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Intracranial aneurysm is a vascular disease occurring at weakened areas of the cerebral arterial wall
(Fig. 1). If it continues to grow large, it has a great risk of rupturing into the subrachnoid region, frequently
causing immediate death. Despite of the increasing incidence of intracranial aneurysms and the threat of
lives they put on the patients, little has been understood about the mechanism of the initiation and
development of intracranial aneurysms. The treatment of intracranial aneurysms is limited to clipping, coiling
and stenting, all of which by themselves are invasive and do harm to the patients. On many occasions
neurosurgeons are faced with the dilemma of “to treat or not to treat".
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Figure 1. Intracranial aneurysms in the Circle of Willis
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While experimental or in vivo measurements of the cerebral blood flow or wall properties are still
extremely difficult, recent development in computer technology and its application to the biomedical field
have become increasingly important. These computational studies have not only facilitated our
understanding in the biomechanics of vascular diseases, but also provided us with a feasible approach to
tackle the pathophysiology of these diseases.

Computational research on intracranial aneurysms has also developed rapidly for the last two decades.
With modern medical imaging technologies such as digital subtractive angiography (DSA), computer
tomography (CT) and magnetic resonance imaging (MRI), researchers are able to perform patient-specific
simulations to obtain the blood flow field and its relative stresses. While the calculation time is still somewhat
heavy to prevent its on-site use, with the current speed of hardware development, it should not be long
before it becomes a routine tool for the clinicians.

The present study is an extension of the previous computational work on intracranial aneurysms.
Different from most other studies in which an already-formed aneurysm model (virtual or realistic) is taken as
object and the hemodynamic forces are calculated, in this study, we start from a normal artery with no
aneurysm or only a small bump, and simulate the progression of aneurysms. This is based on the well-
accepted theory that the hemodynamic stresses are key factors in the initiation and development of
intracranial aneurysms. Growth of intracranial aneurysms can be viewed as a result of the remodeling
process of the arterial wall triggered by the endothelial cells. Although the detailed remodeling process is still

unclear yet, we adopt a macroscopic approach to study the wall remodeling process.
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Figure 2. (a) Flowchart describing the repeated process adopted in the simulation of aneurysm genesis
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and development; (b) lllustration of the assumed relationship between the local wall Young’s modulus and

wall shear stress.

In this study, we focus on the interactive process between the blood flow, arterial wall property change,
and the deformation of the vessel wall (Fig. 2a). It is hypothesized that there is a threshoid in the wall shear
stress (WSS), above which the arterial wall will become weaker (represented by the Young's modulus). The
rate of decrease in the Young's modulus is defined as the degeneration ratio in this study (Fig. 2b). Numerical
models are constructed to represent the solid wall domain and the blood flow domain. These two domains
are linked by a boundary moving algorithm and both domains are solved separately. The change of geometry,
WSS and Young's modulus are recorded in every calculation step.

We first investigate the development of aneurysm as influenced by the local hemodynamic field by
applying our methods to a 90-degree curved artery model. Due to centrifugal force, the blood flow is skewed
towards the outer wall, where higher WSS is observed. The elevated WSS leads to the decrease of the local
Young's modulus and hence the deformation of the vessel wall. The arterial wall continues to grow as a result
of the interaction between high WSS and the further weakening of the wall. Change of the wall geometry
further complicates the flow and the WSS becomes fluctuated. The mean WSS decreases with the
development of aneurysm, indicating that the enlargement of the vessel wall might be a conceptual self-
protecting mechanism of the arterial wall. Finally all the WSS becomes lower than the threshold and a
“fusiform-like aneurysm is generated. Secondary flow is also observed in this study. To investigate its role in
the development of aneurysm, we calculate the WSS in the circumferential direction. It is found that the
circumferential WSS contributes greatly to the total WSS. Therefore, it is suggested that secondary flow is
involved in the progression of aneurysm.

Since shape of the parent artery is one of the main factors to determine the hemodynamic field and the
growth of intracranial aneurysms, we apply our method to a straight artery model and compare it with the
curved one. In the straight artery model, a small bump is initially introduced to the artery to allow variation in
the WSS. High WSS is initially found at the distal neck region of the existed bump and it triggers the
weakening of the wall according to our hypothesis. High WSS continues for several steps while the distal
neck region expands slightly. Finally all the WSS becomes lower than the threshold value and the aneurysm
stops growing. This result shows that in a straight artery, the vessel is able to adapt itself with high WSS by
deforming its shape (wall remodeling). If we can neglect other factors, an aneurysm arisen from a pure
straight artery may be considered stable.

After comparison of aneurysm growth in the curved and straight artery models, we further investigate the
influence of WSS threshold, Reynolds number of the blood flow, and the degeneration ratio of the arterial wall
on the development of intracranial aneurysms using the curved model. It is found that with a decrease in the
WSS threshold, more deformation in the wall accumulates and forms aneurysmal neck, which causes

disturbance in the flow and fluctuations in the WSS distribution. Fluctuations in the WSS then lead to local
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bumps of the wall and the aneurysm height increases without stabilization. An increase in the degeneration
ratio also causes instability in the wall structure by forming local bumps in the wall. And when the Reynolds
number of the flow increases, even if we fix the ratio between the WSS threshold and the baseline WSS, the
development of aneurysm can accelerate due to the increased unsteadiness in the flow field. In all these
studies, the interplay between the local hemodynamic field and the wall geometry change is key to determine
the development of aneurysm.

We further explore the application of our model by applying it to a double-curvature model and a
bifurcation model are developed to. In the double-curvature model, fusiform-like aneurysm is developed
between the two curvatures. In the bifurcation model, it is found that aneurysm develops near the
bifurcational area. These examples further demonstrate the key role of local hemodynamics in determining
the progression of intracranial aneurysms.

Finally, the extensibility of this model as a rule-based tool to study the growth of aneurysm is explored by
incorporating the effect of wall thinning into our hypothesis. Decrease of the wall thickness by a constant ratio
is assumed as a response to elevated WSS. It is found that thinning of the wall itself is able to cause initiation
and development of aneurysm. Continuous thinning of the wall can cause more instability of the wall
structure and may be related to aneurysm rupture. The development of aneurysm is further complicated by
the combination of wall thinning and decrease in the Young's modulus.

In summary, we have constructed a rule-based computational model to study the initiation and
development of intracranial aneurysms. It is based on the hypothesis that high WSS above a threshold can
degenerate the vessel wall. The interactive nature of the blood flow and wall deformation is captured in this
study by solving the fluid and solid wall models iteratively. Results are obtained in curved artery models,
straight artery models, double curvature models, and bifurcational models, which represent various
characteristics of the cerebral arterial geometry. The influence of WSS threshold, degeneration ratio, and
Reynolds number is also studied. These results reveal the complicated pattern of aneurysm growth due to
the interaction between the geometrical changes, re-distribution of the hemodynamic stresses, and the
degeneration of the arterial wall. The capability of our model! to study the progression of aneurysm is further
demonstrated by incorporating the wall thinning effect into our hypothesis. These results suggest the
potential utility of this rule-based numerical model in the investigation of development of cardiovascular

diseases.
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