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Abstract: Background ― Rupture of intracranial aneurysms leads to subarachnoid hemorrhage and, as a consequence, to hemorrhagic 
stroke. Mortality at the same time reaches 45%. Moreover, half of survivors experience serious neurological problems. Diagnosis of 
cerebral aneurysms is difficult due to the fact that they usually do not have any typical symptoms. Development of criteria for assessing risk 
of aneurysm rupture is an actual scientific problem, since preventive surgical treatment entails serious post-operative complications and 
untimely treatment leads to aneurysm rupture. It is necessary to understand whether this or that aneurysm is prone to rupture in order to 
form a treatment tactic. 
Methods ― Factors such as size of aneurysm, size ratio, irregular shape and wall shear stress were highlighted in this work. Each of these 
factors was considered for four models of aneurysms and numerical simulations of the blood flow in these aneurysms were performed. 
Size ratio was calculated for each model: 1.2, 1.6, 2.0 and 2.5. Height of aneurysms was 3.5, 4.5, 6.0 and 7.5 mm. Aneurysms with size 
ratios of 2.0 and 2.5 had an irregular shape. Given the morphological factors, 1.2-aneurysm and 1.6-aneurysm had small risk of rupture and 
other aneurysms had high rupture risk. 
Results ― Numerical biomechanical modeling showed that there were no vortices in small aneurysm during the entire cardiac cycle. 
Average wall shear stress of aneurysms with 2.0 and 2.5 size ratios was more than two times lower than wall shear stress of the small 
aneurysm. Wall shear stress values on most of the dome of the largest aneurysm did not exceed 1.5 Pa. The increase in size ratio led to an 
increase of blood pressure in aneurysm during the entire cardiac cycle. Distribution of wall shear stress in aneurysms with size ratios more 
than 2.0 turned out to be essentially inhomogeneous. Also these aneurysms had complex flow patterns. Presence of vortices, 
inhomogeneous distribution of wall shear stress indicates a higher risk rupture of such aneurysms. 
Conclusion ― It can be concluded that both morphological and hemodynamic factors do not contradict each other, but complement each 
other. This fact suggests that one can develop objective and convenient for use in preoperative planning of surgical treatment methods for 
assessing the risk of cerebral aneurysms rupture for a particular patient. 
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Introduction  
Intracranial aneurysms are pathological widenings of cerebral 

arteries which occur in approximately 2-5% [1] of the population. 
Diagnosis of aneurysms is difficult due to the lack of typical 
symptoms. However, the development of tomographic methods in 
recent years has significantly increased the likelihood that an 
aneurysm will be detected in time [2]. 

Rupture of aneurysms leads to subarachnoid hemorrhage, 
which is one of the causes of hemorrhagic stroke. Mortality with 
subarachnoid hemorrhage is up to 45%, and half of survivors have 
serious neurological problems [3]. Taking into account the high 
mortality rate, the issue of the need for carrying out preventive 
surgical or endovascular treatment of an unruptured aneurysm in 
each case remains open, as it can be associated with serious 
postoperative complications [4]. Therefore, the problem of 
developing reliable and objective criteria to assess the risk of 

rupture is relevant. Moreover, such criteria should work regardless 
of gender, age, race and other individual parameters of each 
patient. 

For several decades, the authors [5-8] are trying to identify 
morphological and mechanical factors which determine risk of 
cerebral aneurysms rupture. Among such factors, first of all, 
researchers consider size of aneurysms [6]. Authors also estimate 
size ratio of aneurysm [1, 2, 9, 10], aspect ratio, as well as irregular 
shape [4, 11], wall shear stress [2], effective stresses in the wall, 
blood pressure in aneurysm dome [12]. 

Aim of this paper is to show that an aneurysm having a greater 
risk of rupture in terms of morphological factors is also more 
prone to rupture in terms of mechanical factors. The study was 
carried out using methods of computational fluid dynamics (CFD), 
which makes it possible to evaluate blood flow in aneurysms. 

 



 

ISSN 2304-3415, Russian Open Medical Journal 2 of 7 

2018. Volume 7. Issue 3. Article CID e0304 
DOI: 10.15275/rusomj.2018.0304 Biophysics 

 

[ 

© 2018, LLC Science and Innovations, Saratov, Russia www.romj.org 
 

 
Figure 1. Schematic images of a brain vessel with an aneurysm: the vessel 
diameter, the height of an aneurysm (width) and the diameter of an 
aneurysm neck (width) are marked on the left, an irregular shape of 
aneurysm is shown on the right. 
 

 
Figure 2. Aneurysm models which were considered in this research (from 
right to left: 2.5-aneurysm, 2.0-aneurysm, 1.6-anerusym, 1.2-aneurysm). 
 
 
Table 1. Criteria values of morphological rupture factors 
Refs Year Criterion Value 
[12] 1992 Size of aneurysm 4 mm or less - for unruptured 

5 mm and more - for ruptured 
[29] 2003 Size of aneurysm 7 mm and more - for ruptured 
[8] 2008 Size ratio 2.05 and more - for ruptured 
[23] 2010 Size ratio 2.57 - average for unruptured 

4.08 - average for ruptured  
more than 3 - for ruptured 

[21] 2014 Size of aneurysm, 
irregular shape 

9 mm and more - for ruptured 

[5] 2015 Size ratio 1.55 - average for unruptured 
2.09 - average for ruptured 

[11] 2016 Irregular shape Not availible 
[18] 2016 Irregular shape Not availible 
[27] 2016 Irregular shape Not availible 
[14] 2016 Size ratio 1.07 - average for unruptured 

1.55 - average for ruptured 
[20] 2017 Size of aneurysm 7 mm and more - for ruptured 
[10] 2017 Size of aneurysm between 5 and 10 mm - size of 

ruptured 
[25] 2017 Size of aneurysm Not availible 
[3] 2017 Size of aneurysm, 

irregular shape 
2.5 mm - average for unruptured 
6.9 mm - average for ruptured 

[9] 2017 Size ratio 2.1 and more - for ruptured 
[4] 2018 Size ratio Not availible 
[24] 2016 Size ratio, size of 

aneurysm 
Size ratio more than 1.5 - for 
ruptured 

[2] 2013 Size of aneurysm Aneurysms of the anterior 
communicating artery with 4 mm in 
diameter should be treated. Other 
aneurysms less than 7 mm in size 
have a small risk of rupture. 

[26] 2009 Size ratio 2.05 and more - for ruptured 
 
 
Table 2. Hemodynamic (mechanical) factors of aneurysm rupture 

Refs Year Criterion Investigation method 
[15] 2015 Low WSS Numerical simulation 
[16] 2017 Low WSS Numerical simulation, experiments 
[17] 2012 Low WSS Numerical simulation, experiments 

Material and Methods 
Literature review: factors and criteria of intracranial 

aneurysm rupture 
Size of aneurysm, size ratio, irregular shape and wall shear 

stress were identified as rupture factors on the basis of literature 
review. Each of these factors was considered in relation to four 
models of aneurysms (hereinafter we will title them as 1.2-
aneurysm, 1.6-aneurysm, 2.0-aneurysm and 2.5-aneurysm) for 
which numerical calculations of the blood flow were performed. 

Further, we present the results of the literature review. First of 
all, we make some explanations. On the left in Figure 1, an 
aneurysm with a smooth surface is schematically shown. Vessel 
diameter, aneurysm height and diameter of the aneurysm neck 
(width) are marked. There is an aneurysm with irregular shape on 
the right in Figure 1. Small aneurysm or bleb is present on its 
dome. Relation to the size of the vessel (size ratio) will be 
calculated as the ratio of aneurysm height to the vessel diameter. 

Next, we present a table with morphological criteria (factors) 
for the rupture of intracranial aneurysms considered in this paper 
and their numerical values taken from literature (Table 1).  

Along with morphological, the hemodynamic (mechanical) 
factor was also identified, indicating risk of aneurysm rupture. This 
factor is low wall shear stress (WSS). Among the articles 
considered in the framework of the review, following factors were 
identified and are listed in Table 2. 

 
3D models of aneurysms 
Four aneurysms of the basilar artery bifurcation were 

considered, the models of which are shown in Figure 2. For all 
models, size ratio was calculated: 1.2, 1.6, 2.0 and 2.5. Dimensions 
(height) were 3.5, 4.5, 6.0 and 7.5 mm respectively. Two of four 
considered aneurysms also had irregular shape; one of them is 
shown in Figure 3. According to the analysis of literature, the two 
largest aneurysms should be assigned to a group with a high risk of 
rupture in such parameters as size of aneurysm, size ratio and 
irregular shape. On the right in Figure 3, arrow shows bleb on the 
aneurysm dome. 

 
CFD modeling 
Two models of aneurysms considered in this work have 

already been analyzed [12], but in that research only their 
absolute sizes were taken into account in the analysis of the 
results, and modeling was carried out taking into account elasticity 
of vessel walls. Simulation results were compared with calculations 
of healthy vessels and vessels with stenosis. In this paper we 
introduce into consideration other rupture factors, the 
applicability of which is shown in recent investigations. 

In this research, simulation was carried out in ANSYS CFX 18.0. 
Blood was considered to be a viscous incompressible 
homogeneous and Newtonian fluid with constant coefficient of 
dynamic viscosity 0.004 Pa*s and density 1050 kg/m3 [12]. Flow 
was considered as laminar. A nonstationary system of 3D Navier-
Stokes equations was solved. In each artery, including an 
aneurysm, blood flow parameters such as velocity and pressure at 
each time of the cardiac cycle were calculated. Сalculation was 
carried out taking into account the boundary conditions at the 
inlet, outlet and on the side walls of the vessels. Thus, the 
equations and boundary conditions determined the behavior of 
the vessels throughout the entire cardiac cycle. 
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Figure 3. Top view of the largest aneurysm (right) with irregularity of its 
shape 
 
 

 
Figure 4. Velocity on basilar artery inlet 
 
 

 
Figure 5. Fragment of tetrahedral computational mesh with prism layers 

 
 

Table 3. Average WSS and pressure values in aneurysm dome during 
systole and diastole 
Aneurysms Average WSS, Pa Average pressure, Pa 

systole diastole systole diastole 
1.2-aneurysm  5,2 3,6 816 600 
1.6-aneurysm  3.6 2.7 835 625 
2.0-aneurysm  2.6 2.0 876 650 
2.5-aneurysm  2,4 1,6 913 670 
WSS, wall shear stress. 

 
 
Because the lack of information about vessel mechanical 

properties, the wall elasticity was neglected, and rigid wall 
boundaries with no-slip conditions were used at the vessel walls. 
Such assumption is acceptable for the analysis because the 
influence of wall compliance on the aneurismal flow pattern is 
insignificant compared with that of overall morphology [14]. 

At the inlet of basilar artery, time-varying blood velocity was 
set (Figure 4) [12], at the outlets of posterior cerebral arteries zero 
pressure boundary conditions were set. Pulse rate was assumed to 
be 60 beats per minute, blood pressure was considered to be 
normal. 

The problem was solved for two cardiac cycles. Results of the 
second cycle were analyzed to exclude the effect of zero initial 
conditions on the solution. Time step was euqal to 0.025 s. 

Tetrahedral computational mesh with 6 prismatic layers was 
constructed. Mesh convergence analysis was performed. Average 
size of tetrahedron edge was 0.1 mm. Error value was lower than 
3%. Fragment of 3D computational mesh is shown in Figure 5. 

Each finite-element model contained about 1,000,000 finite 
elements and about 350,000 nodes. Linear finite elements were used. 

 
Results 
Fields of wall shear stress and pressure on aneurysm dome 

were analyzed for systole and diastole. Average values of WSS and 
blood pressure on the dome were placed in Table 3. 

With increasing size ratio, pressure in aneurysm dome also 
increases. Average values of WSS in the dome, on the contrary, 
decrease substantially in magnitude. In both systole and diastole, 
mean values of WSS of 2.5-aneurysm differ from those for 1.2-
aneurysm more than twice. For pressure, situation is similar, but 
difference here is about 12%.  

Now we will show figures with WSS, pressure fields and 
streamlines only in 1.2-aneurysm and 2.5-aneurysm. Pressure, 
WSS fields and streamlines in 1.6- and 2.0-aneurysms are similar to 
the same fields for 1.2- and 2.5-aneurysms, respectively. 

Fields of WSS and pressure in 1.2- and 2.5-aneurysms at 
systole are shown in Figures 6-8. 

WSS of 1.2-aneurysm at systole are shown in Figure 6. WSS 
field of 2.5-aneurysm is shown in Figure 7. From a comparison of 
Figures 6 and 7 it is evident that WSS field in the dome of 2.5-
aneurysm is less homogeneous in comparison with the distribution 
of WSS in the dome of 1.2-aneurysm. 

Pressure field on 1.2-aneurysm wall is shown on the left in 
Figure 8. Pressure field on 2.5-aneurysm wall is shown on the right 
in Figure 8. 

The highest values of blood pressure are concentrated in the 
upper part of the dome and correspond to the region of the impact of 
the blood flow entering the aneurysm from the basilar artery. 
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Figure 6. WSS field of 1.2-aneurysm at systole 
 

 
Figure 7. WSS field of 2.5-aneurysm at systole 
 
 

 
Figure 8. Pressure filed on the wall of 1.2-aneurysm (left) and 2.5-
aneurysm (right) at systole. 
 
 

 
Figure 9. Streamlines in 1.2-aneurysm at systole 
 
 

 
Figure 10. Streamlines in 2.5-aneurysm at systole 

Table 4. Morphological factors of two aneurysms 
Aneurysms Size, mm Size ratio Shape Risk of rupture 
1.2-aneurysm 3.5 1.2 Regular Low 
1.6-aneurysm 4.5 1.6 Regular Low 
2.0-aneurysm 6.0 2.0 Irregular High 
2.5-aneurysm 7.5 2.5 Irregular High 
 
 

Streamlines in 1.2-aneurysm are shown in Figure 9. 
Streamlines in 2.5-aneurysm are shown in Figure 10. Black arrows 
in Figures 9 and 10 indicate the direction of blood flow. Vortex in 
2.5-aneurysm is shown on the right in Figure 9 and is marked with 
red oval. Location of the vortex corresponds to the bleb of the 
dome of 2.5-aneurysm which is shown in Figure 3. 

 
Discussion 
This article presents the results of biomechanical study of 

intracranial aneurysms factors of rupture. Literature sources were 
first studied and factors, as well as their numerical values, were 
identified, which made it possible to distinguish aneurysms that 
prone to rupture from aneurysms with small risk of rupture. Then, 
with the help of numerical modeling, four models of aneurysms 
were analyzed, as well as the effect of the fracture factors studied 
on hemodynamics in the dome of aneurysms. 

Size of aneurysm is the main characteristic, on which 
researchers turn their attention. In 1992 [5] authors claimed that 
size is what distinguishes ruptured aneurysms from unruptured 
ones. According to Inagawa et al., 4 mm is the size that 
characterizes unruptured aneurysms. As criterion for high risk of 
rupture authors considered aneurysm size of more than 5 mm. 
The results which were devoted to the problem of searching for 
criteria for rupturing aneurysms of cerebral vessels were published 
in Lancet [6]. The study used data from 4,060 patients from 61 
medical centers in US, Canada and Europe. The results suggest 
that asymptomatic aneurysms up to 7 mm in diameter of circle of 
Willis anterior arteries have the least risk of rupture. 

In most modern studies, relative sizes (size ratio, aspect ratio) 
of aneurysms are considered to be the criteria of rupture. 
Nevertheless, in some works [15-18] it was shown that exactly the 
size of an aneurysm can be a predictor of its rupture. Lv [19] with 
co-authors considered single small-diameter aneurysms (up to 7 
mm) of posterior communicating artery, which are not prone to 
rupture according to ISUIA conclusions. However, more than a half 
(68 vs 40) of small aneurysms of the posterior cerebral artery were 
ruptured, and their size ratio turned out to be higher, which was 
confirmed by logistic analysis. 

The first work devoted to the study of the aneurysm size ratio 
was published in 2008 [10]. Size ratio can be fairly simply 
measured on the basis of 2D angiographic images. In 2009, 
Tremmel et al. [14] with the help of numerical modeling 
demonstrated that size ratio is associated with risk of rupture, and 
high values of this parameter determine aneurysms with blood 
flows typical to ruptured aneurysms. This conclusion confirms the 
fact that hemodynamics is one of the causes of aneurysm rupture. 
Numerical calculations in [14] showed that not the size of the 
aneurysm, but size ratio determines hemodynamics within the 
aneurysm. Futami [20] believes that size ratio of 2.1 can be 
considered as threshold and characterizes the transition of an 
aneurysm to the stage of high risk of rupture. 
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Under the irregular form of an aneurysm, we mean the 
presence of irregularities and bulges on its wall or "aneurysm in 
aneurysm" (Figure 1 on the right). This form of aneurysm was 
described by Weir in 1987 [28]. In recent years, more and more 
researchers [4, 8, 11, 16, 22, 23] point to the fact that ruptured 
aneurysms have irregular shape. From the mechanical point of 
view, wall of an aneurysm with inhomogeneities can have an 
inhomogeneous stress field, and structure of the flow inside such 
aneurysms becomes unstable and inhomogeneous. 

Moreover, it was noted that irregular shape of aneurysm dome 
indicates a high risk of rupture, regardless of its size [11, 22]. The 
appearance of irregularities on the surface of aneurysm dome 
indicates degradation of its wall and a possible thrombosis of its 
lumen [22]. 

In fact, from the diagnostics point of view, irregular shape is a 
convenient, accessible and objective criterion, since its detection 
does not require any calculations or measurements. Irregular 
shape of an aneurysm can be detected by viewing the results of a 
computed (CT) or magnetic resonance imaging (MRI) scan. 

Authors in [24] stated that low WSS are considered to be 
dangerous and determine aneurysm rupture. According to the 
results of Kaneko and co-authors [13], low WSS and vortices in 
aneurysm dome change the orientation of endothelial cells and 
promote aneurysm growth and damage to its wall. At the same 
time, endothelial cells in a normal vessel with laminar blood flow 
are oriented along the flow and have a regularly oriented 
structure. 

Results in [25] show that low WSS, regardless of other 
parameters and patient data, are a criterion of multiple 
intracranial aneurysms rupture. Moreover, ruptured aneurysms, in 
contrast to unruptured ones, had more complex structure of blood 
flow and multiple vortices. This can be explained by the fact that 
as a rule ruptured aneurysms have inhomogeneous structure of 
the wall, which assumes the presence of aneurysms in aneurysm 
(so-called irregular shape) [8, 11, 22]. 

Numerical modeling of the pulsating blood flow showed that 
aneurysm grew in regions with low WSS [26]. Results of the 
numerical simulation were confirmed experimentally. Kojima also 
showed that blood pressure on the aneurysm wall plays a 
significant role in the process of aneurysm growth. Larger 
aneurysms have higher blood pressure in the dome than small 
aneurysms. 

This review showed that a look at predictors of aneurysm 
rupture has undergone significant changes in recent decades. The 
absolute aneurysm size was considered earlier. In connection with 
the development of modern diagnostic methods, as well as the 
accumulation of a large amount of data on patients with 
aneurysms, relative dimensions began to be investigated. 
Moreover, the development of computational methods has made 
it possible to significantly expand the possibilities of biomechanical 
modeling and to confirm the fact that hemodynamic factors, in 
particular, WSS in the dome of aneurysm determine their growth 
and rupture. 

We present analysis of the biomechanical modeling results and 
show that hemodynamic rupture risk factors work together with 
morphological. Moreover, their combination allows one to 
determine aneurysms prone to rupture.  

Taking into account morphological factors that can be analyzed 
on the basis of 3D aneurysm models presented in this work, two of 

four considered aneurysms has a high risk of rupture (Table 4) [3, 
9, 10, 11, 23, 27].  

Thus, it can be assumed that hemodynamics of the examined 
aneurysms should be significantly different. Moreover, 
hemodynamics of 2.0-aneurysm and 2.5-aneurysm should 
correspond to that for ruptured aneurysms [14]. 

In fact, simulation results confirmed this assumption. Figure 10 
shows presence of vortex in 2.5-aneurysm in the area of bleb of its 
dome. There were no vortices in 1.2-aneurysm during the entire 
cardiac cycle (Figure 8). Small insignificant vortex was founded in 
aneurysm. Moreover, during the entire cardiac cycle average WSS 
value in 2.5-aneurysm were more than two times lower than the 
average WSS in 1.2-aneurysm. According to Figure 6, WSS values 
on most of the dome of 2.0 and 2.5-aneurysm did not exceed 1.5 
Pa, which, according to authors [28], is a predictor of rupture. 

On the contrary, blood pressure in 2.5-aneurysm was higher 
than blood pressure in the dome of 1.2-aneurysm during the 
entire cardiac cycle. WSS distribution in 2.0 and 2.5-aneurysm was 
significantly more heterogeneous than in the dome of 1.2- and 
1.6-aneurysm. The non-uniformity of WSS distribution, the 
presence of vortices and complex flow pattern indicate a higher 
risk of its rupture [25]. 

Distribution and numerical values of mechanical 
(hemodynamic) rapture factors suggest that 2.0 and 2.5-
aneurysms have a higher risk of rupture than 1.2 and 1.6-
aneurysms. Results of this study indicate that the relationship 
between aneurysm size and parent vessel diameter and irregular 
shape of aneurysm are critical to the intra-aneurysmal 
hemodynamics generated. 

It can be concluded that both morphological and 
hemodynamic factors do not contradict each other, but 
complement each other. 

In this paper, we deliberately modeled aneurysms with rigid 
walls, so that the mechanical properties of the wall, taken from 
literature and not corresponding to the individual characteristics 
of the patient, did not introduce errors into the solution. However, 
other researchers [26, 29] perform calculations with mean values 
of properties (data from literature), which can both positively and 
negatively affect the results and their interpretation. 

 
Conclusion 
It was shown that both morphological and hemodynamic 

factors do not enter into contradiction with each other. This fact 
suggests that one can develop objective and convenient for use in 
preoperative planning of surgical treatment methods for assessing 
risk of rupture of cerebral aneurysms for an individual patient. 

 
Limitations 
The main limitation in this work is the fact that the paper 

presents only the results of numerical simulations, which at the 
moment were not compared with experiments on biological 
samples. 

In the future, we hope that we will perform a numerical 
simulation of the behavior of several aneurysms, for which it is 
known that they have ruptured or did not ruptured after the 
diagnosis. This will allow us to compare the pattern of blood flow 
in aneurysms and other mechanical factors with the diagnosis of 
this disease. 
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