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ABSTRACT

This study focuses on the impact of geometric factors such as asymmetry, irregularity and tortuosity on the
progression and rupture of Abdominal Aortic Aneurysms (AAA). The current surgical threshold based on maximum
transverse diameter lacks precision, underlining the importance of understanding the aneurysmal wall's intrinsic
biomechanical properties through destructive testing.

We aimed to determine the influence of AAA morphology on its wall biomechanics by correlating preoperative
tomographic geometries with uniaxial biomechanical test data of arterial fragments from open aneurysm repair.

It’s an observational experimental and multicenter study, 47 individuals with AAA undergoing open repair had an
anterior wall fragment tested uniaxially for load, stress, tension, strain energy, strain and thickness. Preoperative CT
scans yielded 26 geometric indices, analyzed statistically using SPSS v28.0.1.

Results: Ruptured AAA fragments were significantly thinner (p<0.05). Positive correlations between the maximum
Diameter (Do) and biomechanical resistance parameters maximum load (r=0.408), failure tension (r=0.372) and
failure stress (r=0.360) were observed. Diameter/Height ratio (DHr) also showed positive correlations with
maximum load (r=0.360), failure tension (r=0.354) and failure stress (r=0.289). DHr was dependent on and
correlated with Dmax, with simple regression analysis indicating significance (p<0.05). No statistical differences in
biomechanical and geometric parameters were noted between ruptured and unruptured AAAs.

Conclusion: The maximum diameter and diameter/height ratio correlate linearly and positively with resistance
parameters of AAA wall fragments. While DHr depends on Dy, other geometric indices show no correlation with
biomechanical properties.
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INTRODUCTION aneurysms. Are they inherently weaker? Do they possess a higher
potential for rupture?

In clinical practice, Abdominal Aortic Aneurysms (AAA) with

asymmetric morphologies are frequently identified on CT scans,

during surgical procedures and in autopsy studies. These AAAs

often appear more fragile and prone to rupture, prompting

Current surgical intervention criteria raise questions: How can
the rupture of small AAAs be explained or conversely, why do
some large, intact aneurysms remain unruptured (Figure 1). This
leads to an investigation into characteristics beyond maximum

uestions about the progression of asymmetrically shaped
q prog Y Y P diameter that may influence AAA growth and rupture. Do
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aneurysms with the same diameter but different shapes and
geometries from different individuals share the same progression
and rupture risk (Figure 2). Do they grow at the same rate? Do
their walls share the same compositional, elastic and strength
properties? [1].

Figure 1: Small aneurysm, collected at autopsy, showing a
rupture in its wall.

Figure 2: Aneurysms with similar diameters collected at

autopsy, yet with different morphologies.

This research aims to understand if geometric characteristics of
aneurysms influence the progression of these dilatations, such
as asymmetries, arterial wall irregularities, curvatures, tortuosity,
diameter asymmetry, neck angulations, aneurysmal sac length,
the presence of luminal thrombus, among other aspects [2].

Given that AAA morphology and geometry seem to affect
rupture risk, it is reasonable to consider that geometric
characteristics also affect the intrinsic properties of the arterial
wall, potentially altering AAA resistance and elasticity.
Understanding

arterial wall  characteristics and their
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physiological biomechanics is crucial for comprehending this
disease.

In solid biomechanics, one way to assess the arterial wall is
through destructive uniaxial tensile testing. It is a practical
method with  established interpretation,
extensively used in materials engineering.

mathematical

Various factors contribute to AAA growth and predispose to
rupture. The natural evolution of AAAs is dynamic, involving a
living and active structure. This study aimed to uniquely
evaluate how biomechanical properties of AAA walls interact
with aneurysms' geometric aspects (one-dimensional, two-
dimensional and three-dimensional) and correlate these factors

(3].
LITERATURE REVIEW

In 2002 highlighted geometry as a key factor determining stress
peaks in AAA. Their findings showed the highest stress
topography coincided with rupture sites, typically at the
posterolateral wall. Also noted how aneurysmal wall curvatures
affect biomechanics, indicating that more elliptical shapes
correlate with increased arterial wall stress [4].

Through tomographic imaging and geometric reconstructions
using Finite Element Analysis (FEA), it is possible to estimate
stress on AAA walls. Stringfellow et al., in 1987 utilized FEA to
deduce that spherical and cylindrical aneurysms experience stress
peaks at different topographies based on their anatomy. Vorp et
al., modeled three-dimensional aortas, calculating stress through
FEA and concluded that both asymmetry and diameter
significantly increase stress within the aortic aneurysm wall. In
2009 Martufi et al., proposed morphological assessment of AAAs
using specific geometric indices, defining One-Dimensional
(1D), Two-Dimensional (2D) and Three Dimensional (3D)
indices to quantify AAA geometry and morphology. Subsequent
research, including Shum et al.,, in 2011, correlated various
geometric characteristics observed in tomographic images with
rupture, such as aneurysmal sac length, height, volume, surface
area, protrusion height and intraluminal thrombus volume [5].

Tang, et al., compared 27 geometric indices between ruptured
and unruptured AAAs, finding correlations between the height
of the largest sac protrusion, smaller mean curvatures and AAA
rupture. Similarly Parikh, et al., identified three geometric
indices more prevalent in ruptures: Total centerline length, total
AAA wall surface area and the norm of Gaussian curvatures [6].

The largest known case series of uniaxial biomechanical
aneurysm tests is by Tavares Monteiro, et al., who conducted
uniaxial tensile testing on the anterior wall of 90 patients with
AAA. They found that resistance parameters are greater in
AAAs larger than 5.5 cm in diameter, with larger aneurysms
showing fewer elastic fibers and more inflammatory cells. This
suggests that larger AAAs undergo intense remodeling with
increased collagen deposition in the media and adventitia layers
to withstand stress [7].

Raghavan, et al., assessed four aneurysms from autopsies and
observed a significant thinning of tissue around the rupture
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sites, suggesting that tissue degradation at the site is a localized
and not uniform process a finding that documents the

heterogeneity of the AAA wall [8].

da Silva, et al., noted that fusiform aneurysms, which were more
frequent and had smaller diameters upon rupture compared to
spheric aneurysms, indicated that morphology and geometry
might be associated with aneurysmal rupture [9].

This abstract underscores the importance of geometric and
biomechanical factors in the pathophysiology of AAAs,
suggesting that a comprehensive assessment of these parameters
is essential for advancing the understanding and management of
aneurysm risk [10].

DISCUSSION

Our study correlated geometric measurements of AAA, derived
from tomographic images, with uniaxial biomechanical test values
of aortic aneurysm fragments obtained during open surgical
repairs. It’s an observational experimental and multicenter study,
47 individuals with AAA undergoing open repair had an anterior
wall fragment tested uniaxially for load, stress, tension, strain
energy, strain and thickness. Preoperative CT scans yielded 26
geometric indices. Positive linear correlations emerged between
two geometric indices, the maximum Diameter (D) and the
Diameter/Height ratio (DHr), with biomechanical indices of
resistance including maximum failure strength, failure tension
and failure stress. Correlations were as follows: Dy with
maximum failure strength (P=0.04, r=0.408), failure tension
(P=0.01, r=0.372) and failure stress (P=0.013, r=0.360); DHr with
maximum failure strength (P=0.013, r=0.360), failure tension
(P=0.015, r=0.354) and failure stress (P=0.049, r=0.289). No
correlations were observed with other geometric indices or with
the failure strain, failure strain energy and thickness of the aortic
fragments [11].

The rupture of an AAA biomechanically signifies the failure of
the diseased aortic wall due to its inability to withstand stress.
The mechanical properties of the aortic wall are thus crucial in
understanding AAA pathogenesis and rupture. The value of
such research is underscored by the wealth of information
gleanable from aortic tissue fragments [12].

This study focused on two spheres relevant to AAA knowledge:

Morphology/geometry and the biomechanical parameters of the
AAA wall, investigating their correlation. Clinical observations
suggest that asymmetrically shaped aneurysms are more
susceptible to rupture [13].

It is well-established that AAAs with larger diameters rupture
more frequently than those with a smaller maximum transverse
diameter. However, our findings challenge the assumption of
uniform wall weakening with increasing AAA diameter. Instead,
larger AAAs in our sample demonstrated stronger anterior walls
than smaller AAAs, as indicated by the positive correlation
between Dyhax and the resistance parameters [14].

The initial events of aneurysmal formation are thought to
include the loss of elastic fibers leading to arterial dilation.
Accompanied by mechanical stimuli due to changes in diameter
and shape,

remodeling ensues, involving collagen fiber
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deposition in the arterial wall, increasing its absolute quantity.
Thus, there is an
remodeling process with collagen deposition varying by arterial
wall topography [15].

active, heterogeneous compensatory

Rupture depends on a localized region where stress exceeds the
arterial wall strength. Given the
homogeneous nature of aneurysmal wall remodeling, it is

non-linear and non-

presumed that areas of greater wall weakness may be responsible
for aneurysmal rupture [16].

While this study's destructive testing methodology is limited to
anterior wall fragments, ideally, samples would be sourced from
various topographies due to compositional variations.
Nevertheless, removal of additional wall fragments from living
patients presents challenges. Cadaveric studies are an alternative,

offering the ability to collect from multiple AAA locations [17].

This underscores the necessity for more individualized AAA
assessments, balancing this against the universal appraisal.
Diameter remains a primary parameter in surgical treatment
decisions, significantly influencing AAA natural history, stress
experience and intrinsic wall characteristics [18].

CONCLUSION

The maximum transverse diameter of AAA and the Diameter/
Height ratio of the aneurysmal sac are linearly and positively
correlated with biomechanical parameters  of
fragments from the anterior wall of the AAA. There was no
correlation found between the other geometric indices and the

biomechanical parameters located in the anterior wall of the

AAA.

resistance

REFERENCES

1. Joly F, Soulez G, Lessard S, Kauffmann C, Vignon-Clementel 1. A
cohort longitudinal study identifies morphology and hemodynamics
predictors of abdominal aortic aneurysm growth. Ann Biomed Eng.

2020;48(2):606-623.
2. ShumJ, Martufi G, di Martino E, Washington CB, Grisafi J, Muluk SC,

et al. Quantitative assessment of abdominal aortic aneurysm geometry.

Ann Biomed Eng. 2011;39(1):277-286.

3. Tavares Monteiro JA, da Silva ES, Raghavan ML, Puech-Leo P,
de Lourdes Higuchi M, Otoch JP. Histologic, histochemical and
biomechanical properties of fragments isolated from the anterior wall
of abdominal aortic aneurysms. ] Vasc Surg. 2014;59(5).

4. Raghavan ML, Webster MW, Vorp DA. Ex vivo biomechanical behavior
of abdominal aortic aneurysm: Assessment using a new mathematical
model. Ann Biomed Eng. 1996.

5.  Fillinger MF, Raghavan ML, Marra SP, Cronenwett JL, Kennedy FE. In
vivo analysis of mechanical wall stress and abdominal aortic aneurysm

rupture risk. ] Vasc Surg. 2002;36(3):589-597.

6.  Raghavan ML, Vorp DA. Toward a biomechanical tool to evaluate
rupture potential of abdominal aortic aneurysm: Identification of
a finite strain constitutive model and evaluation of its applicability.
2000;33.

7. Vorp DA, Vande Geest JP. Biomechanical determinants of
abdominal aortic aneurysm rupture. Arterioscler Thromb Vasc Biol.

2005;25(8):1558-1566.


https://link.springer.com/article/10.1007/s10439-019-02375-1
https://link.springer.com/article/10.1007/s10439-019-02375-1
https://link.springer.com/article/10.1007/s10439-019-02375-1
https://link.springer.com/article/10.1007/s10439-010-0175-3
https://www.sciencedirect.com/science/article/pii/S0741521413009518
https://www.sciencedirect.com/science/article/pii/S0741521413009518
https://www.sciencedirect.com/science/article/pii/S0741521413009518
https://link.springer.com/article/10.1007/bf02684226
https://link.springer.com/article/10.1007/bf02684226
https://link.springer.com/article/10.1007/bf02684226
https://www.sciencedirect.com/science/article/pii/S0741521402000988
https://www.sciencedirect.com/science/article/pii/S0741521402000988
https://www.sciencedirect.com/science/article/pii/S0741521402000988
https://www.sciencedirect.com/science/article/abs/pii/S0021929099002018
https://www.sciencedirect.com/science/article/abs/pii/S0021929099002018
https://www.ahajournals.org/doi/full/10.1161/01.ATV.0000174129.77391.55
https://www.ahajournals.org/doi/full/10.1161/01.ATV.0000174129.77391.55

Constantin BD, et al.

10.

11

12.

13.

Lindquist Liljeqvist M, Hultgren R, Siika A, Gasser TC, Roy J. Gender,
smoking, body size and aneurysm geometry influence the biomechanical
rupture risk of abdominal aortic aneurysms as estimated by finite
element analysis. ] Vasc Surg. 2017;65(4):1014-1021.

Stringfellow MM, Lawrence PF, Stringfellow RG. The influence of
aorta-aneurysm geometry upon stress in the aneurysm wall. ] Surg Res.

1987;42(4):425-433.

Vorp DA, Raghavan ML, Webster MW. Mechanical wall stress in
abdominal aortic aneurysm: Influence of diameter and asymmetry. ]

Vasc Surg. 1998;27(4):632-639.
Martufi G, di Martino ES, Amon CH, Muluk SC, Finol EA. Three-

geometrical abdominal aortic
aneurysms: Image-based wall thickness distribution. ] Biomech Eng.

2009.

Tang A, Kauffmann C, Tremblay-Paquet S, Elkouri S, Steinmetz O,
Morin-Roy F, et al. Morphologic evaluation of ruptured and symptomatic
abdominal aortic aneurysm by three-dimensional modeling. ] Vasc Surg.

2014;59(4):894-902.

Raghavan ML, Kratzberg J, Castro de Tolosa EM, Hanaoka MM,
Walker P, da Silva ES. Regional distribution of wall thickness and

dimensional characterization  of

] Vasc Med Surg, Vol.13 Iss.5 No:1000598 (MRPFT)

14.

15.

16.

17.

18.

OPEN @ ACCESS Freely available online

failure properties of human abdominal aortic aneurysm. ] Biomech.

2006;39(16):3010-3016.

da Silva ES, Rodrigues AJ, de Tolosa EM, Rodrigues CJ, do Prado
GV, Nakamoto JC. Morphology and diameter of infrarenal aortic
aneurysms: A prospective autopsy study. Cardiovascular Surgery.

2000;8(7):526-532.

Chaikof EL, Dalman RL, Eskandari MK. The Society for Vascular
Surgery practice guidelines on the care of patients with an abdominal
aortic aneurysm. ] Vasc Surg. 2018;67(1):2-77.

Raghavan ML, Hanaoka MM, Kratzberg JA, Higuchi MDL, da Silva
ES. Failure properties of ruptured and unruptured abdominal aortic
aneurysms. In: Proceedings of the ASME Summer Bioengineering

Conference. 2009:1-2.

Attarian S, Xiao S, Chung TC, da Silva ES, Raghavan ML. Investigation
of the observed rupture lines in abdominal aortic aneurysms using crack
propagation simulations. ] Biomech Eng. 2019;141(7).

Gomes VC, Raghavan ML, Silva LFF DA. Experimental study of

rupture pressure and elasticity of abdominal aortic aneurysms found at
autopsy. Ann Vasc Surg. 2021;70:517-527.


https://www.sciencedirect.com/science/article/abs/pii/S0967210900000600
https://www.sciencedirect.com/science/article/abs/pii/S0967210900000600
https://www.sciencedirect.com/science/article/pii/S0741521417323698
https://www.sciencedirect.com/science/article/pii/S0741521417323698
https://www.sciencedirect.com/science/article/pii/S0741521417323698
https://asmedigitalcollection.asme.org/SBC/proceedings-abstract/SBC2009/1/287874
https://asmedigitalcollection.asme.org/SBC/proceedings-abstract/SBC2009/1/287874
https://asmedigitalcollection.asme.org/biomechanical/article-abstract/141/7/071004/726862/Investigation-of-the-Observed-Rupture-Lines-in
https://asmedigitalcollection.asme.org/biomechanical/article-abstract/141/7/071004/726862/Investigation-of-the-Observed-Rupture-Lines-in
https://asmedigitalcollection.asme.org/biomechanical/article-abstract/141/7/071004/726862/Investigation-of-the-Observed-Rupture-Lines-in
https://www.sciencedirect.com/science/article/abs/pii/S0890509620307925
https://www.sciencedirect.com/science/article/abs/pii/S0890509620307925
https://www.sciencedirect.com/science/article/abs/pii/S0890509620307925
https://www.sciencedirect.com/science/article/abs/pii/S0021929005004781
https://www.sciencedirect.com/science/article/abs/pii/S0021929005004781
https://www.sciencedirect.com/science/article/pii/S0741521416314793
https://www.sciencedirect.com/science/article/pii/S0741521416314793
https://www.sciencedirect.com/science/article/pii/S0741521416314793
https://www.sciencedirect.com/science/article/abs/pii/0022480487901788
https://www.sciencedirect.com/science/article/abs/pii/0022480487901788
https://www.sciencedirect.com/science/article/pii/S0741521498702277
https://www.sciencedirect.com/science/article/pii/S0741521498702277
https://asmedigitalcollection.asme.org/biomechanical/article-abstract/131/6/061015/399591/Three-Dimensional-Geometrical-Characterization-of
https://asmedigitalcollection.asme.org/biomechanical/article-abstract/131/6/061015/399591/Three-Dimensional-Geometrical-Characterization-of
https://asmedigitalcollection.asme.org/biomechanical/article-abstract/131/6/061015/399591/Three-Dimensional-Geometrical-Characterization-of
https://www.sciencedirect.com/science/article/pii/S0741521413020053
https://www.sciencedirect.com/science/article/pii/S0741521413020053

	Contents
	Morphological Features of Abdominal Aortic Aneurysms and Association with Biomechanical Assessments of Aneurysm Wall Segments
	ABSTRACT
	INTRODUCTION
	LITERATURE REVIEW
	DISCUSSION
	CONCLUSION
	REFERENCES




