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ABSTRACT

Basic research on cerebral aneurysms using computational fluid dynamics (CFD) simulations has recently progressed. We describe a clinical
case with the use of CFD simulations. A 76-year-old woman had an unruptured anterior communicating artery aneurysm associated with
pseudo-occlusion of the internal carotid artery (ICA). Pre-operative CFD simulations demonstrated that carotid artery stenting (CAS) would
decrease hemodynamic stress on the aneurysm and might reduce the risk of aneurysm rupture. We performed CAS, and did not surgically
treat the aneurysm because of her advanced age. A 7-month follow-up angiogram showed no change in the aneurysm size. We performed
CFD simulations using the patient-specific flow waveforms at the bilateral ICAs before and 7 months after CAS. Maximum time-averaged wall
shear stress of the aneurysm decreased from 8.3 Pa to 4.4 Pa. The pressure loss coefficient of the aneurysm, a proposed hemodynamic value
for rupture risk, increased from 1.83 to 2.75. These findings indicated that CAS might reduce the rupture risk of the aneurysm according to
previous reports on CFD studies. The aneurysm remains unruptured for 14 months from the CAS. This is the first report to attempt to reduce
the rupture risk of an unruptured aneurysm with flow alteration based on CFD simulations.
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Bilgisayarl sivi dinamigi (BSD) simiilasyonlari kullanilarak serebral anevrizmalar lzerinde temel arastirmalarda ilerlemeler olmustur. BSD
similasyonlari kullanimiyla bir klinik olguyu tanimliyoruz. 76 yasinda bir kadinda internal karotid arterin (iKA) psédookliizyonuylailiskili riiptiire
olmamis bir anterior kominikan arter anevrizmasi vardi. Preoperatif KSD similasyonlar karotid arter stentlemesinin (KAS) anevrizmadaki
hemodinamik stresi azaltacagini ve anevrizma riiptird riskini azaltmasinin mimkiin oldugunu ortaya koydu. KAS islemi gerceklestirdik ve
yasininileriolmasi nedeniyle anevrizmayi cerrahi olarak tedavi etmedik. 7 ay sonra yapilan takip anjiyogramianevrizma biyukligtinde degisiklik
olmadigini gésterdi. KAS'tan énce ve 7 ay sonra bilateral IKA'da hastaya spesifik akis dalgaformlarini kullanarak KSD simiilasyonlari yaptik.
Anevrizmanin maksimum zaman aralikli duvar kirpma stresi 8,3 Pa'dan 4,4 Pa'ya distt. Riptr riski i¢in kullanimi 6nerilen bir hemodinamik
deder olan anevrizma basing kaybi katsayisi 1,83'ten 2,75% artti. Bu bulgular 6nceki KFS calismalar raporlari temelinde KAS'In anevrizma
rptur riskini azaltabilecegine isaret etti. Anevrizma KAS'tan 14 ay sonra halen riiptiire olmamis durumdadir. Bu rapor rlptire olmamis bir
anevrizmada KSD similasyonlari temelinde akis alterasyonuyla rliptir riskini azaltma girisimi agisindan ilk rapordur.

ANAHTAR SOZCUKLER: Serebral anevrizma, Komputasyonel sivi dinamigi simiilasyonlari, Psédookliizyon, Riiptiir riski, Tedavi stratejisi
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INTRODUCTION (Acom) aneurysm associated with pseudo-occlusion of the
internal carotid artery (ICA). We used CFD simulations for
designing a treatment strategy and follow-up evaluation. Our
case could be one of the pioneer cases of clinical practice of
CFD simulations.

Research on computational fluid dynamics (CFD) studies for
cerebral aneurysms has recently rapidly progressed (3, 6).
However, CFD simulations are still far from clinical application.
We present a case of an unruptured anterior communicating

) e "' 7 : : Figure 1: (A) Pre-operative
Flow direction 1‘; i . Flow direction angiogram. The bilateral carotid
< T _j- 3 — angiograms are fused. They
o gy v show pseudo-occlusion at the
<8 right internal carotid artery (ICA)

(arrow head), which collapses
the distal portion of the right
ICA. The left ICA angiogram
shows an unruptured anterior
communicating artery (Acom)
aneurysm. The right middle
cerebral territory is supplied
from the left ICA via the Acom
artery. The flow direction of the
right A1 segment is from left to
right (arrow). (B) Angiogram 7
months after the carotid artery
stenting. The bilateral carotid
angiograms are fused. The right
middle cerebral territory is
supplied from the right ICA. The
flow direction of the right A1
segment is inverted (arrow).
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Figure 2: Lateral views of the right carotid angiogram before (A) and after (B) carotid artery stenting (CAS). The flow velocity at the
right internal carotid artery before CAS was measured at the distal portion of the pseudo-occlusion (arrow) by carotid sonography.
(C). Anterior-posterior view of a three-dimensional rotational angiogram shows a multi-lobulated, complex and wide-neck anterior
communicating artery aneurysm. In the right upper window, the posterior-anterior view of the aneurysm is shown.

112 Turkish Neurosurgery 2014, Vol: 24, No: 1, 111-116



Kono K and Terada T: CFD Simulations for Acom Aneurysm with ICA Pseudo-Occlusion

CASE REPORT

Clinical Presentation and Pre-Operative CFD
Simulations

A 76-year-old woman presented with dizziness, and magnetic
resonance imaging (MRI) revealed a 7-mm unruptured Acom
aneurysm and pseudo-occlusion of the right ICA (Figures 1A,
2A,Q). Although diffusion-weighted MRI showed no acute
infarct, fluid attenuated inversion recovery MRl showed an old
infarction of the right hemisphere. Therefore, we considered
that the pseudo-occlusion was potentially symptomatic.
Single photon emission tomography showed hemodynamic
stage 1 based on Powers’ classification. A left ICA angiogram
showed the Acom aneurysm, the right A1 segment, and
the right middle cerebral artery through the Acom artery
because of low flow from the right ICA (Figure 1A). We had
three options for designing a treatment strategy for the
Acom aneurysm and the pseudo-occlusion. We could choose
observation, clipping, or coil embolization with stent-assist
for the Acom aneurysm. We could select medical treatment,
carotid artery stenting (CAS), or carotid endarterectomy for
the pseudo-occlusion. Stent-assist would be necessary for coil
embolization because the aneurysm was wide-necked and
complex (Figure 2C). To evaluate the hemodynamics around
the Acom complex with the aneurysm, we performed pre-
operative CFD simulations. Three-dimensional (3D) geometry
of the aneurysm with the left ICA, the left A1 segment, and
the right distal A1 segment was obtained by a 3D rotational
angiogram. Because we could not obtain clear 3D geometry
of the right ICA and the proximal portion of the right A1
segment, we created an aneurysm model with the bilateral
ICA by flipping and fusion of the left ICA geometry using
3-matic software (Materialise NV, Leuven, Belgium). We used
an implicit solver, ANSYS CFX (Version 14.0, ANSYS Inc.) for
the CFD simulations. The detailed methods and validation
study were described previously (7, 8, 13). The number of
elements was approximately 800,000. The mean flow velocity
at the left ICA by ultrasonography was 0.34 m/sec in this

patient. To clarify hemodynamic flow patterns around the
aneurysm, we performed steady flow simulations imposing
0.34 m/sec constant inlet flow only at the right ICA (Figure
3A), only at the left ICA (Figure 3B), or at the bilateral ICA
(Figure 3C). Although these were steady flow simulations
and the right ICA geometry was not real, we considered that
they were sufficient to show global flow patterns around the
Acom aneurysm. These simulations demonstrated that the
flow from the left A1 segment predominantly entered the
aneurysm compared with the flow from the right A1 segment
(Figure 3A-C). Without the CFD simulations, it was difficult to
determine these flow patterns because of the complex Acom
structure in this patient (Figure 2C). According to the CFD
results, we considered that pseudo-occlusion of the right ICA
increased the amount of flow of the left A1 segment (Figure
1A), which might increase the risk of aneurysm rupture.
Therefore, we postulated that resolving the pseudo-occlusion
by CAS would decrease flow rate at the left A1 segment and
might decrease the risk of aneurysm rupture. In addition,
considering our patient’s advanced age (76 years old), surgical
aneurysm treatment, such as clipping or stent-assisted coil
embolization, appeared to be too aggressive.

We performed CAS for the pseudo-occlusion using a flow
reversal system (Figure 2B) (9). The patient was discharged
with no complications. We performed a follow-up angiogram
7 months after CAS. The angiogram showed expansion of
the whole segment of the right ICA. The flow direction of the
right A1 segment was inverted (Figure 1B). The angiogram
also showed no change in size and shape of the aneurysm.
The patient remained neurologically intact and the aneurysm
stayed unruptured for 14 months from CAS.

Post-Operative CFD Simulations and Evaluation of the
Rupture Risk

To evaluate changes in the rupture risk during the 7 months,
we performed CFD simulations using patient-specific flow
waveforms.We performed time series carotid ultrasonography
and measured flow velocity and the cross-sectional area
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Figure 3: Pre-operative computational fluid dynamics (CFD) simulations. Streamlines are shown in three different inlet conditions:
(A) Constant flow only at the right internal carotid artery (ICA), (B) only at the left ICA, and (C) at the bilateral ICA. Arrows indicate
flow direction in all panels. (A) There is little flow from the right A1 segment entering the aneurysm. (B) A lot of flow from the left A1
segment enters the aneurysm, indicating that flow into the aneurysm predominantly comes from the left A1 segment.
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Figure 4: Measurement of mean
volumetric flow rates by carotid
sonography. Mean flow velocity and
the cross-sectional area of the bilateral
internal carotid arteries (ICAs) were
measured by carotid sonography.
The flow rates were measured before
CAS, and 5 days or 209 days after CAS.
The flow rate at the right ICA was
increased, while the flow rate at the
left ICA was decreased after CAS. Rt.:
right, Lt.: left.

Figure 5: Computational fluid dynamics simulations show peak systolic streamlines colored according to velocity (A and C) and the
contour of wall shear stress (WSS) (B and D) using the patient-specific flow waveforms before (A and B) and 7 months after the
operation (C and D). The flow direction of the right A1 segment was left to right before the operation (arrow in A) and right to left after
the operation (arrow in C), which is consistent with angiographic results.
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Table I: Hemodynamic Values of the Aneurysm before and after Carotid Artery Stenting

“ Maximum TAWSS (Pa) Area-averaged TAWSS (Pa)
8.3

183 |
275 |

Pre-CAS |
Post-CAS (day 209) |

| 126

44 | 0.42

CAS: carotid artery stenting, PLc: pressure loss coefficient, TAWSS: time-averaged wall shear stress.

at the bilateral ICAs before, and 5 and 209 days (7 months)
after CAS. Before CAS, the flow velocity and cross-sectional
area at the right ICA were measured at the distal portion of
the pseudo-occlusion (Figure 2A). The mean flow velocity
was multiplied by the cross-sectional area to calculate the
mean volumetric flow rate. The flow rate at the right ICA was
increased, while the flow rate at the left ICA was decreased
(Figure 4), as expected.

We fused two 3D geometries obtained by a follow-up
3D rotational angiogram of the right or left ICA. For inlet
conditions, we used patient-specific volumetric flow
waveforms of the bilateral ICAs before and 7 months after
CAS. We performed pulsatile CFD simulations, which have
been previously described in detail (7, 10). The number of
elements was approximately 730,000. When observing the
streamlines, the flow direction of the right A1 segment was
from left to right before CAS and right to left after CAS (Figure
5A, Q). This was consistent with the angiographic results
(Figure 1A,B), validating the CFD simulations. We measured
the pressure loss coefficient (PLc) of the aneurysm (14),
maximum time-averaged wall shear stress (TAWSS) on the
aneurysm, and area-averaged TAWSS on the aneurysm (Table
). This was performed because low PLc (14), high maximum
TAWSS (2, 4), and low area-averaged TAWSS (12, 15), are
reported to be associated with ruptured aneurysms. After
CAS, the PLc was increased, while the maximum TAWSS and
the area-averaged TAWSS were decreased (Table I). Elevated
PLc and decreased maximum TAWSS suggested that the
rupture risk of the aneurysm might be decreased (2, 4, 14).
However, decreased area-averaged TAWSS implied that the
rupture risk of the aneurysm might be increased (12, 15).
Although this appeared to be a contradiction, we considered
that the rupture risk was decreased for the following reasons.
First, in previous studies of wall shear stress (WSS) (2,4, 12, 15),
unruptured aneurysms were compared with already ruptured
aneurysms. The geometry of ruptured aneurysms might
change after rupture. Therefore, these previous results may
not be used for prediction of the rupture risk of unruptured
aneurysms. A study on the PLc (14) compared unruptured
aneurysms that stayed unruptured with those that eventually
ruptured, and concluded that unruptured aneurysms
with a low PLc have a significantly higher risk of rupture.
Therefore, the PLc may be superior to predict the rupture
risk of unruptured aneurysms. Second, the findings of high
maximum TAWSS (2, 4) and low area-averaged TAWSS (12, 15)
appear to contradict each other. We cannot determine which
is correct. Based on clinical reports, increased hemodynamic
stress appears to increase the risk of aneurysm rupture (1,
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5,11). Because an increase in flow velocity will elevate WSS, it
is reasonable to consider that elevated WSS may increase the
rupture risk. Therefore, we consider that elevated maximum
TAWSS is a more predominant predictor of rupture risk than
lowered area-averaged WSS. Consequently, we consider that
CAS alters flow distribution and might decrease the risk of
aneurysm rupture as we had expected before treatment
(Figure 5B, D).

DISCUSSION

In this case report, we used CFD simulations for designing
a treatment strategy and evaluating the change in rupture
risk after CAS. Before treatment, we could not predict how
much the flow rate at the ICAs CAS would change. Therefore,
we performed steady CFD simulations for designing a
treatment strategy. To evaluate the rupture risk, we measured
the volumetric flow rate at the bilateral ICAs using carotid
sonography. We could then perform pulsatile CFD simulations
using the time series of patient-specific flow waveforms and
compare hemodynamic values before and after CAS. With
this combination of CFD simulations, we were able to use CFD
simulations for designing a treatment strategy and follow-up
evaluation as a clinical application. Although a long follow-
up of the patient is necessary, this could be a pioneer case of
clinical application of CFD simulations.

Several CFD reports have proposed that hemodynamic
values are associated with aneurysm rupture, such as low
area-averaged TAWSS (12, 15), high maximum TAWSS (2, 4),
and a low PLc (14). However, it is difficult to use these values
for clinical application because of two reasons. First, there are
no clear absolute thresholds of these hemodynamic values.
Second, different CFD solvers under different conditions will
yield different absolute hemodynamic values, although a
comparative relationship may be maintained (13). Therefore,
it is difficult to use these hemodynamic values for predicting
the rupture risk. However, we may overcome these two
problems if we evaluate these values in the same patient. For
example, these values may be used to predict the ruptured
side in two mirror image aneurysms (8). The current case is
another clinical application. Namely, flow alterations changed
hemodynamic values of the aneurysm, which we could
compare before and after treatment. In both cases, we do
not need to evaluate absolute hemodynamic values but just
compare them.

We appreciate that there are several limitations to our CFD
simulations, as we have previously stated (7,8, 10).In particular,
in this case, we could not obtain and use the 3D geometry of
the pseudo-occlusion of the right ICA. The geometry of the
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right ICA was changed after CAS, which we could not take into
consideration in our CFD simulations. However, we consider
that our CFD analysis is still valid because we compared
hemodynamic values under the different inlet conditions and
did not depend on the absolute values. This comparison may
be relatively robust, although we cannot estimate how much
annual rupture risk we could actually decrease in this patient.
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