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Hemodynamic models of cerebral aneurysms for assessment of effect
of vessel geometry on risk of rupture
Alberto Avolio, Azadeh Farnoush, Michael Morgan,Yi Qian

Abstract—Surgical decisions on treatment of cerebral
aneurysms are based predominantly on aneurysm size. This
study has assessed the influence of parent vessel geometry on
intra-aneurysmal flow patterns and mass flow rate using
computational fluid dynamics and finite element modeling of
straight and curved vessels feeding saccular aneurysms of
varying size and aspect ratio. Simulation results have shown
that aneurysms of similar shape and size but with curved parent
vessels can have more than 2 fold increase in flow rate, with
markedly different flow velocity patterns and development of
secondary flows. These are significant hemodynamic factors
that can contribute to increased risk of aneurysm rupture, in
addition to aneurysm size. The dependency of parent vessel
geometry is a function of aneurysm aspect ratio and shows
minimal dependency at an aspect ratio of 1.68. These findings
could be used for improved quantification of risk of rupture of
cerebral aneurysms detected from clinical imaging modalities
and to aid surgical decision making.

I. INTRODUCTION

Cerebral aneurysms and associated complications affect
2-5% of the population [1]. Information on this came
essentially from studies investigating aneurysms following
rupture with consequential morbidity and mortality [1-3].
However, with increase in application of clinical imagining
(eg CT and MRI angiography) and developments in
neuroradiology, there is increased detection of unruptured
aneurysms [2],[3]. This suggests that a greater proportion of
the population may be affected than what is currently known
[4]. In addition, detection of asymptomatic unruptured
aneurysms presents a significant surgical dilemma, where the
risk of aneurysm rupture, if not treated, has to be weighed
against the risk of brain surgery. Current treatment options
include surgical clipping and insertion of endovascular coils
and stents, all of which have complication rates of 5-15%
[S].

Based on largely empirical observations, the International
Study of Unruptured Intracranial Aneurysms (ISUIA [6])
recommended that size be considered a predominant factor
for surgical decisions [7]. Aneurysms of diameter > 5 mm
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are generally offered treatment [8]. However, there is
considerable controversy [8] as the majority of aneurysms
rupture at a smaller size than that identified by ISUIA [9].
Other studies also suggest that size is of less importance
[10,11]. Furthermore, there is no direct evidence that links
size to risk of rupture. Size may be correlated with other
characteristics, such as vessel geometry and aneurysm
irregularity [12]. However, with the accumulation of
quantitative information regarding aneurysm morphology,
there is increasing evidence that size per se is not a strong
predictor of aneurysm rupture [13,14].

Because of the fluid dynamic forces acting on aneurysms,
hemodynamic factors such as wall shear, intra-aneurysmal
pressure and instability of flow patterns are significant
determinants of aneurysm rupture [15], [16]. These factors
are highly dependent on both the shape of the aneurysm itself
and the geometry and dimensions of the parent vessels [17].

The aim of this study was to determine the effect of the
geometry and dimensions of parent vessels on intra-
aneurysmal mass flow rate and velocity pattern in uniform
saccular aneurysms of varying sizes, quantified in terms of
aspect ratio.

II. METHODS

A. Vascular Model

The model structure for the saccular aneurysm and feeding
arteries is shown in Fig. 1. Aneurysm depth was in the range
6-10 mm; parent artery vessel diameter, 4-6 mm; fundus,10
mm. A finite volume model (FVM) was constructed for the
vascular structures comprising straight and curved parent
vessels. Vessels lengths were selected to achieve fully
developed flow. Aneurysm size and shape was described by
the aspect ratio (Fig 1).

B. Numerical Simulation

Computational fluid dynamic (CFD) analysis was conducted
using commercial software (ANSYS CFX 11). Simulations
were performed with steady laminar flow (nominal value 0.3
L/min). Models contained a minimum of 4x10° cells for
convergence of calculations. All calculations were performed
with vessels and aneurysm assumed to be thin walled rigid
structures. Blood was considered a Newtonian fluid with
density of 1100 kg/m’ and dynamic viscosity of 0.0035 Pa.s
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Figure 1. Configurations used for models of saccular aneurysms being fed
by straight (upper) and curved (lower) parent vessels. Aneurysm aspect
ratio is defined as the ratio of depth to neck width. Fundus distance
(central width) was constant (10mm) for all values of aspect ratios. Upper
and lower left panels shows the respective intra-aneurysmal flow patterns
for straight and curved parent vessels for aneurysms of similar shape and
size. Higher velocities and secondary flows are seen in the aneurysms fed
by curved parent vessels. Models shown are for 4 mm diameter parent
vessel and 10 mm aneurysm depth.

III. RESULTS

Simulation results showed that for all aspect ratios,
relative intra-aneurysmal flow was greater for curved parent
vessels and increased for both geometries with decreasing
diameter of parent vessels (Table). In addition, aneurysms
with curved parent vessels showed markedly different flow
velocities with development of secondary flows (Fig 1)

Table
Diameter Depth  Aspect Qs (%) Qc (%) Ratio
(mm) (mm) Ratio Straight Curved (Qc/Qs)
6 10 1.90 0.71 1.10 1.55
8 1.68 0.49 0.82 1.66
6 1.32 0.35 0.59 1.67
5 10 1.90 1.02 1.97 1.93
8 1.68 0.79 1.35 1.72
6 1.32 0.60 1.15 1.90
4 10 1.90 2.22 4.61 2.08
8 1.68 1.47 2.62 1.79
6 1.32 0.88 2.03 2.30

Diameter refers to the parent vessels. Qs and Qc are the intra-aneurysmal
flow rate as percentage of total flow for straight and curved parent vessels

respectively. Depth refers to the longest dimension as in Fig 1.

The ratio Qc/Qs showed a dependency on parent vessel
diameter for aspect ratios of 1.23 and 1.90, but less so for the

aspect ratio of 1.68 (Table, Fig. 2) where it varied between
1.66 and 1.79 for parent vessel diameters of 6 and 4 mm
respectively.
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Figure 2. Ratio of relative intra-aneurysmal flow for curved (Qc) and
straight (Qs) parent vessels as a function of aneurysm aspect ratio for parent
vessel diameter of 4 mm (circles), 5 mm (squares) and 6 mm (diamonds).
Ratio Qc/Qs shows a greater dependency on aspect ratio for smaller parent
vessel diameter, but markedly reduced dependency for aspect ratio of 1.68.
This value is close to the critical values of 1.6 proposed by Ujiie et al [18]
above which over 80% of saccular aneurysms ruptured.

IV. DISCUSISON

This study examined the effect of parent vessel size and
geometry on intra-aneurysmal mass flow rate and velocity
pattern with change in aneurysm aspect ratio using numerical
simulation and finite element modeling techniques. Findings
suggested that the dependency of aneurysmal flow on parent
vessel geometry is not uniform with both vessel size and
aneurysm aspect ratio. This was consistent with other
modeling studies which showed the importance of including
the upstream portion of the parent vessel of cerebral
aneurysms for accurate representation of intra-aneurysmal
hemodynamics [17]. Our results show that there is a greater
dependency on aspect ratio for smaller vessels (4 mm
diameter) than larger vessels (6 mm). Dependency on vessel
diameter reduces to a minimum for an aspect ratio of 1.68.

In a study of 129 patients with ruptured aneurysms and 72
patients with 78 unruptured aneurysms, Ujiie et al [18] found
that 90% of unruptured aneurysm had an aspect ratio less
than 1.6, while 80% of ruptured aneurysms showed an aspect
ratio greater than 1.6. In the study by Weir et al [19] the
aspect ratio was obtained in 774 aneurysms of 532 patients
with ruptured and unruptured aneurysms. They found that an
aspect ratio greater or smaller than 1.6 had a rupture rate of
69% and 19%, respectively, whereas an aneurysm size
greater than 10 mm had a 60% rupture rate in comparison
with an aneurysm size equal to or less than 10mm with a
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51% ruptured rate. They concluded that 56% of unruptured
aneurysms had an aspect ratio equal to or less than 1.6 while
88% of ruptured aneurysms had an aspect ratio greater than
1.6.

These studies indicate that the size of a saccular aneurysm
(conventionally measured as depth, Fig 1) is not a strong
indicator of risk of aneurysm rupture and that aspect ratio
may be a stronger predictor. However, we have shown that
hemodynamic factors related to risk of rupture, such as intra-
aneurysmal mass flow rate and disturbed flow, also depend
on aspect ratio and on parent vessel size and geometry. The
critical value of aspect ratio of 1.6 determined from clinical
audits [18] is close to the value we have obtained of 1.68 for
minimum dependency on both parent vessel size and aspect
ratio (Fig 2). The corollary of this finding is that a saccular
aneurysm with aspect ratio away from this value ( e.g. 1.32)
that is fed with smaller (4mm) curved parent vessel has a 2.3
fold the mass flow rate than a similar one fed with a straight
parent vessel (Table) and so could be susceptible to rupture.
Hence, the inclusion of parent vessel geometry to studies
quantifying risk of rupture based on aneurysm features (eg
aspect ratio) would improve the assessment and provide a
better means to inform surgical decision making.

Limitations. The simulations reported in this study were
conducted in vessels assumed to be rigid and thin walled.
Although this does not represent the viscoelastic arterial
properties and finite wall thickness, other studies have found
a marked increased in stiffness of cerebral aneurysms
compared to systemic vessels [20]. This partly justifies the
rigid wall assumption, although in future simulations we will
compare differences found with models based on fluid-
structure interaction [21]. The further limitation of the
Newtonian blood viscosity has also been found to have
minimal effect in arteries of the caliber used in these
simulations [22].

V. CONCLUSION

Current surgical decisions are largely based on aneurysm,
size. However, CFD analysis in finite element models of
cerebral aneurysms has shown that the diameter and shape of
the parent vessels have a significant impact on aneurysm
flow pattern and mass flow rate. These factors should be
taken into consideration in decisions related to aneurysm
treatment options.

VI. REFERENCES

[1] G.J. Rinkel, M. Djibuti, A. Algra and J. van Gijn J. “Prevalence and
risk of rupture of intracranial aneurysms: a systematic review.”
Stroke. 1998 Jan; Vol. 29(1), pp 251-256.

[2] J.L. Brisman, J.K Song and D.W. Newell. “Cerebral aneurysms”. N
Engl J Med. 2006 Aug 31; Vol .355(9),pp 928-939. Review.

[3] H. Ujiie, K. Sato, H. Onda, A.Oikawa, M. Kagawa, K. Takakura and
N. Kobayashi. “Clinical analysis of incidentally discovered
unruptured aneurysms”. Stroke. 1993 Dec; Vol. 24(12),pp 1850-1856

[4] G.J. Rinkel. “Natural history, epidemiology and screening of
unruptured intracranial aneurysms”. J Neuroradiol. 2008; Vol.35, pp
99-103

[5]

(6]

(71

(8]

[9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

(17

(18]

[19]

[20]

[21]

[22]

2353

T.W Raaymakers, G.J. Rinkel, M. Limburg and A. Algra. “Mortality
and morbidity of surgery for unruptured intracranial aneurysms: a
meta-analysis”. Stroke. 1998 Aug; Vol. 29(8), pp1531-1528

The International Study of Unruptured Intracranial Aneurysms
Investigators (ISUIA). “Unruptured Intracranial Aneurysms — Risks
of rupture and risks of surgical intervention”. N Engl J Med 1998;
Vol. 339, pp 1725-1733

AHA Scientific Statement. “Recommendations for the management
of patients with unruptured intracranial aneurysms. A statement for
healthcare professionals, Stroke Council of the AHA”. Stroke 2000;
Vol. 31, pp 2742-2750.

J.R Komotar, B.E. Zacharia, M.L. Otten, J.Mocco, S.D Lavine.
“Controversies in the endovascular management of cerebral
vasospasm after intracranial aneurysm rupture and future directions
for therapeutic approaches. Neurosurgery. 2008Vol ;62(4). Pp 897-
905

A. Mahindu, T. Koivisto, A. Ronkainen, J. Rinne, N. Assaad and M.K
Morgan. “Similarities and differences in aneurysmal subarachnoid
haemorrhage between eastern Finland and northern Sydney”. J Clin
Neurosci. 2008 Jun; Vol. 15(6), pp 617-621

S. Juvela, M. Porras, K. Poussa. “Natural history of unruptured
intracranialaneurysms: probability of and risk factors for aneurysm
rupture”. J Neurosurg. 2008 May; Vol. 108(5), pp 1052-1060.

D.O Wiebers, J.P Whisnant, J. Huston 3rd, I. Meissner, R.D Brown
Jr, D.G Piepgras ,et al; International Study of Unruptured Intracranial
Aneurysms Investigators. Unruptured intracranial aneurysms: natural
history, clinical outcome, and risks of surgical and endovascular
treatment. Lancet. 2003 Jul 12; Vol. 362(9378), pp103-110.
D.O.Wiebers, J.P Whisnant, T.M Sundt Jr, W.M O'Fallon. “The
significance of unruptured intracranial saccular aneurysms.” J
Neurosurg. 1987 Jan;Vol. 66(1), pp 23-29.

S. Dhar, M. Tremmel, J. Mocco, M. Kim, J. Yamamoto, A.H
Siddiqui, L.N Hopkins, H. Meng. “Morphology parameters for
intracranial aneurysm rupture risk assessment”. Neurosurgery. 2008
;Vol. 63(2), ppl85-196

T. Ohshima, S. Miyachi, K. Hattori, I. Takahashi, K. Ishii, T. Izumi,
Yoshida J. “Risk of aneurysmal rupture: the importance of neck
orifice positioning-assessment using computational flow simulation.”
Neurosurgery. 2008; Vol. 62(4), pp 767-773

T. Hassan, E.V Timofeev, T. Saito, H. Shimizu, M. Ezura, Y.
Matsumoto, et al “A proposed parent vessel geometry-based
categorization of saccular intracranial aneurysms: computational flow
dynamics analysis of the risk factors for lesion rupture.” J Neurosurg.
2005 Oct; Vol. 103(4), pp 662-680.

J.R. Cebral, M.A Castro, J.E Burgess, R.S Pergolizzi, K.J Sheridan,
C.M Putman. “Characterization of cerebral aneurysms for assessing
risk of rupture by using patient-specific computational hemodynamics
models”. AJNR Am J Neuroradiol. 2005 Nov-Dec; Vol. 26(10), pp
2550-2559.

M.A Castro, C.M Putman, JR Cebral. “Computational fluid
dynamics modeling of intracranial aneurysms: effects of parent artery
segmentation on intra-aneurysmal hemodynamics”. AJNR Am J
Neuroradiol. 2006; Vol. 27(8), pp 1703-1709

H. Ujiie, Y. Tamano, K. Sasaki, T. Hori. “Is the Aspect Ratio a
Reliable Index for Predicting the Rupture of a Saccular Aneurysm?”
[Article]. Neurosurgery 2001; Vol. 48, pp495-503.

B. Weir, C. Amidei, G. Kongable, J.M Findlay, N.F Kassell, J. Kelly,
D. Lanting, T.G Karrison. “The aspect ratio (dome/neck) of ruptured
and unruptured aneurysms”, Journal of Neurosurgery, 2003, Vol. .99,
pp.447-451.

K. Hayashi, H.Handa, N. Nagasawa, A. Okumura and K. Moritake.
“Stiffness and elastic behavior of human intracranial and extracranial
arteries”. J Biomech, 1980; 13(2): pp 175-84.

J.R. Cebral, M.A. Castro, S. Appanaboyina, C.N. Putman, D. Millan
and A.F. Frangi. “Efficient pipeline for image-based patient-specific
analysis of cerebral aneurysm hemodynamics: technique and
sensitivity”. IEEE Transactions on Medical Imaging, 2005; 24(4): p.
457-467.

A.C. Burleson, C.M. Strother, and V.T. Turitto, “Computer Modeling
of Intracranial Saccular and Lateral Aneurysms for the Study of Their
Hemodynamics”. Neurosurgery, 1995. 37(4): pp. 774-784.



	MAIN MENU
	CD/DVD Help
	Search CD/DVD
	Search Results
	Print
	Author Index
	Keyword Index
	Program in Chronological Order
	Themes and Tracks

