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Abstract. In the current clinical practice, the rupture risk prediction of fusiform aneurysms is 

based on maximum diameter. This approach does not account for the size and shape 

dependent cyclic stresses arising due to fluid-solid interaction (FSI). Previous fluid-structure 

interaction studies by the authors on model two dimensional fusiform aneurysms (abdominal 

aortic aneurysm (AAA)) has revealed that the maximum diameter to height ratio (DHr) could 

possibly be used as a critical parameter, since it can signify the hemodynamic and 

biomechanical stresses [7]. Hence the present study assesses whether the observations from 

the shape index based 2D simulations hold good in realistic 3D conditions as well. Based on 

the preliminary investigations, it is hypothesized, that a combination of Dmax and DHr would 

be a better indicator of rupture risk. 
 

1 INTRODUCTION 

Aneurysms are localized unhealthy segment of an artery resulting due to the weakening of 

the blood vessel walls. This would exemplify in the form of a local bulge or an outpouching  

A fusiform aneurysm is a gradual dilation of the complete circumference of the artery, 

commonly present in the aorta, in the thoracic region or the abdominal region, near the iliac 

bifurcation. The latter is commonly referred as an abdominal aortic aneurysm (AAA). In the 

current clinical practice, surgical treatment of AAA is generally considered necessary when 

the maximum diameter (Dmax) exceeds 5–6cm [1]. Use of diameter as the primary criterion in 

the decision to intervene, fails to take into consideration aneurysms that rupture at sizes below 

operative thresholds. Moreover, diameter is a static measure that does not take into 

consideration the dynamic interactions between local cyclical forces and the biological state 

of the arterial wall. Vorp et al., [2] argued that, from a bio-mechanical perspective, knowing 
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the wall stress in the lumen, can more accurately predict the rupture risk of AAA, because it is 

the cyclic stress caused by the pulse wave in conjunction with factors which decrease the 

strength of the wall, which leads to dilatation and ultimately to rupture [1,2]. So earlier 

research was targeted towards predicting a rupture potential index (RPI) based on the peak 

wall stress (PWS) and the tensile strength of the blood vessel, using finite element techniques. 

These studies inferred that the rupture potential of the aneurysms to be greatly influenced by 

the geometrical parameters like asymmetry, wall thickness, intra-luminal thrombus (ILT) 

formation etc [2,3].  

It should be pointed out that, the above studies failed to develop a robust co-relation 

between the magnitude of PWS and RPI, since it ignores the effect of hemodynamic factors 

like WSS, which is responsible for the cyclic loading of the arterial walls. Presently 

researchers have shifted their attention on understanding the flow dynamics and features 

inside the diseased segment, trying to develop a more consistent correlation between WSS 

parameters and the rupture risk [4,5]. It was observed that the mechanics of the arterial wall 

and the resulting distribution of wall shear stress parameters are influenced by the individual 

shape, in addition to the size of the aneurysm. The potential for geometry-based indices to 

assess rupture risk by describing the derivation of a set of global indices, quantifying size and 

shape of aneurysms is still a possibility. Martufi et al., [6] have defined certain standard shape 

indices which could be obtained from any patient-specific MR or CT images. Recent FSI 

study on 2D model fusiform aneurysms with various shape indices, gave insights on the 

significance of these indices, in predicting hemodynamics of aneurysm geometries. This study 

helped us to eliminate other shape indices, confining our focus on to DHr alone, which turned 

out to be the primary shape index signifying the hemodynamic behaviour, including 

turbulence intensity [7]. Present study investigates simultaneous influence Dmax and DHr for 

predicting rupture risk of AAAs using 3D simulations. 

2 METHODOLOGY 

Hemodynamic studies adopt computational fluid dynamic technique assuming either the 

arterial wall to be rigid or numerical simulations with flexible arterial wall accounting for 

fluid structure interaction. FSI studies are considered to be superior over the rigid wall 

simulations since it takes into account the strong interactions between flowing blood and the 

deforming vessel walls. Hence considering its efficiency in accurate modelling of the physics 

of flow and wall motion, in the present work, FSI based simulations are adopted to study the 

hemodynamics and bio-mechanics. The coupling of the aneurysmal wall motion and blood 

flow, at the interface between the fluid and solid, is enabled with the aid of Arbitrary 

Lagrangian Eulerian (ALE) method, which combines the fluid flow formulated using a 

Eulerian description and a spatial frame, with wall mechanics formulated using a Lagrangian 

description and a material (reference) frame. The finite element commercial code COMSOL 

Multiphysics, incorporating ALE method is chosen for the present study [8]. 

Even though AAA geometries are patient-specific, for the sake of reducing computational 

cost and complexity, certain idealizations and assumptions should be made, which could still 

produce valuable insights into their hemodynamics and biomechanics. Hence present study 

limits AAA as an idealized axisymmetric diverging and converging segment of an artery 

proposed by Martufi et al., [6] as given in equation (1). 
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Figure 1: Model geometries used in the present study. 

The models used in the present study corresponds to the lowest and the highest value of 

DHr reported by Martufi et al., among the nine patient-specific geometries reconstructed by 

them [6]. The Dmax adopted is the clinically accepted critical diameter of 5cm as shown in 

Figure 1. Blood flow is considered to be laminar, in-compressible and Newtonian, the latter 

owing to blood flows at high shear rates in larger arteries [4,9]. The mass momentum 

conservation equations are solved in the flow domain which is tessellated with freely moving 

and deformed grid. At the interface, two-way coupling is modelled between by enforcing the 

two conditions viz, the velocity at interface is the same for the fluid and the arterial wall, and 

the forces applied on the interface by blood and arterial wall are identical and in opposite 

directions. The set of equations for both solid and fluid domains are solved simultaneously 

using the fully-coupled approach, with the direct PARDISO solver. The inlet and outlet of the 

diseased section is extended by 4 and 12 times Dneck respectively, to minimize numerical 

artifacts due to the enforcement of boundary conditions on the inlet and exit sections. Pulsatile 

velocity and pressure wave forms are enforced as shown in Figure 2 at the inlet and outlet 

sections respectively. 

 

Figure 2: Domain and boundary conditions used in the present study. 

Blood is assumed to have a density of 1050 kg/m3 and a viscosity of 0.0035 Pas and AAA 

wall is assumed to be, linearly elastic with Young’s modulus of 2.7 MPa and Poisson’s ratio 

of 0.45 with a density of 2000 kg/m3. No-slip boundary condition is applied at the fluid wall, 
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with fixed constraints on the side walls of the blood vessel. The outer wall of the blood vessel 

is set to zero traction. The fluid domain of interest is tessellated with P2/P1 elements and 

quadratic Lagrange discretization is adopted for the solid domain. Temporal discretization 

was performed with generalised-α method with time-steps varying from 0.01s to 10-5s. Mesh 

sensitivity studies were conducted on three structured mesh densities namely coarse, fine and 

finer using the AAA1 geometry. The average flow velocity at the center of the aneurysm 

section after two cardiac cycles was chosen as the primary variable to establish the grid 

independence and the relative error between fine and finer mesh was found to be less than 

1%. Since the finer mesh had double the mesh resolution in the solid domain, finer mesh is 

used further in the study. For faster convergence and stability of the FSI simulations, initial 

two cardiac cycles were simulated with rigid wall assumptions, which served as the initial 

condition for the flexible wall FSI simulations, executed for the next six cardiac cycles. 

2.1 Validation of FSI simulation 

An effort was made to validate the methodology adopted for FSI simulation by simulating the 

classical problem of pressure wave propagation in a flexible tube. Pressure wave is simulated 

by applying an inlet pressure of 1 KPa at the left end and an outlet pressure of 0 Pa at the right 

end of the tube. The tube has a length of L= 0.1m, a diameter of D = 0.02m, and a wall 

thickness of t = 0.002m. Material properties of the fluid and structure are chosen similar to 

that of the blood flow in large artery, Young’s modulus as1 MPa, Poisson’s ratio as 0.3, 

density of fluid and solid to be same as 103 kg/m3, and dynamic viscosity of 103Ns/m2. Fixed 

constraints were imposed on the side walls of the tube and zero traction was applied on the 

outer wall. Computations were carried out on a tetrahedral mesh adopting temporal/spatial 

discretization schemes to be same as that is used for the FSI study on aneurysms. Figure 3 (a) 

shows the pressure profiles along the tube center line at different time instants, obtained from 

the present study compared against the work published by Ha et al. The displacement of the 

outer wall is also compared in Figure 3 (b). Both comparisons show reasonably good 

agreement with the published results. 

  

(a) (b) 

Figure 3: (a) Pressure wave and (b) outer wall displacement at various time instances compared against Ha et 

al [10]. 
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3 RESULTS AND DISCUSSIONS 

Fluid structure interaction simulations were carried out to investigate the influence of the 

expansion ratio (DHr), an index representing the shape of fusiform aneurysms, on the 

hemodynamic and biomechanics properties of the diseased section. Detailed simulations are 

performed on two different AAA models to obtain hemodynamic and biomechanical stresses 

and the influence of DHr and Dmax. It is pertinent to investigate, if the hypothesis of the 

importance of DHr in 2D simulations [7] is valid for 3D as well and the use of DHr along 

with Dmax ensures that the fluid stresses (dynamic), its interactions with the wall mechanics, is 

taken into account, in the decision to intervene.  

TAWSS-AAA1 MeanWSS-AAA1 OSI-AAA1 WSSG-AAA1 

  

 

     

(a) (b) (c) (d) 

TAWSS-AAA2 MeanWSS-AAA2 OSI-AAA2 WSSG-AAA2 

        

(e)  (f) (g) (h) 

Figure 4: WSS parameters for AAA1 and AAA2 calculated from the last cardiac cycle. 

3.1  Hemodynamic parameters 

Literature co-relates various WSS parameters such as meanWSS, Time-averaged WSS 

(TAWSS), oscillatory shear index (OSI), and spatial gradient of WSS (WSSG), with rupture 

risk/location, thrombus formation, atherosclerosis etc. A detailed explanation on these 

hemodynamic parameters can be found in Arzani et al [4]. The rupture sites were reported to 

be near the fluid stagnation regions which have low TAWSS with high WSS gradients, in 

many of the earlier studies [5,11]. Most researchers, in their studies found larger thrombus 

growth at the locations with low TAWSS and high OSI [5]. On the contrary, studies on 
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smaller aneurysms have reported that thrombus formation is initiated in the regions of high 

TAWSS and low OSI [4]. Also, atherosclerosis of the aneurysms is reported to be dominant 

in the regions of high WSSG where wall permeability was higher [4,11]. Hence in the present 

study, to exemplify a hemodynamic perspective, these four WSS parameters are reported 

along with the flow features. 

In general, TAWSS is higher in the distal end of the aneurysm, just after the fusiform 

shape, and low TAWSS is recorded around the fusiform section. Comparing the TAWSS 

plots between AAA1 and AAA2 (Figure 4 (a) and 4 (e)), it is clear that the distal end of 

AAA2 experiences higher TAWSS than AAA1 and TAWSS at the region around Dmax is 

slightly lower for AAA2 than AAA1. Figure 4 (b) and 4 (f) depicts the meanWSS 

superimposed with its direction. Though the magnitude of meanWSS follows the TAWSS, it 

changes its direction twice starting from the neck of the diseased section. At the fusiform 

section, for AAA2 the change in direction takes place at the Dmax section whereas for AAA1 

the change in direction is observed slightly to the proximal half of the aneurysm. The authors 

suspect that this change in direction could be very well corelated with the region of low 

TAWSS, flow stagnation, and ultimately to the rupture location. From these observations, we 

can conclude that the risk of rupture of AAA2 is slightly higher than AAA1, due to the 

prevalence of lower TAWSS around the diseased section. Regarding OSI, the distal end of the 

aneurysm seems to have the low OSI, which is a favorable condition for the initiation of 

thrombus formation. This is in line with the findings by Rourke et al., from his study on 

patient-specific aneurysms, that significant thrombus growth is found on the distal part of the 

aneurysm where low OSI predominates [11]. Comparison of OSI plots of AAA1 and AAA2 

(Figure 4 (c) and 4 (g)) reveals that the OSI is lower for AAA2, both at the distal and 

proximal end, whereas low OSI occurs only at the distal end for AAA1. Hence, based on the 

published studies it can be concluded that, aneurysms with high DHr value will be more 

susceptible to thrombus initiation and growth. Similarly, The WSSG on the distal end is also 

higher for AAA2 than AAA1 as shown in Figure 4 (d) and 4 (h), signifying higher wall 

permeability in this area which can perhaps trigger atherosclerosis.  

An attempt is also made to explain the flow field based on the streamlines colored with 

velocity magnitude plot, at uniform time intervals (0.1T) within a cardiac cycle as shown in 

Figure 5. Forward flow dominates the diseased section only at peak systole, followed by the 

formation of recirculation zones in early and late diastole. During diastole, regions of flow 

recirculation is found to originate from walls due to separation and from the central core, due 

to the expansion of the vessel wall. These recirculation vortices subsequently fill the entire 

aneurysm cross-section causing flow stagnation (stasis) during late diastole. The temporal 

acceleration of the flow at early systole induces expansion of the wall which increases the 

adverse pressure gradient inducing reversed flow in the distal half of the aneurysm. However, 

peak flow follows early systole and hence it is able to overcome the adverse pressure gradient 

to generate forward flow till the end of early diastole. This phenomenon is very much explicit 

in AAA2, which exhibits more cycles of vortex formation and breakdown than AAA1, or in 

other words the flow field is more dynamics in AAA2 than AAA1. Within a cardiac cycle 

reversed flow occurred in AAA1 at early and late diastole due to temporal deceleration and 

just after peak systole due to spatial deceleration, whereas for AAA2 stronger oscillation 

between forward and reverse flow is observed throughout the cardiac cycle. This explains the 

oscillatory behavior of meanWSS and lower OSI in the AAA2 model. All these observations 
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are consistent with our results from the 2D simulations and more details on the distinct flow 

features exhibited by AAA1 and AAA2 can be found in our earlier study [7]. These findings 

substantiate that the shape index DHr could be useful to clinicians to assess the risk 

associated with the progression and rupture of an aneurysm, as all the hemodynamic 

parameters studied in the literature correlates well with DHr (expansion ratio). 

0T 0.1T 0.2T 0.3T 0.4T 0.5T 0.6T 0.7T 0.8T 0.9T 

          
         

    (a)     

0T 0.1T 0.2T 0.3T 0.4T 0.5T 0.6T 0.7T 0.8T 0.9T 

          
         

    (b)     

 

Figure 5: Streamlines colored by velocity magnitude at different instances in a cardiac cycle 

3.2 Biomechanical Stresses 

In the present study biomechanical stresses are expressed as the vonmises stresses, which 

is a combination of principal stresses and are used as a failure criterion (in this case aneurysm 

rupture) of a structure due to internal or external loads. The vonmises stress at peak systole is 

the peak wall stress (PWS) and the maximum vonmises stress at any instant in a cardiac cycle 

is the maximum wall stress (MWS). Figure 6 (a) and (b) depicts the PWS and MWS on both 

inner and outer wall of AAA1 and AAA2. It was observed that irrespective of DHr the inner 

wall records slightly higher stresses than the outer wall. Maximum wall stress within the 

cardiac cycle occurred at the instant of maximum reversed flow for both the aneurysm 

models. AAA1 shows almost uniform distribution of wall stresses along the fusiform section, 

whereas in AAA2 a sudden decrease in vonmises stress is observed in and around the Dmax 

section followed by a higher stress in the proximal and distal end of the diseased section. This 

cyclic oscillations in wall stresses experienced by AAA2 in every cardiac cycle can trigger 

weakening of the vessel wall due to fatigue.  Similarly, the wall expansion and contraction 

were also observed to be uniform in AAA1 and in AAA2 minimum expansion is seen at the 
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Dmax section with maximum distortions at the proximal and distal ends. Also, the PWS and 

MWS is slightly higher for AAA2 than AAA1. Hence it can be concluded that DHr can be 

used to differentiate aneurysm geometries biomechanically also. 
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   (a)     
PWS-AAA2  MWS-AAA2  PWS-AAA2  MWS-AAA2  

        
          

    (b)      

Figure 6: Peak wall stress and maximum wall stress on AAA1 and AAA2 

4 CONCLUSIONS 

Fluid structure interaction studies were carried out on model fusiform axisymmetric 

aneurysms with low and high value of shape index (DHr), to investigate its influence on the 

hemodynamic and biomechanical stresses. It was observed that distinct biomechanical and 

hemodynamic behavior is exhibited by both aneurysms as they vary in DHr. Based on the 

preliminary simulations it is hypothesized that shape index (DHr) and Dmax should be taken 

into account by the clinician to choose an appropriate intervention technique for elective 

repair of AAAs. However, aneurysm geometries are patient-specific and the patient specific 

boundary conditions as well as the variable thickness of the aneurysm also influences its 

hemodynamics and biomechanical behavior.  Hence, detailed patient-specific FSI studies, 

with their MR/CT based imaging need to be carried out to further reinforce the validity of the 

present hypothesis. 
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