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Prediction of Aneurysm Rupture
Based on Computational Fluid
Dynamics – A Short Review
The Australian School of Advanced Medicine, Macquarie University, Australia

A sudden rupture of intracranial aneurysms leads to severe subarachnoid
hemorrhage (SAH).Current clinical diagnosis of aneurysm rupture is primarily based
on aneurysm morphology but there is uncertainty in this method that makes diagnosis
difficult for clinicians. Image-based computational fluid dynamics (CFD) has been
employed recently to identify objective predictive parameters of aneurysm rupture.
Several studies have suggested a correlation between wall shear stress (WSS) and
aneurysm rupture but these findings have also led to conflicting conclusions. In this short
review, we have examined the ability of CFD to predict the probability of rupture. In
particular, we focused on the WSS controversy and an alternative parameter based
on energy loss (EL) concept, as well as application of a novel fluid-structure interaction
(FSI) method for predicting aneurysm rupture. While these CFD-based studies have
provided invaluable information on aneurysm hemodynamics and its relation to
aneurysm rupture, they are limited without better understanding of aneurysm biology.
Therefore, a multi-disciplinary approach involving molecular scientists, biomechanical
engineers and clinicians is required in the future for more acceptable CFD-based
diagnosis.

INTRODUCTION

Intracranial aneurysms are local expansions of cerebral
arteries usually arising on the circle of Willis or from arterial
bifurcations, with a reported prevalence ranging from 2 to 8 %
[1-3]. These balloon-like structures may reach a size of over 30
mm in diameter [4]. Most aneurysms remain stable without any
symptoms [5] but some may give different kinds of symptoms
including headache, orbital pain, loss of vision [6], and could also
result in sudden rupture. Once an aneurysm ruptures, it leads
to subarachnoid hemorrhage (SAH) that carries high mortality,
long-term disability rates and high treatment costs [7]. About
50% of patients with ruptured aneurysms die within one month
after the event, while the survivors are most likely to experience
major neurologic deficits [8,9]. In addition, there is an added risk
of surgical intervention itself, which may be higher than the risk
of natural rupture. Therefore, there is a strong need to correctly
identify and diagnose the rupture risk of the unruptured
aneurysms by determining accurate criteria for predicting
aneurysm growth and rupture.
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Clinicians currently diagnose the likelihood of aneurysm
rupture mainly based on its size, growth rate, shape, and location
[6]. Intracranial aneurysms are believed to be at a lower risk
if smaller than 10 mm in diameter, and may not be treated if
smaller than 5 mm in size [2,10,11]. However, small aneurysms
do rupture making the treatment decisions more complex and
sometimes controversial, especially for aneurysms around 5 mm.
We now understand that genetic factors, as well as hemodynamic
stress, congenital defects, degenerative arterial wall changes,
smooth muscle cell apoptosis, smoking, and excessive alcohol
consumption are the main factors that affect the pathogenesis
and development of an aneurysm [8,12,13], but their exact
correlation to aneurysm growth and rupture mechanism is
still not clearly known [3,4,6,14]. Because of this uncertainty,
it is difficult to develop a scientific-based rupture predictive
parameter.

The consensus in the literature is that aneurysm rupture is
the consequence of the aneurysm wall tension exerted by the
hemodynamic loads exceeding the aneurysm wall strength, and
this involves interactions between hemodynamic parameters,
wall biomechanics, and mechanobiology [15]. Until recently, the
lack of reliable imaging techniques to quantify intra-aneurysm
blood flow in the human body, and the difficulty in measuring the
hemodynamic parameters in vivo, have prevented researchers
from investigating aneurysmal hemodynamics and its relation
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to growth and rupture mechanism in depth. Recent development
in computational fluid dynamics (CFD), however, has given
researchers a powerful tool in the investigation of intracranial
aneurysms. This article reviews the current state of CFD-based
aneurysm studies, with the focus on the advances made so far
and future directions. In particular, we will review current CFDbased aneurysm rupture risk predictors, namely wall shear
stress (WSS) and energy loss (EL), as well as potential rupture
risk indicator based on novel fluid-structure interaction (FSI)
simulation method.

The WSS Debate and Development of EL as a Rupture
Predictor

The study of aneurysmal hemodynamics using CFD
simulations has reaped great benefits with recent improvements
in computing power. A patient-specific CFD simulation, with
precisely reproduced aneurysm geometry under pulsatile flow
conditions can nowadays be computed within a few hours,
generating detailed calculations of hemodynamic quantities of a
particular aneurysm that are difficult to obtain in vivo. By taking
advantage of these advancements, a number of CFD studies have
identified specific hemodynamic parameters that are associated
with aneurysm growth and rupture [15-30]. Most notably, WSS,
vorticity, flow impingement, pressure, oscillatory shear index
(OSI) and spatial gradient of WSS (WSSG) have been suggested
to play an important role, with WSS being highlighted as the most
important hemodynamic parameter [18,20,26,31,32]. However,
WSS has also been the most controversial parameter that has
been viewed as both inconsistent and confusing to clinicians and
engineers alike [22-25].
The controversy behind WSS is due to two opposing
hypotheses regarding the magnitude of WSS and its correlation
to aneurysm growth and rupture [23]. A CFD study by Cebral et al
[18] have shown a correlation between high WSS and aneurysm
rupture, whereas other studies by Shojima et al [20] and Xiang et
al [26] have found low WSS as being associated with rupture. Both
high and low WSS are known to act on endothelial cell function
and gene expression as well as on cell shape and structure in
some way. The high WSS hypothesis is based on the elevated
maximum WSS found in a group of ruptured aneurysms, which is
thought to cause endothelial injury and thus initiate destructive
wall remodeling and potential regeneration leading to rupture
[18,19]. In contrast, the low WSS hypothesis is based on the
region of low WSS (< 2 Pa) that is found in the dome or bleb of
ruptured aneurysms, which also happens to be the most common
rupture sites [20,26]. The low WSS found at these locations
may lead to spatial disorganization of endothelial cells and a
dysregulation of antioxidant and anti-inflammatory mediators
resulting in loss of cellular functions of the vessel wall and turn
the aneurysmal wall structurally fragile and more susceptible to
rupture [31]. Both schools of thought have strong scientific basis
for their claims, and with our currently limited knowledge on
biological impact of WSS on aneurysms, it is difficult to properly
judge their validity. Therefore, it remains undecided within the
aneurysm research community which hypothesis is correct. The
most recent development in the WSS debate is the introduction
of a “unifying hypothesis” by Meng et al [33], which is a novel
hypothesis that unites the mechanistic role of both high and
JSM Neurosurg Spine 2(6): 1043 (2014)

low WSS in aneurysm growth and rupture. While this is clearly
a much-needed step forward, the controversy behind WSS is
unlikely to be resolved until the biological mechanisms and their
interaction with hemodynamics are more clearly understood.

Another issue with WSS, with regards to prediction of
aneurysm rupture risk, is that there is no specific threshold value
that can give an idea of how much the aneurysm is at risk. While
the findings on WSS provide a qualitative picture of aneurysm
rupture mechanism, they provide no quantitative expression and
are difficult to translate into estimation of rupture probability.
Developing a rupture threshold based on WSS becomes even
more problematic when medical image segmentation and inflow
condition are considered. For example, Sen et al [34] have found
that even when employed upon the same set of medical imaging
data; both the geometry and volume of intracranial aneurysm
models are highly dependent upon segmentation methods. In
their study, three segmentation methods were compared – the
Region Growing Threshold, Chan-Vese model and ThresholdBased Level Set – via measurements of hemodynamic simulation
results using 45 patient-specific aneurysm cases. They have
found the difference in WSS between the varying segmentation
methods could range up to 126.4%. Similarly, Karmonik et al
[35] assessed the reliability of WSS calculations using CFD by
comparing the differences in WSS of six unruptured aneurysms
under two different inflow conditions – idealized averaged
waveforms from healthy subjects, and patient-specific waveforms
measured with 2D phase contrast magnetic resonance imaging.
They have found differences in the temporal average of the WSS
magnitude exceeded 30% and similar differences in its standard
deviation and in the OSI. These studies emphasized the strong
need for accurate segmentation and inflow conditions for reliable
calculations of WSS parameters.

To overcome these issues, a new parameter called EL has
been introduced by our research group [21]. EL is a relatively
new hemodynamic parameter, which is designed to estimate the
pressure variation and kinetic energy transformations within the
aneurysm. EL was originally proposed in industry to calculate
the transmission of flow power and has been introduced
into clinical applications to evaluate the outcomes of artery
anastomosis in cardiovascular surgery and optimisation [36,37].
The EL of flow in a vascular system is caused by the loss of power
due to flow separation, turbulence, surface friction, and flow
attachment, and it can be summarised as a difference between
the total flow energy entering the aneurysm and the total flow
energy leaving the aneurysm (Figure 1). EL as a parameter can
quantitatively demonstrate the magnitude of collision power
from hemodynamic forces, and in application to cerebral
aneurysms, it provides the amount of energy lost by the flow due
to entering the aneurysm. In a previous study, we have compared
the difference in EL and WSS for 30 intracranial aneurysms (4
ruptured and 26 unruptured, with similar location, size and
morphology), and demonstrated that the EL calculated at the
ruptured aneurysm was nearly 5 times higher on average than
that at the stable aneurysms (ruptured, 0.00374 ± 0.0011; stable,
0.000745 ± 0.0001 mW/mm3, P < 0.001). From observation of the
flows within aneurysms, an occurrence of jet flows, swirling and
separating flows was also found, which are considered to be some
of the major causes of EL. In contrast, there was no statistically
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significant difference between the ruptured and stable groups
in terms of time-averaged WSS (P = 0.8) [21]. Furthermore, the
image segmentation study by Sen et al have found that the results
of EL were statistically stable for varying segmentation methods,
as opposed to the relative uncertainty of the WSS. These results
illustrate the promising potential of EL as an effective alternative
aneurysm rupture predictor.

Application of
Biomechanics

FSI

simulations

in

Aneurysm

While patient-specific CFD analysis has shown promise
in predicting the rupture risk, it is not without limitations.
Many CFD studies have assumed the boundary of the vessel
wall as a rigid surface, although it is elastic in nature. This is a
significant limitation since the elasticity of cerebral arteries
is known to affect the distribution and magnitude of WSS and
other hemodynamic parameters. Hence, CFD simulations based
on elastic wall boundary, otherwise known as fluid-structure
interaction (FSI) simulation, which combines CFD and finite
element analysis to simulate a multi-physics vascular model, is
quickly gaining interests among researchers [38-43].

Figure 1 (A) – Schematic of energy loss due to aneurysm. The flow
enters the aneurysm (1); loses its energy (mainly kinetic energy)
due to flow separation and instability caused by aneurysm (2); and
leaves the aneurysm (3). Inlet flow energy and outlet flow energy are
measured at the inlet plane and the outlet plane, respectively. The
amount of energy lost due to aneurysm is different between patients.
(B) – Comparison of EL for ruptured and unruptured aneurysms.
EL for ruptured aneurysms is significantly higher compared to
unruptured aneurysms [21].

The most notable FSI studies have been carried out by
Torii et al [39,40] and Valencia et al [41]. These studies have
demonstrated that FSI simulation can adequately provide
quantitative information on the aneurysm wall motion and
visualize its characteristic that current in vivo techniques cannot
accurately provide. We have also investigated the difference
between ruptured and unruptured aneurysms using a series of FSI
simulations based on five patient-specific aneurysm geometries
(two ruptured and three unruptured) [42]. In that study, we have
found a notable difference in aneurysm expansion pattern, which
could be characterized by a large longitudinal expansion at the
dome for ruptured aneurysm, and a large lateral expansion at
the neck for unruptured aneurysm. Furthermore, in comparing
rigid wall and FSI models, we found there was only up to 20%
difference in EL, whereas the maximum WSS between the two
types of models differed by almost 80%. The EL analysis has also
shown that ruptured aneurysms have higher EL than unruptured
aneurysms. These results illustrate how FSI simulations could be
used to better understand the mechanics of ruptured aneurysms
that previous CFD studies could not.

Future directions

Figure 2 Future of CFD simulations and aneurysm rupture prediction
should be multi-disciplinary including mechanical and molecular
studies, patient clinical information, and advanced simulation
methods such as FSI. The image is from one of our unpublished FSI
studies investigating the effect of heterogeneous aneurysm wall
thickness.
JSM Neurosurg Spine 2(6): 1043 (2014)

It is perhaps fair to say that application of conventional CFD
analysis has plateaued in recent years, having obtained as much
information as we can with regards to aneurysmal hemodynamics.
By conventional CFD analysis, we mean treating the aneurysm
wall as a non-living rigid boundary, which in fact is a living and
metabolizing structure. Therefore, the future of CFD analysis must
incorporate other disciplines that can shed more light into our
understanding of vessel wall structure, such as molecular studies,
biochemistry that drives thrombosis formation, and mechanical
studies of vessel wall thickness and properties (Figure 2). CFDbased aneurysm rupture indicator will always be limited without
information from these disciplines, and all of our future efforts
should be aimed at effectively incorporating these disciplines
together to obtain more accurate picture of multi-physics behind
aneurysm rupture mechanism. There are already a few studies in
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the literature that simulates the evolution of an aneurysm from
inception to rupture [44,45]. While these studies are still in their
relative infancy, they will yield more insight into the growth and
remodeling processes that drive aneurysm evolution and aid
clinicians to better diagnose rupture risk for different patients.
Furthermore, future CFD simulation practices should include
patient-specific inflow conditions and accurate segmentation
of aneurysm geometry given their impact on the accuracy of
calculated hemodynamic parameters. Otherwise, they may pose
a serious limitation if CFD should be used in clinical practice for
predicting potential rupture risks.

CONCLUSION

Given the recent advancements in CFD and aneurysm
research, we believe there could be a CFD-based aneurysm
rupture diagnostic tool for individual patients within the
next decade. However, there is still much to learn about the
nature of intracranial aneurysms and its rupture mechanisms
and it will require a multi-disciplinary approach involving
computational scientists, clinicians, biologists, and engineers.
Their collaborative effort is vital for developing more robust risk
predictors, and ultimately unlocking the mystery of aneurysm
evolution mechanism. Only then will CFD simulations no longer
be dubbed “color for doctors” [46] or “confounding factor
dissemination” [22] but truly accepted as an objective diagnostic
tool for clinicians.
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