the simulations of the fluid and struc-
ture interaction within the cerebral aneurysms [18-23] and
explores its influence on the aneurysm hemodynamic fac-
tors. For example, Valencia [18] showed that the predicted
maximum WSS with elastic wall could be 50 % lower than
its rigid wall counterpart. Also, Torii et al. [19] indicated
that the reduction was particularly evident in impingement
type flow. Strategy as how to enhance the calculations of
WSS and OSI was addressed by Takizawa et al. [20]. Torii et
al. [22] further examined the influencing factors during FSI
on the WSS distribution and the impact of the arterial and
aneurysm geometries was deemed to be most significant. A
review of fluid-structure modeling of patient specific cerebral
aneurysm can be found in [24].

On the other hand, localizing the rupture point is essen-
tial in studies investigating the hemodynamic forces poten-
tially responsible for the rupture of aneurysms. However, the
rupture point could not be accurately identified in previous
studies, which were reliant upon indirect observations. Some
have suggested that small blebs or daughter sacs are points of
rupture, while others have identified the rupture point from
observations of the aneurysm during operations. Neither of
these methods can accurately localize the true point of rup-
ture. In [25], it was showed that the rupture point is located
in a low WSS region of the aneurysm wall. However, the
determination of the rupture point was not obtained from
contrast agent leakage identified from the computed tomog-
raphy angiography (CTA) images.

Based on the above, there are two goals of the present
study. The first one is to detect the location of the aneurysm
rupture from the patient’s CTA images during contrast agent
leakage. Up to now, to our knowledge, there is no reported
study in identifying the location of the aneurysm rupture
through CTA images at contrast agent leakage. The second
goal is to clarify the association between aneurysm rupture
points and hemodynamic features, such as WSS and OSI
through numerical simulations of the dyanmic fields within
the aneurysms. Since now the location of the aneurysm rup-
ture can be identified from CTA images, it is hope that the
present study could help to clarify whether high or low WSS
promotes the rupture of aneurysms and confirm the previ-
ously proposed morphological parameters [6] in diagnosing
aneurysm rupture risk.

2 Materials and Methods
2.1 Subject

This study included 5 patients, 2 females and 3 male aged
between 53 and 80 years, with ruptured middle cerebral
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artery aneurysms treated by neck clipping from among 101
patients. Contrast extravasation during CTA was observed in
5 of these patients. 3D CTA was performed in all patients.
Only 3D images of sufficient quality for accurate segmen-
tation and reconstruction were included. The study protocol
was approved by the local ethics committee.

2.2 Imaging

CT scanning was performed with a multisection spiral CT
scanner (Somatom Sensation 16; Siemens Medical Solution,
Forchheim, Germany). A power injector was used to inject
100 ml of nonionic iodinated contrast material (Omnipaque
350; GE Healthcare Ireland, Cork, Ireland) at a flow rate
of 3.5 mL/s. The scanner’s integrated bolus tracking method
was used for bolus timing. The spiral scan was initiated when
a 100 HU threshold was reached within the region of interest.
A collimation of 16 x 0.75 mm with a table feed of 18 mm
was used for the spiral scan, which covered the area from the
aorta to the vertex of the skull. The image reconstruction was
performed with a section thickness of 0.75 mm, an increment
of 0.7 mm, and a 180-mm? field of view. Thus, both the
circle of Willis and posterior inferior cerebellar arteries were
completely included within the column. The resulting voxel
size was 0.35 x 0.35 x 0.7 mm>.

2.3 Image reconstruction and processing

Digital images were transferred to a Macintosh worksta-
tion, and 3D vessels were reconstructed with the volume-
rendering algorithm of open-source software OsiriX. The
contrast leakage in each of the 5 patients could be seen as a
string connecting to the aneurysm shown in Fig. 1. The skull,
calcification of vessel wall, and soft tissue in the source CTA
image were removed manually. Surface irregularities result-
ing from partial volume effects, truncated small arteries as
well as other noise were also corrected manually using Amira
(TGS, Inc., San Diego, CA). Table 1 displays the geometric
details of the aneurysms.

2.4 Rupture points

No previous study reported the location and consequently the
area of the ruptured point during contrast agent leakage. In
this study, the precise point of contrast agent leakage was suc-
cessfully identified from the CTA images, as shown in Fig. 1.
However, the area of the rupture point is still not determined.
Here, this is estimated to be 1-5% of the aneurysm surface
and the corresponding surface areas are shown in Table 2.
Figure 2 shows the rupture area based on this criterion. Sen-
sitivity study on the predicted hemodynamic quantities is
conducted in the latter section to explore its influence.
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Fig. 1 Images of aneurysms
from CTA during contrast agent
leakage for cases A and B

Table 1 Geometrical properties for all patients

Case  Size (mm)  Volume (mm?) Surface (mm?)  Location
A 9.1 187.3 154 ACOM
B 16.5 1009.3 580 PCOM
C 13.8 4374 231 BA

D 4.5 44.6 64 PCOM
E 7.9 139.8 119 MCA

ACOM anterior communicating artery, PCOM posterior communicat-
ing artery, BA basilar artery, MCA middle cerebral artery

Table 2 Ruptured area of 5, 2.5 and 1 % aneurysm surface for all
patients

Case 5 % area 2.5 % area 1 % area
(mmz) (mmz) (mmz)
A 7.70 3.85 1.54
B 29.0 14.5 5.80
C 11.6 5.80 2.31
D 3.20 1.60 0.64
E 5.95 2.96 1.19
Aneurysm

S

5% rupture area

2.5% rupture area

Fig. 2 Rupture point area of aneurysm

2.5 Shape indices

Here, the morphological parameters explored, namely the
AR, non-spherical index, and UlI, are introduced, where the

latter two are functions of the aneurysm volume (V), surface
area (S) and its convex hull [7]. The convex hull volume
(Vep) is defined as the mimimum volume surrounding the
aneurysm with convex hull surface (S.,). The volume and
surface area of the convex hull for each aneurysm studied
are computed using the Convex Hull calculator in ANSYS
ICEMCFD (ANSYS, Berkeley, CA).

AR is the ratio of the maximum perpendicular height to
the average neck diameter. The NSI is defined as,

B s v2/3
NSI =1~ (18m)!"—— N

where V and S are as defined earlier, the volume and sur-

face area of the aneurysm, respectively. NSI increases as the

geometry of aneurysm deviating from the spherical shape.
The Ul is defined as,

Uulr=1-

@
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UI characterizes undulation of the aneurysm wall.

3 Numerical solution
3.1 Volumetric mesh generation

Computational grids based on five reconstructed aneurysm
models were generated using ICEMCFD software (ANSYS,
Berkeley, CA). The grids consist of 60,545-2,041,093 tetra-
hedral elements with 0.3-mm maximum element size in the
aneurysm. Figure 3 shows the built grids and Table 1 dis-
plays the geometric details of the aneurysms. Solid lines on
the aneurysm surfaces are the 5% rupture surface area.
Figure 4 shows the meshes at the inflow plane, showing
respectively four and five structured refined meshes near the
wall. Table 3 depicts the predicted mean WSS distribution
within the aneurysm with zero, one, two, three, four and five
layers of refined fluid mechanics mesh near the walls. The
mesh resolution does influence computed WSS values, as
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Fig. 3 Computational mesh of
intracranial aneurysms
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Fig. 4 Cardiac cyclic inlet conditions for simulations

shown in Table 3. However, the predicted WSS value sat-
urates beyond four layers of near wall mesh. Thus, in the
present study, five layers of refined mesh near the wall region
are adopted.

3.2 Hemodynamic models

In the present simulations, it is assumed that blood is an
incompressible, Newtonian fluid and that the flow is lami-
nar and isothermal. The assumption of Newtonian behavior
is based on the findings of Perktold et al. [26] and others
who found minimal changes in arterial flow patterns when
non-Newtonian effects were included. For such a fluid, the
continuity and Navier-Stokes equations are as follows:
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Table 3 The WSS values calcu-

MWSS on
aneurysm (Pa)

lated for refined fluid mechanics Case
mesh near the arterial walls

0 layer 3.80
1 layer 3.22
2 layers 3.35
3 layers 3.38
4 layers 3.40
5 layers 3.40
P 3)
ax,-
2
Bgu, opuiu; _ _oP Ma_u; @
t ox; 0x; axj

where u; is the velocity, p is the fluid density, P the pressure,
and p is the fluid viscosity. The 3D unsteady Navier-Stokes
equations were solved by using the finite control volume
software, ANSYS-CFX 14.0 (ANSYS, Berkeley, CA). The
second-order upwinding advection scheme was used. The
time advancement is based on the implicit scheme and the
algebraic multigrid method is adopted to solve for the lin-
ear equations. As mentioned earlier, blood was modeled as
an incompressible Newtonian fluid with a density of 1,050
kg/m> and a viscosity of 3.5 x 1073 kg/m s. The minimum
time-step was 0.01 s (for a 0.8 s cycle). The given boundary
conditions were the no-slip and rigid condition on the wall,
and zero pressure at the outlet.

Two cardiac cyclic volumetric flow rates respectively from
posterior artery [27] and internal carotid artery [28] and one
cyclic velocity profile were used as inlet conditions for the
simulations, as shown in Fig. 5. The cyclic velocity profile
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t Table 4 Calculated morphological parameters

1 Case AR Ul NSI

A 2 0.09 0.24

B 4 0.23 0.65

Patient’s artery A C 2.3 0.15 0.24

PHEHRYSIN D 3.7 0.08 0.32

E 1.4 0.18 0.14

Threshold [6] 14 0.05 0.16

100D

"4
/ ‘ \
Extend artery
/
1}

Fig. 5 Computational model of intracranial aneurysms

is the inlet velocity of case B determined form the inter-
nal carotid artery volume flow rate. Since the inlet cross-
section varies, the same flow rate would generate different
inlet velocity. Thus, velocity inlet would provide indication as
how this boundary conditions affect the results. WSS-based
scaling technique for specifying more realistic volumetric
flow rate at the inflow boundary was introduced recently by
Takizawa and Tezduyar [24]. This technique is worth inves-
tigated in future study.

In general, the inlet section is not circular. A special
mapping technique was proposed by Takizawa et al. [21]
to specify the velocity profile at an inflow boundary for a
non-circular shape artery. In the present study, the inlet and
outlet are placed at least 100 artery diameters upstream and
downstream of the aneurysm, as shown in Fig. 6. This allows

Fig. 6 Mesh at the inflow plane
for two layers and five layers
near the wall
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the inlet profile to become fully developed before it reaches
the aneurysm and prevents the downstream influence on the
internal flow. Also, the cutting planes at the artery inlets
and outlets are perpendicular to the flow direction, as shown
Fig. 6.

Unsteady simulations were initialized from a steady-state
solution based on end diastolic flow rates. No data were ana-
lyzed until after the five cardiac cycles, since it was deter-
mined by computational experiment that five cycles were
sufficient to nullify the transient artefact generated by the
initial conditions. All simulations were run in parallel on
AMD Opteron 6174 2.2GHz 64-bit 8§ core processors on Acer
ARS85 F1 Cluster. The average time required to solve five
cardiac cycle with the meshes considered was approximately
10 hour.

3.3 Hemodynamic parameter

Two hemodynamic parameters were investigated here, i.e.
time averaged wall shear stress (TAWSS) and OSI, which can
be calculated from the simulated flow fields. The TAWSS for
pulsatile flow was calculated by integrating the WSS at each
node over the cardiac cycle [29]:

T
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T
0
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Table 5 Mean wall shear stress

(MWSS) at the rupture point Case Aneurysm Ruptured point (Pa) Ruptured/aneurysm (%)
M % e 1% 5w 25w 1%
Peak systole (t=3.3 s)
A 18.11 17.79 17.73 13.94 98 98 77
B 0.88 0.07 0.06 0.05 7 7 6
C 1.97 0.31 0.24 0.20 16 12 10
D 75.35 24.93 17.90 18.05 33 24 24
E 8.95 343 2.84 2.76 38 32 31
End diastole (t =4 s)
A 5.20 4.96 491 3.93 95 94 76
B 0.34 0.03 0.03 0.02 9 8 7
C 0.70 0.17 0.13 0.10 25 19 15
D 16.05 6.12 6.00 6.52 38 37 41
E 243 1.23 1.10 1.09 50 45 45
Wall Shear Wall Shear

Wall Shear
50.0

45.0
40.0
35.0
30.0
25.0
20.0
15.0
10.0
5.0

0.0
[Pa]

50.0
H 45.0
40.0

35.0
30.0
25.0
20.0
15.0
10.0
5.0

0.0
[Pa]

Wall Shear

50.0
H 45.0
40.0

1 35.0
30.0
25.0
20.0
15.0

50.0
H 45.0
40.0

[ 35.0
30.0

Wall Shear

50.0
H 45.0
40.0

35.0
30.0
25.0
20.0
15.0

Fig. 7 Mean WSS on aneurysm at peak systole phase with posterior artery flow rate

where 7 is the instantaneous shear stress vector and T is the
duration of the cycle. WSS is obtained from the ANSYS
built function. OSI, a nondimensional parameter, measures
the directional change of WSS during the cardiac cycle
[14]:

1 ‘foT Tdt‘

0SI=-|1 ()
2 i Izldr

OSI is often used to describe the disturbance of a flow
field.
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4 Results and discussion

Aswas indicated previously, morphological parameters, such
as AR, UI, and NSI can be used to diagnose the possibility of
aneurysm rupture risk. It is thus beneficial here to examine
the current values of the examined cases against the optimal
thresholds of aneurysm rupture, i.e. AR = 1.4, NSI = 0.16,
UI = 0.05 reported in [6]. By reference to Table 4, the cur-
rent values of AR, UI and NSI are respectively between 1.4
and 4.0, 0.08 and 0.23 and 0.14 and 0.65, which are signifi-
cantly higher than the reported optimal thresholds. Since the
present cohorts are rupture aneurysms, so the results are not
surprising.
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Fig. 8 Streamline distributions of intracranial aneurysm at peak systole phase with posterior artery flow rate

Case A t=3.3s
Wall Shear
30.0
27.0
240
21.0
Mean |,
15.0
WS S 120
9.0
6.0
30
0.0
[Pa]
Pressure
37548
3646.5
3538.2
3430.0
33217
P 32134

3105.1

2996.9

2888.6

2780.3

2672.1
[Pa]

t=3.65 t=4s

Wall Shear
300

Wall Shear
30.0

270
240
210
18.0
15.0
120
9.0
6.0
30
00

Pressure
1755.5

1709.2
1662.9
1616.5
1570.2
1523.9
14776
1431.3
1385.0
1338.7
1292.4
[Pa]

Pressure
9325
9134
894.3
8752
856.0
8369
8178
798.6
7795
7604

7413
[Pa)

Fig. 9 Mean WSS and pressure on aneurysm at four cardiac cyclic phases (t = 3.3, 3.45, 3.6 and 4 s) in posterior artery flow rate

Table 5 shows the predicted MWSS of the complete
aneurysm and rupture point areas at both the peak systole
and the end diastole. Based on the present aneurysm loca-
tions (Table 1), the posterior artery flow rate was used at the
vessel inlet, as shown in Fig. 5. In [13-15,25], lower WSS
was deemed to correlate with aneurysm rupture, however that
was based on the MWSS of the aneurysms. Here, at both
phases, the present study further indicates that the MWSS at
the rupture area is lower than the whole aneurysm, and this
was also observed in [25]. In general, the reduction is more
than 50 %, exceptin case A. If the 1 % rupture area is adopted,
case A is around 77 % of the MWSS of the whole aneurysm.

Figure 7 shows the corresponding predicted MWSS on
the aneurysm wall, where as expected lower level of WMSS
is present near the rupture points. Further examination of
the streamline patterns shown in Fig. 8 reveals the the com-
plex recirculating vortices in the aneurysms. There are two
branch type aneurysms (A and D) and three sidewall types
(B, CandE). For the branch type aneurysm A, part of the inlet
stream impacts near the rupture point, whereas in aneurysm
D, impact point of the inlet stream is away from the rup-
ture area. However, the inlet stream transports a higher level
of momentum into the aneurysms, and hence higher levels
of MWSS are predicted, as shown in Table 5. On the con-
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Case B t=3.3s t=3.45s t=3.6s t=4s
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Mean 14 12 12 12
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WSS 00 08 08 08
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Fig. 10 Mean WSS and pressure on aneurysm at four cardiac cyclic phases (t = 3.3, 3.45, 3.6 and 4 s) in posterior artery flow rate-case B
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Fig. 11 Mean WSS and pressure on aneurysm at four cardiac cyclic phases (t = 3.3, 3.45, 3.6 and 4 s) in posterior artery flow rate-case C
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Fig. 12 Mean WSS and pressure on aneurysm at four cardiac cyclic phases (t = 3.3, 3.45, 3.6 and 4 s) in posterior artery flow rate-case D
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Fig. 13 Mean WSS and pressure on aneurysm at four cardiac cyclic phases (t = 3.3, 3.45, 3.6 and 4 s) in posterior artery flow rate-case E

Table 6 TAWSS and OSI predicted with posterior artery flow rates

Case TAWSS (Pa) OSI
Aneurysm Rupture Aneurysm Rupture
wall point wall point
A 9.39 9.18 0.0068 0.0030
B 0.76 0.04 0.0141 0.0107
C 1.25 0.33 0.0198 0.0175
D 22.61 8.21 0.0290 0.0045
E 3.58 1.97 0.0125 0.0129
Mean 7.518 3.946 0.0164 0.0097

trary, lower levels of MWSS are present for the sidewall type
aneurysms.

Distributions of the aneurysm WSS and pressure at dif-
ferent phases of the cardiac cycle are shown in Figs. 9, 10,
11, 12, 13. As expected, lower WSS is present around the

rupture area. For case A, the locally low WSS can be clearly
observed near the rupture area, though the lowest WSS is
located at other location. Also, the pressure rise due to the
impact of the incoming stream can be seen from the pressure
rise at the corresponding region.

It was shown in [13] that high OSI also correlates with
rupture of the aneurysm and the threshold value was deter-
mined to be 0.0036. The present OSI is shown in Table 6,
and the corresponding OSIs are as expected higher than the
threshold value. However, the preset study also reveals that
OSI at the rupture area is also lower than that in the whole
aneurysm, except in case E, where it is marginally higher.

Influences of the inlet cardiac cycle are further examined
by adopting higher flow rates from internal carotid artery
and corresponding velocity profiles, as shown in Fig. 5. Sim-
ulated results are shown in Tables 7 and 8. Results using
the cyclic velocity profiles are very similar to those adopting
posterior artery flow rates, shown in Table 5. On the other

Table 7 MWSS at the rupture

point and aneurysm wall with Case Aneurysm Ruptured point (Pa) Ruptured/aneurysm (%)
internal carotid artery flow rate wall (Pa) 5% 25% L% 5% 25 % L%
Peak systole (t=3.3 s)
A 76.12 70.81 75.67 64.52 93 99 85
B 2.44 0.19 0.17 0.16 8 7 7
C 6.01 1.17 1.02 0.78 19 17 13
D 175.89 59.37 44.85 44.86 34 25 26
E 27.96 6.45 4.12 3.33 23 15 12
End diastole (t =4 s)
A 15.587 11.63 10.06 6.74 75 65 43
B 1.098 0.12 0.10 0.08 11 9 8
C 1.934 0.52 0.39 0.28 27 20 15
D 67.432 20.68 16.15 15.65 31 24 23
E 8.971 2.42 1.71 1.45 27 19 16
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Table 8 MWSS at the rupture

point and aneurysm wall with Case Aneurysm Ruptured point (Pa) Ruptured/aneurysm (%)
icr;t;(rlrilteillnclzrotid artery velocity wall (Pa) 5% 5% L% 5% 25% 1%
Peak systole (t=3.3 s)
A 14.89 14.15 13.82 10.81 95 93 73
B 2.44 0.19 0.17 0.16 8 7 7
C 11.42 4.24 3.67 2.83 37 32 25
D 81.80 27.68 19.32 19.49 34 24 24
E 23.86 5.06 3.11 2.37 21 13 10
End diastole (t =4 s)
A 4.26 4.06 3.99 3.17 95 94 74
B 1.10 0.12 0.10 0.08 11 9 8
C 3.31 0.88 0.66 0.50 26 20 15
D 18.05 7.00 6.62 7.11 39 37 39
E 7.39 2.20 1.63 1.45 30 22 20

hand, applying the internal carotid artery flow rates at the
inlet vessels generate a much higher influence on the branch
type aneurysms, i.e. cases A and D, where the predicted WSS
correlates strongly with the increase of inlet vessel velocity.
As shown in Fig. 5 at the peak systole, the flow rate rise from
ICA is about twice of that in PA. Thus, approximately four
folds increase of the predicted WSS can be expected, and
that is also reflected in Table 7 for cases A and D, except the
peak systole phase for case D. However, the increase at the
rupture region is not as extensive.

5 Conclusion

In the present study, the precise locations of contrast agent
leakage of five ruptured cerebral artery aneurysms were suc-
cessfully identified for the first time during CTA. Present
morphological indices, namely the AR, UI and the non-
spherical index confirm the previously proposed optimum
thresholds for aneurysm rupture risk. Hemodynamic para-
meters, such as MWSS and OSI are further analyzed. It is
demonstrated that the mean and time averaged wall shear
stresses at rupture regions are lower than those over the sur-
face of the aneurysms. Also, the levels of the OSI are higher
than the reported threshold value, supporting the assertion
that high OSI correlates with rupture of the aneurysm. How-
ever, the present results also show that OSI level at the rup-
ture region is lower than that at the complete aneurysm. For
side wall type aneurysms, different inlet flow rates have mild
influences on the shear stresses distributions. On the other
hand, for branch type aneurysms, the predicted wall shear
stress correlates strongly with the increase of inlet vessel
velocity. However, the increase at the rupture region is not
as extensive. Since the present study adopts rigid wall, FSI

@ Springer

should be included in future study to study its influence. Also,
immersed boundary method could be explored to assess its
suitability to solve this flow [30,31].
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