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Introduction
Abdominal aortic aneurysms (AAA) are characterized by structural 

remodelling resulting in the gradual weakening and expansion of the 
aortic wall. Surgical interventions in repairing AAA have significantly 
developed in recent years 3-6%, reducing causes of death in patients of 
over 65 years of age, any case when rupture occurs 50% of patients die 
before reaching hospital [1]. 

AAA can typically remain stable until the strength of the aortic wall 
is unable to withstand the forces acting on it as a result of the luminal 
blood pressure, resulting in AAA rupture. This condition is growing 
in prevalence in the elderly population, with approximately 150,000 
new cases being diagnosed every year [1,2]. An AAA may rupture if 
it is not treated, and this is ranked as the 13th most common cause 
of death in the US [3]. The prevalence of abdominal aortic aneurysms 
(AAA) in the general population is 4–10%, [4-6]. The clinical treatment 
of AAA patients presents a dilemma for the surgeon: surgery should 
only be recommended when the risk of rupture of the AAA outweighs 
the risks associated with the interventional procedure. The surgical 
decision is based on the AAA diameter, its expansion rate, the 
patient’s age and risk, the individual centre’s surgical morbidity and 
mortality and the local experience of endovascular repair. Predicting 
the expansion of small AAA and modifying possible risk factors are 
important for clinical management. Decision making in regard to 
elective AAA repair therefore requires careful assessment of rupture 

risk, operative mortality and life expectancy [7]. Current approach 
suggests intervening when AAA reaches critical dimensions estimated 
in a diameter of 5.5 cm. This isn’t a values which has scientific bases 
as the aneurysm can also expand without rupture, or from the other 
hand other aneurysms (10-24%) can fail also if smaller [8,9]. Current 
AAA repair procedures are expensive and carry significant morbidity 
and mortality risks [8]. Depending on the health conditions, the age, 
and compliances the decision to operate a patient is not always an easy 
solution. Many complications can arise after operation [10] and any 
case the decision to operate or not has always many risks.

The maximum diameter criterion seems to be the largest used 
method, as a critical dimension of 5.5 cm is reached by the aneurysm, 
should be convenient to operate [11], but not scientific basis [8,12] can 
effort the criterion. Literature shows different cases of ruptures occurred 
in small aneurysms [13,14], and singular cases of giant aneurysms with 
an unexpected life span [8]. Studies have demonstrated micro structural 
changes characterized by an unbalancing of the elastin/collagen 
equilibrium and altered production of the extra cellular matrix, [15]. 

Abstract
Objective: Abdominal aortic aneurysms (AAAs) are characterized by structural remodelling resulting in the 

gradual weakening and expansion of the aortic wall. Wall stress may furnish a usable indicator to prevent the failure. 
In order to evaluate this risk, static pressure aging on the cap was used to perform FEA, simulating an aneurysm 
varying its dimensions from 10 mm to 50 mm. Analyses were carried out by imposing different thickness of the cap, 
and obtaining correspondent equivalent Von Mises stresses. Understanding how these stresses are distributed and 
what factors influence stress distributions is critical in evaluating the potential for rupture.

Methods: A representative FE model was created in order to simulate the historical evolution of the AAA. CFD 
analyses were performed to obtain data of the static pressure aging on the model. Patient informed consent and 
IRB approval were obtained. A linear law was speculated to understand thickness thinning in function of aneurysm’s 
growth. The obtained pressure maps were used as input to perform elastic linear analyses on the five different FE 
wrappings. 

Results: If the bloody pressure is increased, that increases also wall shear stress, and an adaptive increase in 
arterial luminal size is observed. Results have evidenced peaks of stress varying from 0,004 MPa, for a diameter 
of 10 mm, to 0,45 MPa, for a diameter of 50 mm. Top and bottom zones of aneurysm result more solicited than the 
middle ones, as it can be deducted by obtained strain values, ranging from 5,84e-7, for a diameter of 10 mm, to 
3,14e-4, for a diameter of 50 mm. In order to evaluate the mechanical behaviour of the cap, related to its thickness 
at 50 mm of diameter, different FEA were conducted varying thickness, uniformly, from 1 to 0.4 mm. As it is possible 
to notice, stress increases exponentially while thickness decreases.

Conclusions: Results indicate an equivalent Von Mises stress of about 0,45 MPa, close the to failure value, for 
a critical dimension of 50 mm. This means that failure conditions can depend at least, by two variables: thickness 
and pressure.
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However, the initiating event or events of aneurysm formation and/
or rupture have not been clearly delineated. However, the problem 
with this approach is that 1% to 4.5% of AAAs rupture with an AP 
diameter of 5.5 cm [16,13]. Just as important is what happens to the 
AAA wall following exclusion therapy. In particular, there has been 
an accelerated use of endovascular techniques in recent years, yet a 
small ongoing risk of AAA rupture remains [17,18]. We should be 
able to predict this event by more reliable means than simply looking 
for continued pressurization of the sac. Attempts have been made to 
develop more refined markers of rupture, which might be applied 
in scenarios of endoleak following endovascular repair, which can 
anticipate a further intervention. The pressure inside the AAA sac is 
however to be monitored as strictly connected with the risk of rupture.

Also proximal neck dilatation can be identified as a possible cause 
of risk as contributes to the aortic weakening [19]. So many causes can 
play an important rule in aneurysms generation and degeneration or 
stabilization as reported in literature [20] and a not scientific proved 
criterion can give guaranties about the necessity to operate or not [21]. 

As it is obvious a rupture in AAA occurs when the induced stress 
overcome the critical stress of the material. The process evolves by a 
progressive impairment of the wall tissue which is forced to enlarge by 
the bloody pressure. As the wall tissue enlarges is thickness decreases 
reducing its capability to resist at the induced pressure. As theory 
demonstrates for spherical vessels subject to internal pressure, the 
maximum stress is reached at maximum diameters, calculated by 
taking into account the direction of the flowing current, and is inversely 
proportional to the thickness. 

The phenomenon of the rupture in AAA is still not totally clear as 
two contradictory aspects play an important rule. The first one concerns 
that a not definable critical dimension can be individuated to establish a 
threshold value, second one concerns the problem that sometime they 
fail also if they are significantly under critical dimensions. The problem 
consists in evaluating the relationship between local thickness and local 
stress aging on the wall only this can furnish indications about rupture. 
Different studies have investigated about mechanical properties of 
aneurysms [7,22,15].

However, there have been only two studies that reported on 
mechanical properties of ruptured AAA presumably because they 
rarely become available for studies [23,24]. This limits our ability to 
reliably assess differences between these lesions. Earlier studies have 
reported on wall thickness and failure strength by testing specimens 
taken from the anterior midsection of an AAA [15]. However, they did 
not provide information on regional variation in these characteristics. 
For example, Sekhar and Heros [25], discuss competing hypotheses 
on the pathogenesis and Humphrey [26], reviews biomechanical 
factors that have been implicated in lesion development. Of particular 
note here, it has been hypothesized that saccular aneurysms enlarge 
and rupture (a) due to limit point instabilities [27,28], (b) when the 
equilibrium wall stress exceeds the strength of the wall [29,30], or (c) 
because the dynamic behaviour of the wall is unstable in response to 
pulsatile blood flow [31]. Starting from the consideration that stresses 
increase as diameter increases and thickness decreases, it is logical to 
relate risk of rupture to aneurysm size. However, because AAA have 
complicated asymmetric shapes, the relationship is more complex, and 
the stress in an AAA will depend on the entire geometry, as confirmed 
by recent improvements in the knowledge of AAA geometry, coupled 
with the advances in imaging technique. For this reason this paper aims 
to analyse by a FE code the wall stress shielding aging on the cap of 
aneurysm starting from static pressure data obtained previously [32], 

for an aneurysm starting from 10 mm, and growing to 50 mm. Stress 
and strain aging on the cap were identified and different thicknesses 
were considered as well.

Material and Methods
Three male patients, aged 65, 66, and 70, affected by AAA 

(diameters of 35 mm, 58 mm, and 51 mm), were selected for this study. 
The required information was focused on the geometry of the AAA 
lumen, material property of the wall, and flow conditions at the model 
boundaries. All patients were given contrast agent and scanned with 
a spiral CT scanner (Mx 8000 IDT, Philips®), for their routine AAA 
examinations. Parameters of CT acquisitions are decided by operator 
and surgeon. In order to reconstruct AAA geometry the CT slices were 
segmented by region growing method (RGM) to evidence to lumen 
boundaries. At the end a process of smoothing and reconnecting of 
segments was carried on to obtain a correct geometry. 

Medium thickness were calculated respectively for AAA of 35 mm 
resulting in 1.81 mm, for AAA of 58 mm resulting in 0.55 mm, and 
the last one, 51 mm, resulting in 0.6 mm. Raghavan et al. [32] carried 
on a study on three unruptured and one ruptured AAA founding a 
lower thickness of 0.23 mm on the ruptured one, close to the failure 
zone. Differently they found a maximum thickness of 4.26 mm in 
the smaller of the three (D = 40 mm). A representative FE model was 
created in order to simulate the historical evolution of the AAA, using 
information previously described. Moreover by analysing all the data, 
a linear law was speculated in order to understand minimum thickness 
thinning in function of aneurysm’s growth (Table 1 and Figure 1). 
In Table 1 are reported, for each growing step of aneurysm from 5 
mm to 50 mm of diameter, the supposed minimum cap thickness, 
and consequently internal and external diameters and volumes, and 
also the difference between them. In Figure 1, the continuum lines 
represent trend curves while quads the obtained data, as it is possible 
to notice the difference in volumes is a third grade curve with a the 
peak at 40 mm of diameter. The obtained results were used to perform 
CFD and FE analyses. Finally five FE models were developed with 
“Hypermesh”, a FE code by Altair®, simulating five growing steps from 
10 to 50 mm of diameter for AAA (Figure 2). After the pressure fields 
were obtained, the five different FE wrappings were used as input to 
carry on the elastic linear analyses by using MSC MARC® code. Caps 
were assumed to be isotropic, with a density of 2000 kg/m3  (2.0 g/
cm3), Young’s modulus of E = 2.7 MPa, Poisson ratio of υ = 0.45, and 
undergo large displacements. The wall model was recently used in FSI 
and solid studies [33,34] evidencing a not significant dependence of the 
wall stress values by material properties of the wall. 

 Cap 
tickness

[mm]

Dext. 
[mm]

Vext.
[mm3]

Dint.
[mm]

Vint. 
[mm3]

∆V = (Vext. - 
Vint.)

[mm3]
0,50 50 65417 49,49 63439 1978
0,83 45 47689 44,16 45074 2615
1,10 40 33493 38,90 30805 2688
1,40 35 22438 33,59 19841 2597
1,73 30 14130 28,26 11817 2313
2,01 25 8177 22,98 6356 1821
2,32 20 4187 17,67 2890 1296
2,62 15 1766 12,37 993 774
2,94 10 523 7,06 184 339
3,30 5 65 1,70 3 63

Table 1: Numerical values of minimum cap thickness, internal and external 
diameters and volumes, and volume differences.
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Figure 1: Minimum Wall thickness and volume difference vs. growing diameters.

Figure 2: FE models of the growing aneurysm.
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Results
The results of the examinations conducted in a precedent research 

[32], were reported in Table 2, which reports data, at the peak systole 
along the axial direction, and inside the cap, of static pressure of the 
aneurysm at the different growing steps, from 10 to 50 mm of diameter. 
Peaks of pressure increase, related to the aneurysm’s growing, from 
about 17 to 19 MPa. With regard to fluid dynamics, especially on the 
entrance of aneurysm’s regions, the areas of low wall shear stress are 
also associated with flow separation, that is, a reversal or disturbance 
of the flow, and a greater fluctuation of wall shear stress. This may be 
important because it has been suggested that the fluctuation of the 
wall shear stress or disturbed flow leads to increased endothelial cell 
turnover and intimal thickening. If the blood flow is increased, that 
increase wall shear stress, an adaptive increase in arterial luminal size is 
observed. If the blood flow is decreased, usually insight the aneurysm, 
there is an adaptive decrease of thickness in the cap. In Table 3 are 
reported results obtained by stress strain analyses carried on by the FE 
code. The Y coordinate values of nodes were reported following the 
semi circular contour shape for each growing step, thus that the whole 
profile of aneurysms, in terms of stress and strain, can be exploited on 
the X Y plane. In the remaining columns Von Mises equivalent stress 
and strain were reported as well. As it is possible to notice by Table 3 
and Figure 3, Von Mises stresses growth with increasing of dimensions 
and consequently reducing the intimal thickening of aneurysm’s cap. 
Peaks of stress vary from 0,004 MPa, on the top of 10 mm aneurysm, 
to 0.45, on the base of 50 mm aneurysm. Consequently top and bottom 
zones of aneurysm result more solicited than the middle ones, as it can 
be deducted by observing strain values of table. Peaks of strains vary 
from 5.84e-7, on the top of 10 mm aneurysm, to 3.14e-4, on the base of 
50 mm aneurysm. Finally in Figure 4 are reported the curves of the Y 
coordinate values in function of the corresponding Von Mises stresses, 
and in Figure 5 the corresponding strains. 

In order to evaluate the mechanical behaviour of the cap, related 
to its thickness at 50 mm of diameter, different FEA were conducted 
varying thickness, uniformly, from 0,7 to 0.3 mm. Results in terms 
of equivalent Von Mises stress and strain were reported in Table 4 
and Figure 6. As it is possible to notice increment in stress reflects a 
reduction in thickness. 

Discussion
The formation of an aneurysm within the abdominal aorta presents 

a dilemma requiring clinicians to predict when the risk of rupture 
outweighs that associated with intervention. The most commonly 
used criterion for AAA rupture prediction is the maximum diameter 
criterion, which is typically based on a cut-off value of 5.5 cm [35]. 
Other parameters that have been proposed as potential predictors of 
AAA rupture include the AAA expansion rate [36,37] wall stiffness, 
[38] increase in ILT thickness, volume of ILT, wall tension [39], and 
peak AAA wall stress [40]. All of these approaches are empirical in 
nature and, as such, fail to take into account the physical aspects that 
control AAA development and rupture. The degeneration and the 
regeneration of aneurismal tissue during its natural history are likely 
manifested in the mechanical properties and structural content. The 
cause(s) and prognostic indicator(s) of AAA rupture continue to 
elude our understanding largely because studies on lesions that did 
rupture are scarce. This may mainly be attributed to the unavailability 
of ruptured AAA specimens for studies. While there have been many 
studies on AAA mechanical properties [22,24,41-44], the source of 
specimens for such studies have mainly been the AAA tissue that 
becomes available during the open surgical resection of unruptured 
lesions. The behaviour of AAA strongly depends on the AAA diameter 
[45-47]. AAA smaller than 3.5 cm are stable, less than 10% reached 5 
cm during the whole follow-up period. AAAs ranging from 3 to 3.9 
cm expand slowly, with a mean growth rate of 2.07 mm/year, and 
rarely have ruptured throughout the follow-up. Over 25% of them did 
not expand at all, over a mean follow-up of 3.5 years. The UK SAT 
estimated for the same class of AAA size a rupture risk to of 0.9% for 
100 person-years [45]. These are often young patients with high long-

D
[mm]

Max. Static press. aging 
on the whole artery

[Pa]

Max. Static press. aging on the 
aneurysm’s cap

[Pa]
10 16801 16801
20 16364 16080
30 17069 17069
40 18012 18012
50 19305 19290

Table 2: Maximum values of static pressure aging on the whole artery and on the 
cap at the different growing steps of the aneurysm.

D = 10 mm
t = 2,94 mm

D = 20 mm
t = 2,32 mm

D = 30 mm
t = 1,73 mm

D = 40 mm 
t =1,10 mm

D = 50 mm 
t = 0,5 mm

Y
[mm]

V.M.
Stress
[MPa]

Strain
%

Y
[mm]

V.M.
Stress
[MPa]

Strain
%

Y
[mm]

V.M.
Stress
[MPa]

Strain
%

Y
[mm]

V.M.
Stress
[MPa]

Strain
%

Y
[mm]

V.M.
Stress
[MPa]

Strain
%

10,00 0,004 5,84e-7 20,00 0,018 6,63e-6 30,00 0,074 4,46e-5 40,00 0,118 7,11e-5 50,00 0,459 3,14e-4
9,47 0,004 5,41e-7 19,03 0,012 4,53e-6 29,01 0,040 3,13e-5 39,43 0,073 3,77e-5 49,29 0,218 9,63e-5
8,06 0,002 5,24e-7 16,66 0,007 3,35e-6 27,43 0,020 2,27e-5 37,66 0,033 2,72e-5 47,45 0,109 8,69e-5
6,33 0,001 4,92e-7 13,63 0,004 3,02e-6 24,51 0,015 1,41e-5 35,14 0,022 2,47e-5 44,79 0,060 8,53e-5
5,30 0,001 2,07e-7 11,69 0,004 2,05e-6 20,61 0,016 1,38e-5 31,66 0,021 2,30e-5 41,56 0,050 7,54e-5
3,93 0,002 3,93e-7 9,54 0,006 1,18e-6 16,29 0,015 1,38e-5 27,77 0,021 2,21e-5 37,69 0,051 6,89e-5
1,43 0,002 1,23e-7 7,06 0,009 1,76e-6 11,70 0,013 1,32e-5 23,20 0,021 2,21e-5 33,32 0,052 6,75e-5

2,86 0,008 1,81e-6 7,80 0,024 2,03e-5 18,80 0,024 2,00e-5 28,51 0,058 6,73e-5
4,29 0,025 1,03e-5 14,57 0,041 1,86e-5 23,76 0,070 6,04e-5

10,29 0,071 1,52e-5 18,81 0,090 5,65e-5
6,80 0,122 3,48e-5 14,57 0,119 5,08e-5
5,71 0,159 1,53e-5 10,71 0,161 3,34e-5

8,87 0,248 6,37e-5
7,73 0,458 5,76e-5

Table 3: Equivalent Von Mises stress and strain for contour nodes calculated by FE analyses for each growing step of the aneurysm.
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term survival rates who can be safely managed conservatively. Less 
than 20% of the patients will need a surgical repair of their AAA in the 
first 5 years of follow-up. The finding that larger AAA within this group 
(3.5–3.9 cm) show a greater growth rate than smaller ones (from 3 to 
3.4 cm) (2.8 vs. 1.65 mm/year) has also been reported by other authors 
[48], (1.5-4.1 vs. 0.9-3.3 mm/ year). Other authors have reported mean 
growth rates of 3–6.9 mm/year [49,50], for larger aneurysms from 4 to 
5 cm. The risk of rupture of these AAA has been estimated to be 0.6-
2.1% per year [50]. Elger et al. [51], used a membrane shell model of 
an idealized axisymmetrical AAA to determine rupture as a function 
of wall curvature or bulge diameter. Increasing the pressure (100 to 
160 mmHg) did not have a significant impact on peak wall stress. The 
values measured at a systolic pressure of 160 mmHg did not increase 
any further than those at 140 mmHg. Finite Element Analysis has 
shown that the presence of atherosclerosis may elevate the wall stresses 
by 200% [52], probably through a mechanism of increased calcification 
and stiffness. Smaller AAAs, although structurally beginning to 
weaken, are strong enough to absorb circulatory pressures, it is only 
when a certain threshold of structural degeneration is reached that 
pressure begins to make significant contributions toward higher peak 
wall stress and greater risk of rupture. However, reduction of pressure 
does not stop the ongoing structural deterioration, which simply raises 
the peak stress curve for any given pressure, and significantly increases 
peak wall stress. Wall thickness and failure properties of an AAA 
represent the biomechanical manifestation of tissue degeneration and/
or regeneration. The implication of a given value of failure tension is 
best appreciated within the context of pressure-induced wall tension, 
Wang et al. [41], and Fillinger et al. [33] reported on finite element 
computation of pressure-induced wall stress in reconstructed models 
of human AAA, but assuming a uniform wall thickness. They reported 
wall ‘tension’ distribution scaled by a constant value, and the peak 
wall stress ranged from 22 to 78 N/cm2 both reported by Fillinger for 
a wall thickness of 0.19 cm used for FEA. Raghavan et al. [32], noticed 
a dramatic reduction in wall thickness around the rupture site with 
readings of 0.23, 0.62, 0.78 and 0.92 mm within an 8 mm radius. Even if 
the measurement at the exact ruptured site (0.23 mm) may be attributed 
to possible delaminations that may have occurred during rupture, the 
progressive reduction toward the rupture site suggests that this must 
have been a localized thin region prior to rupture. Di Martino et al. [21] 
reported on the failure properties of circumferentially oriented AAA 

Figure 3: Contours maps of equivalent Von Mises stresses calculated for 
each growing step of aneurysm.

Figure 4: Curves of the Y coordinate values in function of the corresponding Von Mises stresses.
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tissue specimens harvested from anterior mid-section during surgical 
resection of 16 unruptured and 9 ruptured AAAs, obtaining a failure 
stresses of about 20–200 N/cm2, evidencing that unruptured AAAs 
have a much wider range of failure stress values than ruptured AAAs. 
Nevertheless, Fillinger et al. [33] showed, by comparing simulations 
for lesions that ruptured versus those that did not (100 patients), that 
peak maximum normal stresses over 0,44 MPa correlate strongly with 
rupture potential. In closing, it is noted that many investigators [33,52] 
use the Von Mises stress to assess the “maximum stress” in AAAs. 
The Von Mises stress has utility in classical engineering analyses of 
ductile materials, which yield due to excessive shear stresses. In order 
to evaluate the mechanical behaviour of the cap, related to its thickness 
at 50 mm of diameter, different FEA were conducted varying thickness, 
uniformly, from 1 to 0.6 mm. Results in terms of equivalent Von Mises 
stress and strain were reported in Table 2 and Figure 4. As it is possible 
to notice, increment in stress is linked to a general reduction of the 
thickness. Thus by establishing a threshold value of 0,45 MPa, it can be 
argued that in an aneurysm’s cap, subject to a inner static pressure of 

19.000 MPa and of thickness 0,8 mm, the equivalent Von Mises stress 
reaches 0,45 MPa, recognised as failure value.

Conclusions
In this paper was faced a new approach to investigate rupture 

phenomenon in AAA, by analysing the supposed thickness of the 
aneurysm’s cap, its internal static pressure, and the equivalent Von 
Mises stresses induced on it. Results indicate that with an internal static 
pressure of 19.000 Pa and a thickness of 0.5 mm, the equivalent Von 
Mises calculated is about 0,45 MPa, close the to failure value, and a 
critical dimension of 50 mm. This means that failure conditions can 
depend at least by two variables: thickness and pressure. AAA can 
also crack at different values of pressure and thickness when critical 
values of these two parameters are reached. Another parameter which 
needs to be investigated is the velocity of growing in the aneurysm, and 
consequently the variations manifested on the mechanical properties 
of the involved tissues. Limitations to this study regard assumption 

Figure 5: Curves of the Y coordinate values in function of the corresponding Strains.

Figure 6: Equivalent Von Mises stress versus thickness (varying from 0,3 to 0,7 mm) for aneurysm of 50 mm.
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that saccular aneurysms are perfectly spherical, thus predicted stress 
and strain fields are necessarily uniform, thus one cannot glean any 
insight on, for example, the propensity of rupture at the fundus, when 
the neck is thinner in an unloaded configuration. Future research will 
be focused in understanding links between internal static pressure and 
thickness at critical conditions, and how growing velocity can influence 
mechanical properties of tissues.

Clinical Relevance
The present research is the final part of an investigation focused on 

the evaluation of the static pressure aging inside the growing aneurysm 
in a first part and a second one, carried on in this paper, which has 
used precedent data to evaluate the critical stress aging on the cap of 
aneurysm by FEA, by varying the thickness of the cap. The aim is to 
identify a criterion which considers: the uncorrupted thickness of the 
blood vessel, evaluated closely to the disease, its decreasing law, the 
static pressure aging inside the cap, and finally the resultant stress aging 
on it.
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