
 
 

 

Multiscale modeling of the normal and 

the aneurysmatic abdominal aorta 

 

Giampaolo Martufi 

 

 

 

Lincenciate thesis no. 109, 2010 

KTH School of Engineering Sciences 
Department of Solid Mechanics 

Royal Institute of Technology 
SE-100 44 Stockholm Sweden 

 
 



 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

TRITA HFL-0498 
ISSN 1654-1472 
ISRN KTH/HFL/R-10/13-SE 



 
 

Preface 

The first part of the research presented in this licentiate thesis has been carried out  

at Vascular Biomechanics and Biofluids Laboratory (VBBL), Carnegie Mellon 

University, Pittsburgh, USA between November 2006 and December 2007. 

The second part instead has been carried out at the Department of Solid 

Mechanics, Royal Institute of Technology (KTH), Stockholm between June 2008 

and November 2010. The work was financially supported by the Young Faculty 

Grant No. 2006-7568 provided by the Swedish Research Council, VINNOVA and 

the Swedish Foundation for Strategic Research, and the EC Seventh Framework 

Programme, fighting Aneurysmal Disease (FAD-200647), which is sincerely 

acknowledged. 

 

First of all I would like to express my sincere gratitude to my supervisor T. 

Christian Gasser for giving me the opportunity to work with a very interesting and 

challenging topic. I am thankful for his support, for the fruitful discussions and 

excellent guidance through these two years at KTH. Further I would like to thank 

Ender Finol for introducing me to the field of biomechanics and Elena Di Martino 

for her valuable advices and knowledge in AAA mechanics. 

 

I would also like to thank my colleagues and friends at KTH Solid Mechanics for 

making the working environment enjoyable. 

 

Finally, I would like to extend my gratitude to my dad, my sister and my brother 

in law for all the encouragement and support I received.  
 
 

Stockholm, December 2010 
 
Giampaolo Martufi 
  



 
 

List of appended papers 

Paper A: Three-dimensional geometrical characterization of abdominal aortic 

aneurysms: Image-based wall thickness distribution 

G. Martufi, E.S. Di Martino, C.H. Amon, S.C. Muluk and E.A  Finol 

Journal of Biomechanical Engineering, 131, 2009, 061015 (11 pages). 

Paper B: Micromechanical characterization of intra-luminal thrombus tissue from 

abdominal aortic aneurysms 

T.C. Gasser, G. Martufi, M. Auer, M. Folkesson and J.Swedenborg 

Annals of Biomedical Engineering, 38(2), 2010, 371-379. 

Paper C: A constitutive model for vascular tissue that integrates fibril, fiber and 

continuum levels 

G. Martufi and T.C. Gasser 

Report 497, Department of Solid Mechanics, KTH Engineering Sciences, Royal 

Institute of Technology, Stockholm, Sweden. 

Submitted to Journal of Biomechanics for publication. 

 

 

 

In addition to the appended paper, the work has resulted in the following papers in 

conference proceedings fully reviewed prior to publication: 

 

 

Differentiation of abdominal aortic aneurysm geometry: A tool for rupture 

risk assessment 

J. Shum, G. Martufi,E.S. Di Martino, C.B Washington, J. Grisafi, S.C Muluk, and 

E.A. Finol Proceedings of 12th Biennial Meeting of the International Society for 

Applied Cardiovascular Biology, Cambridge, Massachusetts, September 22 – 25, 

2010. 

 

Quantification of abdominal aortic aneurysm shape and rupture risk 

J. Shum, G. Martufi, E.S. Di Martino, J. Grisafi, S.C. Muluk and E.A Finol 

Proceedings of the 2009 Biomedical Engineering Society Annual Fall Meeting, 

Pittsburgh, PA, October 7-10, 2009. 

 

Challenging the maximum diameter criterion: Quantitative assessment of 

abdominal aortic aneurysm shape and rupture potential 

J. Shum, G. Martufi, E.S. Di Martino, J. Grisafi, S.C. Muluk and E.A Finol 

Proceedings of the Eastern Vascular Society's 23rd Annual Meeting, Philadelphia, 

PA, September 24-26, 2009. 

 



 
 

Micro-structural and micro-mechanical characterization of thrombus tissue 

from abdominal aortic aneurysms  

G. Martufi, T.C. Gasser, M. Folkesson and J. Swedenborg 

Proceedings of the 10th US National Congress on Computational Mechanics, 

Columbus, Ohio, US, July 16-19, 2009. 

 

Quantitative assessment of abdominal aortic aneurysm geometry and 

rupture potential  

J. Shum, G. Martufi, E.S. DiMartino and E.A Finol 

Proceedings of the 2009 Summer Bioengineering Conference, Lake Tahoe, CA, 

June 17-21, 2009. 

 

Quantitative assessment of abdominal aortic aneurysm shape and rupture 

potential  
J. Shum, G. Martufi, E.S Di Martino, J. Grisafi, S.C. Muluk and E.A. Finol 

Proceedings of the Frontiers of Biomedical Imaging Science Conference, 

Vanderbilt University, Nashville, TN, June 2-5, 2009. 

 

Micro-structural and micro-mechanical analysis of thrombus tissue from 

abdominal aortic aneurysms  
G. Martufi, T.C. Gasser, M. Folkesson and J. Swedenborg 

Endovascular Surgery - Bringing Basic Science into Clinical Practice, March 19-

21, Stockholm, Sweden, 2009. 

  



 
 

 

 

 

 
 

 
  



7 

 

 

 

Contents 

Introduction 9 

Summary of papers 16 

Bibliography 18 

Paper A 

Paper B 

Paper C 

 

 

  



Multiscale modeling of the normal and the aneurysmatic abdominal aorta 

8 

 

  



 

9 

 

 

 

 

 

Introduction 

Blood is periodically pumped by the heart into a complex branching network of 

muscular elastic arteries that carry nutrients and oxygen to the tissues and organs 

in the body. During each cardiac cycle, the heart ejects 70 ml of blood at a 

pressure of 120 mmHg into the aorta where the mean pressure is approximately 

80 mmHg. The pressure pulse generated by the heart travels along the network of 

arteries, partially reflects at each branching point, and is damped by the time it 

reaches the capillaries that irrigate the tissues. The blood then returns to the heart 

through a network of veins that are equipped with a complex system of valves 

whose function is regulated by secondary muscular activity and the action of the 

heart itself. With each periodic ejection of blood across the aortic valve into the 

ascending aorta, a pressure pulse is generated that propagates throughout the 

elastic network of arteries inducing a pulsatile flow with a mean forward motion. 

Depending on its proximity to the heart and on the function of the organ that it 

supplies, each artery has a different degree of elasticity. The elasticity is 
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determined by the structure and composition of the arterial wall. The stiffness is 

partially controlled by the regulatory activity of the endothelial cells that separate 

the wall from the blood stream. This feedback control system whereby the 

elasticity of the arterial wall is constantly adjusted by the regulatory function of 

the endothelial cells is remarkably stable, and allows the circulatory system to 

accommodate in a short time the large changes in the cardiac output dictated by 

the increasing demand of nutrients and oxygen to the tissue and organs during 

exercise and other extraneous activities. Arteries can also adapt to long-term 

physiological conditions by thinning or thickening the muscular layer, and 

altering the relative composition and organization of the various assemblies of 

structural proteins in a process generally known as “remodeling.” 

Throughout the entire lifetime of a healthy individual, the living components of 

the arterial wall must regenerate and remodel continuously to maintain the 

integrity and function of the system and to withstand the repetitive wall stresses. 

Unfortunately, in some cases, this otherwise remarkably stable system 

destabilizes, whether due to disease or other complex processes, and a portion of 

the arterial wall weakens and distends permanently, forming an aneurysm. 

An aneurysm is defined as a local, permanent dilatation of an artery at least 1.5 

times its normal diameter (Fig. 1). Any artery can become aneurysmal yet the 

infrarenal segment of the abdominal aorta is the most common site for 

development of abdominal aortic aneurysms (AAA). An AAA is typically 

comprised of two primary structures: the diseased and dilated aortic wall and an 

Intra-luminal thrombus (ILT) which is a large, stationary blood clot incorporated 

with blood cells, platelets, and blood proteins. 
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Figure 1. Normal aorta (A), thoracic aortic aneurysm (B) and abdominal aortic 

aneurysm (C). 

 

The prevalence of AAA is growing along with population age and according to 

different studies AAA rupture is the 13
th

 most common cause of death in the U.S. 

(e.g., Patel et al. [14]), causing an estimated 15,000 deaths per year. The incidence 

of AAA is 2-4% in the adult population, and 11% of cases in that subset occur in 

males older than 65 years. Other risk factors include hypertension, atherosclerosis, 

smoking and a positive family history.  
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Although the precise cause of this disease is still unknown, it is believed to be 

multifactorial and predominantly degenerative, arising through a complex 

interaction among several biological factors as well as from some specific 

changes in the hemodynamic stimuli on the vessel wall that might destabilize the 

above-mentioned regulatory system. Once the aneurysm forms, the hemodynamic 

forces exerted by the pulsatile blood flow on the weakened arterial wall generally, 

but not always, cause a gradual expansion.  

If left untreated, AAAs will likely experience rupture; AAA rupture is a 

biomechanical phenomenon that occurs when the mechanical stress acting on the 

aneurysm inner wall due to intraluminal pressure, exceeds the failure strength of 

the degenerated aortic tissue [29]. The rupture of an aneurysm often leads to 

sudden death or severe disability. 

One of the most detrimental features of this disease is that aneurysms are seldom 

detected at early stages. In the vast majority of cases, they remain latent until 

symptoms occur as their size greatly increases, or they are found in an incidental 

exam. Once detected, due to the lack of knowledge of the role that the various 

factors play in the expansion process, there is currently no accurate technique to 

predict the aneurysm’s expansion rate, nor to determine its critical size (or shape) 

at the point of rupture. Owing to a lack of any other reliable method, and based on 

the classic Law of Laplace, the maximum transverse diameter of an aneurysm is 

usually taken as the main determinant in predicting its rupture risk, but autopsy 

studies have demonstrated that small AAAs can rupture [1],[8], while some of 

those considered large aneurysms remain quiescent for years [1]. In addition to 

the diameter criterion, a high expansion rate is usually associated with an elevated 
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rupture risk. In particular, a maximum transverse dimension of 55 mm and an 

expansion rate of 1 cm/year are the most commonly used thresholds for elective 

repair.  

Traditional repair is via an open surgical treatment, which is associated with high 

morbidity and a mortality rate ranging between 2% and 4% [11],[13]. As an 

alternative to surgical resection, the use of endovascular grafts allows surgeons to 

repair aneurysms by delivering a bypass graft through a small incision in the 

femoral artery. 

Although size is also the current criteria for treatment, no general consensus 

appears to exist on the critical size or shape beyond which surgical repair is 

recommended for abdominal aortic aneurysms. In each case, the risk of rupture 

must be weighed against operation morbidity. Therefore, a patient-specific 

assessment of the risk of rupture is the most important information that clinicians 

need to better manage any aneurysm and to improve guidelines for intervention. 

Autopsy studies demonstrated that ruptured aneurysms present a larger maximum 

transverse diameter and thicker thrombus in comparison to unruptured aneurysm, 

showing a positive correlation between aneurysm size and thrombus thickness and 

rupture risk. On the other hand, the same study demonstrated that ruptured 

aneurysms more often presented a fusiform shape, rather than spherical, indicating 

that shape, and not size alone, influences rupture risk.  

Realistic AAAs have complex, tortuous and asymmetric shapes with local 

changes in surface curvature
 
[17] and local changes in wall thickness [15]. It is 

evident that an accurate characterization of the aneurysm shape and the variation 
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of wall thickness need to be accounted for in the assessment of AAA rupture risk. 

Moreover, accurate reproductions of AAA geometries are necessary to customize 

endovascular grafts on a patient-specific basis. 

More recently, the use of peak wall stress as a potential predictor of AAA rupture 

was explored. Fillinger et al. [5] performed in vivo analysis of mechanical wall 

stress and abdominal aortic aneurysm rupture risk, and showed that peak wall 

stress is a more reliable parameter than maximum transverse diameter in 

aneurysm rupture prediction. Venkatasubramaniam et al. [27] conducted a finite 

element analysis on a set of 27 aneurysms (15 unruptured and 12 ruptured) and 

found that the peak wall stress for ruptured aneurysms is about 60% higher than 

for unruptured, and additionally the location of the maximum wall stress 

correlates with the site of rupture. To obtain a reliable estimation of wall stress, it 

is necessary to perform an accurate three-dimensional reconstruction of the AAA 

geometry and identify an appropriate constitutive law for the aneurysmal tissue.  

In this regard, physiologic and biomechanical studies show that the AAA wall is a 

heterogeneous material undergoing large strains prior to failure [9] and deforming 

in an isochoric manner [3]. In addition to these observations, a recent study on the 

biaxial mechanical behavior of human AAA tissue specimens [25] demonstrates 

that aneurysmal arterial tissue behaves mechanically anisotropic. Noteworthy is 

that most of the previously reported finite element models of AAAs (quasi-static 

wall stress and fluid-structure interaction analyses) are based on isotropic 

constitutive relations [5], [6],[15], [18]-[22], [24], [27].  
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However, it is necessary to underline that wall stress alone is not sufficient to 

predict rupture risk; regional estimations of wall strength would also be necessary. 

In this regard, Vande Geest and colleagues [26] have proposed a statistical model 

to evaluate the wall strength distribution in AAA taking into account factors such 

as gender, age, family history, AAA size, smoking status and local ILT thickness. 

However, based on the principles of material failure, consideration of neither 

AAA wall stress or wall strength alone are sufficient to assess rupture potential, 

but in order to accurately predict the risk of rupture of AAA, a means is necessary 

to predict AAA wall strength distribution non-invasively, much like that for AAA 

wall stress distribution. Only then can a point wise relative comparison of wall 

stress to wall strength be performed, and a biomechanically sound prediction of 

AAA rupture be made.  

Another factors of significant importance in AAA rupture risk prediction is the 

presence of ILT in the aneurysmatic sac.  

Contradictory hypotheses have been suggested in the role of the ILT regarding 

aneurysm rupture. In particular, it is unclear if the ILT is “mechanically 

protective”, providing a stress shielding or cushioning effect for the AAA wall or 

serves as a barrier to oxygen flux from the lumen to the inner layers of the aortic 

wall thereby inducing hypoxic conditions and wall degeneration [27]. 

The first objective of the licentiate thesis is to use anatomically realistic 

abdominal aortic aneurysm models to derive and evaluate a proposed set of global 

geometrical indices describing the size and shape of the aneurysm sac. 

Additionally, an estimation of local variation and distribution of AAA wall 
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thickness is provided by means of an ad hoc image processing suite previously 

developed for cardiovascular structures [23].   

The second objective of the licentiate thesis is to derive microstructural data of 

ILT tissue, which facilitated a microstructural Finite Element Analysis, useful to 

estimate microscopic material properties of thrombus tissue.  

Finally, in order to have a better description of the wall deformation under load 

conditions, the third objective of the licentiate thesis, is to propose a novel 

constitutive model for the passive response of collagenous extracellular matrix 

(ECM).  

 

Summary of papers 

 

Paper A: Three-dimensional geometrical characterization of abdominal aortic 

aneurysms: Image-based wall thickness distribution. 

In this paper, utilizing existing CT data, the three-dimensional geometry of nine 

unruptured human AAAs was reconstructed and characterized quantitatively. 

Within this paper we propose and evaluate a series of 1D size, 2D shape, 3D size, 

3D shape, and second-order curvature-based indices to quantify AAA geometry, 

as well as the geometry of a size-matched idealized fusiform aneurysm and a 

patient-specific normal abdominal aorta used as controls. Additionally, an 

estimation of local variation and distribution of AAA wall thickness is provided 

by means of an ad hoc image processing suite developed for cardiovascular 

structures, and validated in a previous work [23]. 
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Paper B: Micromechanical characterization of intra-luminal thrombus tissue 

from abdominal aortic aneurysms. 

This paper systematically analyzed 105 histological specimens originating from 7 

ILTs to derive micro-structural information for micro-scale biomechanical 

simulations. Stochastic Representative Volume Elements (RVEs) were developed 

from data provided by a sequence of automatic image processing and feature 

analyzing steps. To this end constitutive property at the microscale were estimated 

by comparing homogenized Finite Elements results of the RVE under 

circumferential tension with macroscopic experimental data from in-vitro 

experiments performed earlier by our laboratory [7]. 

 

Paper C: A constitutive model for vascular tissue that integrates fibril, fiber and 

continuum levels 

In the present paper we propose a novel constitutive model for collagenous extra 

cellular matrix (ECM) based on the microstructural composition of the matrix.  

The multiscale model proposed, integrates the fibril’s level with the fiber’s level 

and links the fibril’s length scale with the macroscopic tissue length scale 

(continuum level). Starting from a stress-strain relation for the collagen fibrils, 

and using a triangular probability distribution to capture fibrils waviness, the 

model leads to a constitutive relation for the collagen fiber. To this end a 

microfiber model approach has been implemented and the macroscopic tissue 

proprieties are in turn derived integrating over the unit sphere ([3],[10]).  
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Three-Dimensional Geometrical
Characterization of Abdominal
Aortic Aneurysms: Image-Based
Wall Thickness Distribution
The clinical assessment of abdominal aortic aneurysm (AAA) rupture risk is based on the
quantification of AAA size by measuring its maximum diameter from computed tomogra-
phy (CT) images and estimating the expansion rate of the aneurysm sac over time. Recent
findings have shown that geometrical shape and size, as well as local wall thickness may
be related to this risk; thus, reliable noninvasive image-based methods to evaluate AAA
geometry have a potential to become valuable clinical tools. Utilizing existing CT data,
the three-dimensional geometry of nine unruptured human AAAs was reconstructed and
characterized quantitatively. We propose and evaluate a series of 1D size, 2D shape, 3D
size, 3D shape, and second-order curvature-based indices to quantify AAA geometry, as
well as the geometry of a size-matched idealized fusiform aneurysm and a patient-specific
normal abdominal aorta used as controls. The wall thickness estimation algorithm, vali-
dated in our previous work, is tested against discrete point measurements taken from a
cadaver tissue model, yielding an average relative difference in AAA wall thickness of
7.8%. It is unlikely that any one of the proposed geometrical indices alone would be a
reliable index of rupture risk or a threshold for elective repair. Rather, the complete
geometry and a positive correlation of a set of indices should be considered to assess the
potential for rupture. With this quantitative parameter assessment, future research can be
directed toward statistical analyses correlating the numerical values of these parameters
with the risk of aneurysm rupture or intervention (surgical or endovascular). While this
work does not provide direct insight into the possible clinical use of the geometric
parameters, we believe it provides the foundation necessary for future efforts in that
direction. �DOI: 10.1115/1.3127256�

Keywords: aortic pathology, computed tomography, image-based modeling, curvature,
finite element meshing, segmentation, reconstruction, shape, biomechanics
Introduction
An aneurysm is defined as a local permanent dilatation of an

rtery at least 1.5 times its normal diameter. While any artery can
ecome aneurysmal, the infrarenal segment of the abdominal
orta is a common site for the development of aneurysms. The
onventional definition of abdominal aortic aneurysm �AAA� is a
iameter of the infrarenal aorta greater than 30 mm. The incidence
f AAA is 2–4% in the adult population, and it is growing with
ncrease in the average population age. AAA rupture is respon-
ible for an estimated 15,000 deaths per year and it is considered
he 13th most common cause of death in the United States �1,2�.
neurysms are, for the most part, asymptomatic, and may rupture

t any point in time, regardless of their size or age of the pathol-
gy. Consequently, one of the most challenging issues in clinical
anagement of known aneurysm patients is the evaluation of the

atient-specific risk of aneurysm rupture at any given time. Com-
only used “risk predictors,” are the maximum transverse diam-

ter of an aneurysm and its expansion rate. In particular, a maxi-
um diameter of 55 mm and an expansion rate of 1 cm/year are

1Corresponding author.
Contributed by the Bioengineering Division of ASME for publication in the JOUR-

AL OF BIOMECHANICAL ENGINEERING. Manuscript received September 10, 2008; final
anuscript received December 25, 2008; published online May 12, 2009. Review
onducted by Michael Sacks.

ournal of Biomechanical Engineering Copyright © 20
generally used as thresholds to recommend elective repair �3�.
Traditional aneurysm repair, by open surgical treatment, is asso-
ciated with high morbidity and a mortality rate ranging between
2% and 4% �4,5�. As an alternative to surgical resection, the use of
endovascular grafts allows surgeons to repair aneurysms by deliv-
ering a bypass graft through a small incision in the femoral artery.
If left untreated, all AAAs progress toward further enlargement
and eventually will rupture though there are no available indica-
tors of how close rupture is and for selected patients rupture may
not occur during their lifetime. AAA rupture is a biomechanical
phenomenon that occurs when the mechanical stress acting on the
aneurysm inner wall due to intraluminal pressure, exceeds the
failure strength of the degenerated aortic tissue �6�.

Recent studies �7,8� show that peak wall stress in AAAs is a
more reliable parameter than maximum transverse diameter for
aneurysm rupture prediction. In fact, the peak wall stress for rup-
tured aneurysms is about 60% higher than for nonruptured and the
location of the maximum wall stress correlates with the site of
rupture �8�. Wall stress is associated with the aneurysm geometry
�6�, making it relevant to compute geometric parameters from
diagnostic images. However, it is necessary to underline that wall
stress alone is not sufficient to predict rupture risk; regional esti-
mations of wall strength would also be necessary �9�. In fact, the
degeneration of aortic wall connective tissue should be taken into

consideration. Destruction of elastin and collagen in the media

JUNE 2009, Vol. 131 / 061015-109 by ASME
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nd adventitia causes a significant loss of structural integrity of
he aortic wall �10�, thereby increasing the risk of rupture of an
ndividual aneurysm, when all other factors are the same. Other
isk factors, including hypertension, atherosclerosis, smoking, and
positive family history, may influence the imbalance of the cel-

ular and extracellular matrix homeostases, resulting in the thin-
ing and weakening of the aortic wall.

The presence of intraluminal thrombus, which forms because of
isturbed blood flow and blood stagnation, has an effect both on
he aortic wall degeneration and on the maximum peak wall
tresses in the AAA �11�. An autopsy study �12� demonstrated that
uptured aneurysms present a larger maximum transverse diameter
nd thicker thrombus in comparison to unruptured aneurysm,
howing a positive correlation between aneurysm size, thrombus
hickness, and rupture risk. On the other hand, the same study
emonstrated that ruptured aneurysms more often presented a
usiform shape, rather than spherical, indicating that shape, and
ot size alone, influences rupture risk.

Several authors have used shape measures in the characteriza-
ion of disease processes. Early studies report on the power of
hape measures to distinguish between normal and abnormal brain
urface shapes and to establish a relationship between the shape of
he surface of the human brain and the function of the underlying
issue �13�. A recent study describes the derivation of a set of
lobal indices for the size and shape of cerebral aneurysms for
ssessment of their rupture potential and for choosing the appro-
riate clinical treatment modality �14,15�. A quantitative tortuosity
ndex has been recently proposed to quantify AAA shape as a
unction of the orthographic projection of the aortic centerline
bout its central axis �16�.

Ruptured AAAs seem to be less tortuous and have a larger
ross-sectional diameter asymmetry �17�, which is consistent with
nite element studies showing that the highest wall stress is ob-

ained in AAAs with an asymmetric geometry �6,7�. In addition,
inol et al. �18� demonstrated that asymmetry in idealized shaped
AAs increases the maximum wall shear stress at peak flow and

nduces secondary flows in late diastole. The evidence for geomet-
ic asymmetry is further supported by the finding that peak wall
tress is localized near the aorta-aneurysm inflection point where
he aneurysm curvature changes �19� Moreover, the location of

aximum stress at the posterior wall seems to coincide with peaks
n the magnitude of the Gaussian curvature �20�.

A factor of significant importance in AAA rupture risk predic-
ion is the nonuniformity of the wall thickness. Di Martino et al.
21�, using a laser micrometer, measured the thickness of AAA
all specimens, obtained fresh from the operating room from pa-

ients undergoing surgical repair. A significant difference was
ound in wall thickness between ruptured �3.6�0.3 mm� and
lectively repaired �2.5�0.1 mm� aneurysms, as well as an in-
erse correlation between wall thickness and local tissue strength.
n an autopsy study, Rhagavan et al. �22� analyzed the tissue prop-
rties of three unruptured and one ruptured AAA revealing that all
neurysms had considerable regional variation in wall thickness
nd there was a significant reduction in wall thickness near the
upture site. Similarly, Mower et al. �23� demonstrated that the
all thickness represents a major parameter influencing wall

tress distribution, rather than aneurysm sac maximum diameter
lone. To this end, fluid-structure interaction simulations of AAA
odels �24� showed that the assumption of constant distribution

f wall thickness causes an underestimation of the maximum wall
tress of up to 77% when compared with nonuniform wall thick-
ess geometry. In addition, Scotti and co-workers �24–26� con-
rmed that aneurysm asymmetry and wall thickness play an im-
ortant role in the estimation of peak wall stress; in particular
onhomogenous wall thickness yields a maximum Von Mises
tress of up to four times higher than the same model analyzed
ith uniform wall thickness.
Due to the inability to measure wall thickness noninvasively, a
niform thickness of 1.5 mm is typically assumed in biomechan-

61015-2 / Vol. 131, JUNE 2009
ics modeling of AAAs �27�. Another significant limitation of
many previous studies is the use of idealized aneurysm shapes.
Realistic AAAs have complex, tortuous, and asymmetric shapes
with local changes in surface curvature �28� and local changes in
wall thickness. It is evident that an accurate characterization of the
aneurysm shape and the variation of wall thickness need to be
accounted for in the assessment of AAA rupture risk. Moreover,
accurate reproductions of AAA geometries are necessary to cus-
tomize endovascular grafts on a patient-specific basis.

The objectives of this study are to use anatomically realistic
abdominal aortic aneurysm models, originated from CT images, to
derive and evaluate a set of global geometrical indices describing
the size and shape of the aneurysm sac. Additionally, an estima-
tion of local variation and distribution of AAA wall thickness is
provided by means of an ad hoc image processing suite developed
for cardiovascular structures.

2 Methods
The procedure for characterizing abdominal aortic aneurysm

geometry includes two major steps: �i� image segmentation and
wall thickness detection and �ii� computation of the size and shape
indices. The digital imaging and communications in medicine �DI-
COM� images were imported into an in-house MATLAB based im-
age segmentation code �VESSEG v.1.0.2, Carnegie Mellon Univer-
sity, Pittsburgh, Pennsylvania�, for the lumen and outer wall
segmentations, and wall thickness detection as illustrated in Fig.
1.

2.1 Image-Based Segmentation, Reconstruction and
Meshing. The VESSEG suite of routines was written in MATLAB to
provide portability and flexibility to the procedure �29�. A series
of specific operations in the VESSEG suite enables segmentation of
the lumen and outer wall of the vessel. Interaction with the user
takes place through a user-friendly graphical user interface �GUI�
that allows access to all code functions while hiding data struc-
tures from the user. Three different algorithms form the basis of
the segmentation tool developed: lumen segmentation, outer wall
segmentation, and wall thickness detection.

The lumen segmentation is based on the intensity gradient be-
tween the lumen and the surrounding structures and works best
when the CT scanning procedure involves use of contrast me-

Fig. 1 3D image segmentation and model reconstruction: „a…
active contour detection on image with false coloring, „b… mask
generated from segmented image, and „c… resulting 3D aortic
geometry „lumen shown in yellow and thrombus in cyan…
dium. Due to the adequate gradient granted by the presence of
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ontrast medium in the lumen, the procedure calls for two simple
perations: first, the user selects a sample point inside the lumen
nd the routine then proceeds to identify the boundary of the
umen by finding the decrease in intensity. The program verifies
he segmentation of every slice subsequent to the first against an
verage of the previous segmentation and modifies the threshold
sed for the intensity when needed. As protection against possible
rrors, when a suitable value for the threshold cannot be found,
he user can provide a threshold manually by selecting the bound-
ry between the lumen and the wall.

The user may perform outer wall segmentation in two ways:
anual or automatic; the user selects the best segmentation
ethod on a case-by-case basis. The manual segmentation method

ccepts a cropped image where the usable area is reduced by only
onsidering areas close to the lumen and applies a series of op-
rations, including smoothing filters and contour functions, to
enerate an array of contours or isolines of the image intensity.
he routine provides a selection of possible contours for the user

o make a choice. For the automatic segmentation method, the
ser must select an intensity threshold used to create a list of
oundaries. The boundary that is closest to the lumen without
rossing it and that extends completely around the lumen is the
ikely boundary. Additional control rules embedded in the routine
ssure that the segmentation of the slice is discarded when no
ossible boundaries can be created and that the threshold is
hanged accordingly to attempt a new segmentation.

Our algorithm for wall thickness detection is based on the im-
ge texture variation across the different structures of the aorta. In
rief, flat-fielding is used at the outset to enhance contrast in the
nput image and subsequently the image is processed in parallel
y a segmentation routine that uses intensity histograms and a
eural network. Highlights of our method are the use of a back-
round homogenization function and of an ad hoc cropping func-
ion that reduces the area to be processed to a narrow annularlike
egion around the already segmented lumen region. The neural
etwork is trained by extracting samples of the background,
hrombus, and lumen regions, which are used to build the feature
ectors necessary for the neural network process. Both intensity-
ased features of the image �mean, standard deviation, and inter-
uartile range�, as well as image texture features �such as mean,
tandard deviation, energy, and homogeneity of the gray-level co-
ccurrence matrix� are used by the neural network. Because of
his process, two ternary images—segmenting the image in back-
round, thrombus, and lumen regions—are created; one obtained
rom the intensity histogram algorithm and one from the neural
etwork. The neural network produces an “inclusive” thrombus
mage, i.e., it contains anything in the “aneurysm” area, including
hrombus and the wall. The histogram produces a more conserva-
ive thrombus image, only including structures that are defini-
ively thrombus, excluding the wall. Subtracting the two ternary
mages creates a rough wall image. The process is then refined by
nspecting which parts of the rough wall fall in regions of detect-
ble thickness. Only points that are deemed acceptable by the
lgorithm are included in the wall thickness detection. Finally,
moothing and 3D interpolation algorithms assign wall thickness
alues to the entire vessel. The output of the wall detection algo-
ithm is a set of thickness values for each of 72 points �every �5
eg.� located on the inner wall on each longitudinal slice.

The segmented lumen and inner wall for all the aneurysms are
xported from VESSEG as a set of mask images that are used in
canIP �Simpleware Ltd., Exeter, U.K.� to create the lumen and

nner wall surfaces as stereolithography �STL� models. Rhinoc-
ros �McNeel, Seattle, WA� is utilized to complete the reconstruc-
ion process with smoothing. The smoothed STLs of the lumen
nd the inner wall are imported into ScanCAD �Simpleware Ltd.,
xeter, U.K.� where a voxelization process is performed to gen-
rate the final masks for the inner wall and lumen. The AAA sac is
solated from the fully reconstructed geometry to calculate the

roposed geometrical parameters. To this end, and in the remain-

ournal of Biomechanical Engineering
der of this manuscript, the sac comprises the entire dilated infra-
renal aorta proximal to and excluding the iliac bifurcation. An
in-house code written in MATLAB as an adjunct to VESSEG is used
to calculate semi-automatically all size and shape indices. Finite
element meshing of the arterial wall is performed in ScanFE
�Simpleware Ltd., Exeter, UK� using three-node shell elements
with five integration points across the shell. The meshes, ranging
in size from 80,000 to 240,000 nodes, are used only for the cal-
culation of the curvature-based indices.

2.2 One-Dimensional Size Indices. Nine 1D size indices
were defined: maximum transverse diameter �Dmax�, two neck di-
ameters �Dneck1 and Dneck2�, abdominal height �H�, length of cen-
terline from neck to distal end of AAA �L�, length of neck center-
line �Lneck�, the bulge height �Hb�, and the distance between the
lumen centroid and the centroid of the cross section where Dmax is
located �dc�.

Dmax is the maximum transverse diameter for all cross sections
within the AAA sac. Dneck1 is the proximal neck diameter imme-
diately below the renal arteries; if no neck is present, it is calcu-
lated as the smallest diameter distal to the renal arteries. Dneck2 is
the distal neck diameter. Hb is the perpendicular distance from the
cross section where Dmax is measured to the cross section where
Dneck1 is measured. Since typically arterial cross sections are non-
circular in shape, the definition used for calculating Dmax, Dneck1,
and Dneck2 is the fluid mechanics definition for hydraulic diameter
as follows:

Di =
4Ai

Pi
�1�

where Ai is the cross-sectional area and Pi is the perimeter of the
same cross section. Figure 2 illustrates the 1D indices and their
location after segmentation of the AAA model.

2.3 Two-Dimensional Shape Indices. Six 2D shape indices
were derived from the 1D size measurements: diameter-height
ratio �DHr�, diameter-diameter ratio �DDr�, height ratio �Hr�,
bulge location �BL�, asymmetry factor ���, and tortuosity �T�.
These indices are defined as follows in Eqs. �2�–�7�:

DHr =
Dmax

H
�2�

DDr =
Dmax

Dneck1
�3�

Hr =
H

Hneck
�4�

BL =
Hb

H
�5�

� = 1 −
dc

Dmax
�6�

T =
L

d
�7�

where d is the Euclidean distance from the centroid of the cross
section where Dneck1 is located to the centroid of the cross section
at the AAA distal end.

DHr is an expression of the fusiform shape of the AAA sac. BL
and Hr represent two normalized heights. While BL provides a
measure of the relative position of the maximum transverse di-
mension with respect to the neck, Hr is an assessment of the

relative neck height in comparison with the AAA height. � and T

JUNE 2009, Vol. 131 / 061015-3
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ndicate the degree of AAA sac asymmetry and the tortuosity of
he aneurysmal aorta, respectively. Table 1 provides a schematic
f the 2D shape indices.

2.4 Three-Dimensional Size Indices. The luminal AAA vol-
me �V� and the luminal surface area of the AAA sac �S� have
een computed directly with the VESSEG code. In the present
ork, two intraluminal thrombus �ILT�-related indices are pro-
osed: �i� the volume of intraluminal thrombus contained within
he AAA sac, computed according to the aforementioned approach
f subtracting the lumen volume from the inner wall volume, and
ii� �, the ratio of AAA ILT volume defined as

� =
VILT

V
�8�

2.5 3D Shape Indices. The isoperimetric ratio �IPR� and non-
usiform index �NFI� are two 3D shape indices based on luminal
olume and surface area of the AAA sac. IPR is the nondimen-
ional ratio of the luminal surface area to the volume of the sac
nd represents a quantification of the degree of folding of the
urface area. This measure is independent of size changes as it
hows the increase in contained surface area. IPR is defined as
13,14�

IPR =
S
2/3 �9�

(b)(b)

(a)

ig. 2 Schematic of the 1D geometrical indices: „a… diameters,
engths and heights in a segmented AAA model; and „b… loca-
ion of dc and parameters required to calculate a cross-
ectional diameter Ai
V

61015-4 / Vol. 131, JUNE 2009
Based on the patient-specific neck diameter, maximum AAA
diameter, and height of the aneurysm sac, an idealized fusiform
aneurysm was modeled following the equation proposed by Finol
and Amon �30�:

r�z� = �Dmax − Dneck2

4
��1 + sin�2�z

H
−

�

2
�� +

Dneck2

2

0 � z � H �10�

The corresponding volume �Vfusiform� and surface area �Sfusiform� of
this idealized aneurysm are computed to calculate NFI, which is
defined as

NFI = 1 − �Vfusiform
2/3

Sfusiform
�� S

V2/3� �11�

This index varies from 0 to 1; it is equal to 0 for a fusiform-
shaped aneurysm and increases to 1 with deviation from a fusi-
form shape. The deviation in shape can originate from the pres-
ence of asymmetry and tortuosity in the AAA sac.

2.6 Second-Order Curvature-Based Indices. The second-
order indices are curvature-based and involve the second deriva-
tive of the nodal positions of the AAA mesh �14�. To estimate the
distribution of local curvatures at node i on the triangulated sur-
face of the geometric model, a local orthogonal coordinate system
�u1 ,u2 ,n� is established, where n is the unit normal vector at the
ith node and u1 and u2 are unit vectors contained in the tangent
plane at node i. The normal n is initially computed for each tri-
angular element after which an approximate normal n at the ith

Table 1 Schematic illustrations of 2D shape indices providing
an approximate measure to construe the global AAA shape

2D Shape Index Low High

DHr

DDr

Hr

BL

�

T

node is estimated using the weighted average of unit normals of
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ll adjacent triangular elements, using the element areas as the
eights. The first unit basis vector u1 is calculated choosing a unit
ector perpendicular to n and in the tangent plane at node i, while
2 is computed as the cross product of n and u1 at the ith node.
iven that

n =

xn

yn

zn

1 is computed as follows:

if xn � 0, then ū1 =

−
zn + yn

xn

1

1

if xn = 0 and yn � 0, then ū1 =

1

−
zn

yn

1

if xn = 0, yn = 0, and zn � 0, then ū1 =

1

1

1

nd

u1 =
ū1

	ū1	

After defining this orthonormal coordinate system with the ith
ode at its origin, the node i and its directly connected nodes
neighboring nodes� are fit to a quadratic surface patch, using a
ivariate polynomial p�u ,v� of the second-order expressed in the
ocal coordinate system �31� as follows

p�u,v� = c1u2 + c2uv + c3v
2 �12�

here c1, c2, and c3 are constants computed for the ith node in the
ocal coordinate system defined by u1 and u2.

The Gauss–Weingarten map for this surface patch is defined as

G = 2�c1 c2

c2 c3
�

herefore, the two principal curvatures k1 and k2 at the ith node
re the eigenvalues of the matrix G and are computed explicitly
sing �31�

k1 = c1 + c3 + 
�c1 − c3� + 4c2
2 �13�

k2 = c1 + c3 − 
�c1 − c3� + 4c2
2 �14�

sing this approach, the two principal curvatures at all nodes of
he triangulated aneurysm sac surface are determined. From the
rincipal curvatures, the mean �M� and Gaussian curvatures �K�
or each node are computed as

M =
k1 + k2

2
�15�

K = k1k2 �16�
The AAA is a complex surface and even after a smoothing

peration of the model, small surface irregularities will often re-
ain. These irregularities in the surface will lead to large varia-

ions in the principal curvatures, making them difficult to inter-
ret. Therefore, the principal curvatures and the normal vectors at
he ith node were refined, as illustrated in Fig. 3, and made more

onsistent with the adjoining nodes �14�. The magnitude of the

ournal of Biomechanical Engineering
principal curvature and the normal at each node i are updated and
refined by replacing them with the robust �resistant to outliers�
locally weighted least-squares fit of the principal curvatures and
the normal predicted using the aforementioned approach. The
magnitude at the neighboring nodes was used to control the level
of smoothing, and the two principal curvatures at the boundaries
of the geometry were not considered in these calculations.

The Gaussian and mean curvatures at each node give an indi-
cation of the local shape of the surface, in particular, K�0 indi-
cates an elliptical surface, K�0 is hyperbolic �saddle points�,
while if M �0 the local region is more convex and for M �0 it is
more concave. To obtain a global index that can entirely describe
the curvature surface for the aneurysm sac, K and M averaged or
integrated over the entire surface area has been proposed in litera-
ture �13,14,32�. Specifically, GAA �L−2� and MAA �L−1�, the area-
averaged Gaussian and mean curvatures �12,29�, depend on the
shape and size of the aneurysm, while the nondimensional GLN
and MLN �the L2-norms of K and M, respectively �13,14�� are
dependent on the surface shape and represent measures of irregu-
larities on the AAA surface. These four global indices are calcu-
lated using all the nodes that are not on the proximal and distal
boundaries of the AAA surface using

GAA =

�
all elements

KjSj

�
all elements

Sj

�17�

MAA =

�
all elements

MjSj

�
all elements

Sj

�18�

GLN =
1 � Sj · � �Kj

2Sj� �19�

Fig. 3 Curvature refinement „Gaussian and mean… for model
U1
4�
all elements all elements
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MLN =
1

4�
 �
all elements

�Mj
2Sj� �20�

here Kj and Mj are the Gaussian and mean curvatures associated
ith the jth triangular shell of the surface mesh, defined as the

verage Gaussian and Mean curvatures computed on the three
hell nodes, and Sj is the surface area of the jth triangular shell.

Results

3.1 Validation of Size and Shape Indices. All size and shape
ndices are calculated from the segmented CT images; the finite
lement meshes are used only to compute the second-order
urvature-based indices. Therefore, it is sufficient to validate the
egmentation capabilities of VESSEG to provide confidence in the
valuation of the size and shape indices. We have previously cal-
ulated the interobserver variability and the reproducibility of our
egmentation code based on 20 AAA CT image data sets �10
uptured and 10 unruptured aneurysms�, statistically analyzing the
utcome of the lumen and outer wall segmentation algorithms of
wo double-blinded users �29�. Reproducibility and repeatability
f the lumen segmentation algorithm were determined by compar-
ng manual tracings made by the observers to contours generated
utomatically by the algorithm. For the lumen area measurement
here was a high correspondence between the automatic and

anual segmentations �r=0.955 and r=0.958 for ruptured and
nruptured aneurysms, respectively� and between the manual seg-
entations of the users �r=0.983 and r=0.966 for ruptured and

nruptured aneurysms, respectively�. The outer wall segmentation
lso showed good agreement between the users with coefficients
f variation ranging from 1.0% to 5.5% for the unruptured aneu-
ysms �29�.

3.2 Validation of Second-Order Curvature-Based Indices.
o validate VESSEG for the computation of the Gaussian and mean
urvatures, CAD models of a cylinder �diameter D=40 mm and
eight H=100 mm� and a sphere �radius R=50 mm� were gen-
rated and surface meshed with triangular shell elements. The
phere mesh consisted of 47,000 nodes while the cylinder mesh
ontained 17,000 nodes. It can be demonstrated analytically that
=0 and M =1 /D for a straight cylinder. Therefore, K=0 mm−2

nd M =0.025 mm−1 are the basis of the VESSEG validation with
espect to an idealized healthy artery with the aforementioned
imensions. For a sphere, k1=k2=1 /R and thus, K=1 /R2; also,
=1 /R. Therefore, K=0.0004 mm−2 and M =0.02 mm−1 are the

asis of the VESSEG validation with respect to an idealized saccu-
ar aneurysm with a radius of 50 mm. Figure 4 shows the mean
nd Gaussian curvatures predicted by VESSEG for the cylinder and

ig. 4 Gaussian and mean curvatures for a sphere and cylin-
er predicted numerically „by VESSEG…
phere indicating excellent agreement with the analytical calcula-

61015-6 / Vol. 131, JUNE 2009
tions throughout most of the surface geometry. The four second-
order curvature-based indices were computed for both models and
are shown in Table 2. The analytical calculation of these indices
was performed using Eqs. �17�–�20�, while the numerical predic-
tions are those obtained using VESSEG with the respective surface
meshes. The comparisons indicate absolute differences ranging
from 0% to 2% between the numerical predictions and the ana-
lytical calculations, which are accounted for with the degree of
mesh refinement in the models �14�.

3.3 Geometrical Characterization of AAAs and Controls.
The 3D patient-specific geometries were segmented and recon-
structed from CT images of nine AAA subjects treated for elective
repair at Allegheny General Hospital in Pittsburgh, PA �see Fig.
5�. Also illustrated in this figure, an idealized aneurysm and a
control subject �healthy abdominal aorta� were used to evaluate
the various geometrical indices. The idealized geometry is a 3D
axisymmetric fusiform-shaped aneurysm with a volume equal to
the average volume of the nine patient-specific aneurysms
�130 cm3� and can therefore serve as a size-matched control. The
analyses were conducted using identical meshing and smoothing
protocols. All sizes, shapes, and curvature-based indices were
computed for the eleven computer-generated 3D geometries and
are shown in Table 3.

3.4 Application of the Wall Thickness Detection
Algorithm. The wall thickness detection algorithm was tested by
direct comparison with the discrete point measurements reported

Table 2 Analytical and numerical values „predicted by VESSEG…

of second-order curvature-based indices for the idealized ge-
ometries of a sphere and a cylinder „GAA is in „mm−1

…, while
MAA is in „mm−2

…. Parentheses indicate absolute percentage
difference of the numerical predictions with respect to the ana-
lytical calculations of the four curvature-based indices.…

Sphere Cylinder

Analytical Numerical Analytical Numerical

GAA 0.00040 0.00039 ��0.001%� 0 5	10−8 ��0%�
MAA 0.020 0.018 ��0.2%� 0.025 0.017 ��0.8%�
GLN 1.00 1.02 �+2%� 0 5	10−5 �0.005 %�
MLN 0.28 0.26 ��2%� 0.22 0.20 ��2%�

Fig. 5 Patient-specific AAA models „U1,…, U9…, idealized
fusiform-shaped AAA model „F… and patient-specific normal ab-

dominal aorta model used as control „C….
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y Raghavan et al. �22� with AAA No. 1 cadaver model. The post
ortem CT images of this aneurysm underwent a segmentation,

econstruction, and meshing process identical to that of the 11
AAs and controls. The 61 known wall thickness sites measured

rom eight tissue specimens dissected from the aneurysm were
ocated in the 3D wall thickness distribution to probe the accuracy
f the numerical predictions on a nodal basis, as shown in Fig. 6
or the left and right views of the model. The measured wall
hicknesses were subsequently compared with the VESSEG numeri-
al predictions for all 61 sites. The average relative difference in
he wall thickness at these sites was calculated at 7.8% for the left
15 sites� and right �16 sites� views, respectively, of the numeri-
ally predicted arterial wall thickness, as reported in Table 4. In
ddition, our previous work on interobserver variability and repro-
ucibility of the wall thickness detection algorithm indicates there
s adequate repeatability among manual measurements made by
wo double-blinded VESSEG users �29�. In this investigation, wall
hickness measurements showed good agreement between users
ith coefficients of variation ranging from 0.0% to 6.0% �for 10

uptured aneurysms� and 0.1% to 6.6% �for 10 unruptured aneu-
ysms�.

3.5 AAA Wall Thickness. Figure 7 shows the local wall
hickness distribution for models U1 and U5, illustrating the vari-
bility of this parameter �from 0.8 mm to 3.5 mm� in patient-
pecific AAAs. Wall thickness is shown in Fig. 8 as a function of
xial position of the aneurysm sac for model U9. The renal arter-
es are taken as the point of reference for zero axial position while
he maximum axial position �corresponding to the height of the

able 3 Geometrical indices for the patient-specific AAAs, c
ndices are in „mm…; the AAA volume „V… and the thrombus volu
AA is in „mm−1

…, while MAA is in „mm−2
……

U1 U2 U3 U4 U5

One-dimensio

max 52.42 51.65 65.14 45.88 59.64

neck1 27.94 27.94 19.42 21.07 20.00

neck2 33.61 30.40 24.97 24.10 35.47
62.50 76.25 82.50 90.00 81.00

neck 32.50 2.50 17.50 6.00 3.00
70.38 89.19 104.37 102.19 107.86

neck 35.36 2.70 19.92 7.36 3.20
b 35.00 37.50 62.50 60.00 48.00

c 2.75 6.43 10.97 2.48 3.21

Two-dimensio
Hr 0.84 0.68 0.79 0.51 0.74
Dr 1.56 1.70 2.61 1.90 1.68
r 1.92 30.50 4.71 15.00 27.00
L 0.56 0.49 0.76 0.67 0.59

0.95 0.87 0.83 0.94 0.95
1.06 1.09 1.24 1.13 1.33

Three-dimens
97.06 114.33 177.42 110.62 174.68
84.63 101.39 130.96 108.08 131.76

ILT 30.26 59.07 137.46 54.88 64.59
0.31 0.52 0.77 0.50 0.37

Three-dimensio
FI 0.076 0.073 0.136 0.075 0.072

PR 4.00 4.30 4.15 4.69 4.22

Second order cur
AA 0.0008 0.0009 0.0015 0.0006 0.0014
AA 0.049 0.050 0.049 0.047 0.042
LN 5.20 8.67 8.83 5.51 7.70
LN 0.44 0.49 0.55 0.44 0.46
neurysm H� is located at the iliac bifurcation. Figure 9 illustrates

ournal of Biomechanical Engineering
the variation of the minimum and maximum wall thicknesses at
each cross section as a function of axial position of the aneurysm
sac for model U9. The circumferential distribution of wall thick-
ness at the 72 perimeter points on the wall surface for the largest
cross section of model U9 �where Dmax is located� is shown in
Fig. 10, which exemplifies the in-plane variability of the vessel
wall of the diseased abdominal aorta.

4 Discussion
A reliable quantification of the shape and size of patient-

specific AAAs carries several benefits; it may provide individual
rupture and operative risks during presurgical planning, and it
would be valuable in establishing index thresholds for patient se-
lection and for customized designs of endovascular grafts. Like-
wise, local changes in wall thickness may play an important role
in the wall mechanics and rupture potential.

Due to intersubject variability in the healthy infrarenal aorta
diameter �1.5–2.5 cm�, the common criterion of AAA maximum
diameter may not be adequate for the assessment of rupture risk.
Therefore, the patient-specific DDr index is proposed here as a
more accurate parameter for personalized assessment of the aneu-
rysm size. Cappeler et al. �33� confirmed that a reasonable thresh-
old for elective repair and rupture risk prediction is 2.2�DDr
�3.3. In our cohort of AAAs, only one �U3� meets the proposed
criteria for elective repair, having DDr equal to 2.61; U3 also has
Dmax=65.14 mm ��Dcritical=55 mm�.

Clinical studies demonstrate that 75% of AAAs contain throm-
bus �11�. The effect of thrombus concerning rupture risk assess-

rol model, and fusiform aneurysm „All one-dimensional size
„VILT… are expressed in „cm3

…, the surface area „S… is in „cm2
…;

U6 U7 U8 U9 C F

size indices
3.00 58.36 43.46 55.99 19.91 50
0 31.22 23.27 21.04 - 25
1.08 39.25 30.85 27.47 - 25
9.00 93.00 90.00 70.50 54 110
0 18.00 9.00 25.50 - 30
4.88 103.16 105.47 85.61 54.44 110
0 22.91 10.95 31.83 - 30
1.00 51.00 51.00 30 - 85
3.10 12.81 1.65 2.42 0 0

shape indices
0.43 0.63 0.48 0.79 0.37 0.45
1.38 1.49 1.41 2.04 - 2
0 5.17 10.00 2.76 - 3.67
0.21 0.55 0.57 0.42 - 0.77
0.93 0.78 0.96 0.95 1 1
1.15 1.05 1.13 1.23 1 1

l size indices
8.33 185.12 95.62 106.17 13.70 130
3.57 144.88 101.38 92.68 28.18 136
6.36 131.06 34.88 23.35 - 0
0.24 0.71 0.36 0.22 - 0

shape indices
0.244 0.037 0.024 0.011 - 0
4.50 4.46 4.85 4.13 4.92 5.28

re-based indices
0.0009 0.0014 0.0019 0.0015 0.0033 0.00006
0.051 0.048 0.063 0.049 0.074 0.029
6.16 8.05 6.83 5.45 2.60 4.45
0.45 0.55 0.54 0.49 0.25 0.33
ont
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ment is controversial in the literature. Di Martino and Vorp �34�
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howed that the presence of ILT reduces and redistributes the
tresses in the aortic wall. In accordance with this study, Wang et
l. �11� earlier demonstrated that the peak wall stress is reduced
rom 6% to 38% with an ILT volume ratio between 0.29 and 0.72.
onversely, Vorp et al. �35� reported that the presence of intralu-
inal thrombus could dramatically decrease the AAA wall

trength; hypoxia caused by ILT is the main reason for this reduc-
ion. While Cappeler et al. �33� indicated that a value of �=0.62 is
possible indicator for high rupture risk, the relation between ILT
olume and aneurysm size seems to be contentious. In fact, ac-
ording to a recent study �36�, an increase in sac diameter did not
orrelate positively with an increase in ILT volume for large an-
urysms �maximum transverse diameter larger than 7 cm�. Ac-
ording to the maximum diameter criterion, patient models U3,
5, and U7 have the highest rupture potential. Models U3 and U7

xhibit the highest thrombus ratios, and they exceed the threshold
or � proposed by Cappeler et al. �33� as a rupture risk predictor.

Autopsy studies �12� show that ruptured AAAs are less fusi-
orm rather than spherical. Therefore, the extent to which an an-
urysm deviates from a fusiform shape may be a good indicator of
upture risk. Second order curvature-based indices are more com-
lex and the physical meaning associated with them is not as
vident. A local surface region with a positive Gaussian curvature
ndicates a surface with an elliptic region, while a negative Gauss-
an curvature indicates a hyperbolic region �also called gooseneck
r saddle region�, which can be subject to mechanical stress con-

ig. 6 Comparison of discrete wall thickness sites between
ESSEG predictions and actual measurements from cadaver
pecimen AAA No. 1 reported by Raghavan et al. †22‡
entrations �28�. The area-averaged Gaussian curvature GAA and

61015-8 / Vol. 131, JUNE 2009
the area-averaged Mean curvature MAA are dependent on both
size and shape, so their relative values become more important to
interpret. For example, the relative value of MAA can be a mea-
sure of size in patients where we cannot appreciate a significant

Table 4 Direct evaluation of discrete wall thickness sites pre-
dicted by VESSEG and a comparison with actual measurements
from cadaver specimen AAA No. 1 reported by Raghavan et al.
†22‡ The average relative difference between the post mortem
and numerical predictions is 7.8%.

Left view

Post mortem Numerical

1.41 1.31
0.92 0.92
1.10 1.06
1.89 1.29
1.48 1.34
1.11 1.09
1.81 1.32
1.46 1.33
1.46 1.41
1.36 1.33
1.16 1.17
1.10 1.12
0.86 1.03
1.04 1.06
1.17 1.15

Posterior view
1.10 1.10
0.92 0.91
1.62 1.05
1.11 1.09
1.74 1.10
1.01 0.99
1.46 1.45
1.33 1.16
0.97 0.95
1.16 1.14
0.97 0.98
0.82 0.86
1.11 1.11
0.81 0.82
1.00 1.02
1.39 1.16

(b)

(b)(a)

Fig. 7 Patient-specific wall thickness distributions for „a… U1

and „b… U5
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ifference in shapes. Thus, MAA is larger for models U6 and U8
han for the other aneurysms, which is in accordance with U6 and
8 presenting a smaller maximum transverse diameter than the
ther models. Concerning the shape of an aneurysm, MAA indi-
ates the existence of concave and convex regions on the aneu-
ysm sac surface. While GAA and MAA exhibit a positive value
or all models in this study �AAA and control�, this does not
ranslate into an absence of concave and gooseneck regions. These
wo indices provide an assessment of the global distribution of the
urface curvature and do not quantify the individual complex local
urvature changes. Therefore, global indices such as GAA and
AA should not be used to interpret the relative presence of local

yperbolic and concave regions on the surface of the AAA sac.
ather, the relative values of GAA and MAA can be used to
ompare AAAs. For example, considering two AAAs of compa-
able sizes �U6 and U8�, U6 exhibits a smaller GAA and on its
urface has more gooseneck regions compared with U8, which
resents a larger GAA. GLN and MLN are dimensionless indices
nd their relative values can provide an indirect assessment of
rregularities on the surface geometry. The larger the value of
hese indices the more irregular is the aneurysm surface. Accord-
ng to this, the controls �normal abdominal aorta and idealized

ig. 8 AAA sac wall thickness „average with Y error bars… for
odel U9

ig. 9 Minimum and maximum AAA sac wall thickness for

odel U9

ournal of Biomechanical Engineering
fusiform aneurysm� yield the smallest GLN and MLN, while the
presence of more surface irregularities in model U3 results in the
highest GLN and MLN.

There are some limitations in our numerical quantifications of
AAA shape and wall thickness. CT image resolutions with a pixel
size of 0.7 mm do not allow for an accurate estimation of wall
thickness less than this value and, therefore, VESSEG can only
provide an approximate contour segmentation of the outer wall
when the pixel size is as small as the local thickness of the blood
vessel. Additionally, the procedure followed to validate the wall
thickness algorithm �in lieu of using input from trained radiolo-
gists� has some inherent limitations. The cadaver model wall
thickness measurements were obtained at a number of discrete
points from excised rectangular tissue specimens as described by
Raghavan et al. �22�, which were superimposed on 2D boundary
outlines of the AAA wall �see Fig. 6�. The numerical evaluation of
wall thickness is based on a different source of data: the CT im-
ages �without contrast enhancement� of the excised AAA �prior to
removing the specimens� inflated at 100 mm Hg by inserting a
balloon inside the abdominal aorta. Therefore, it is not surprising
to find a difference of up to 7.8% between the post mortem mea-
surements and the numerical predictions of wall thickness. Fur-
thermore, the lack of higher image resolution leads to recon-
structed surfaces with some unrealistic sharp corners where we
applied a smoothing process to remove them. The same protocol
of reconstruction and smoothing was employed on all the models
and we assume that the genuine geometric features were not se-
verely affected. Since the one-dimensional size indices, two-
dimensional shape indices, and three-dimensional size and shape
indices were computed directly from the patient-specific geom-
etry, they are not affected by the reconstruction and smoothing
protocol. However, the second-order curvature-based indices are
more sensitive to smoothing, since they were calculated based on
nodal coordinates of the final refined mesh. Finally, a limited
number of nonruptured AAA subjects were used in this investiga-
tion; there is need to further validate the shape quantification
method applying it to a larger population study that would also
include ruptured AAAs.

Estimations of wall thickness are provided in the present study
as a geometry-derived parameter and an addendum to the 3D geo-
metrical characterization techniques based on size and shape. The
noninvasive estimation of blood vessel wall thickness from medi-
cal image data is unprecedented for abdominal aortic aneurysms
and, thus, extensive validation of the algorithms by trained radi-

Fig. 10 Distribution of wall thickness at Dmax cross section for
model U9. The nonuniform circumferential spacing between
points is approximately 5 deg
ologists will be necessary. These estimations are heavily depen-
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ent on the use of a contrast medium, the image resolution, and
he ability of the code to distinguish the outer wall surface from
he fat and soft tissues enveloping the abdominal aorta. As seen in
igs. 6–10, there is a considerable in-plane variation of AAA wall

hickness while only a moderate deviation in average thickness of
ny single cross section with respect to the overall average thick-
ess of the AAA sac. The significance of this translates into highly
ocalized regions of both thick and thin vascular tissues near the

aximum transverse dimension �Dmax�. The development over
ime of heterogeneous multilayered intraluminal thrombi and
ockets of calcification likely has an effect on the thickness vari-
bility of the vascular wall. Furthermore, this in-plane variation of
AA wall thickness is also a consequence of the segmentation

nd wall thickness detection algorithms, for which an error analy-
is was performed in our previous work �29�.

Accurately quantifying the regional variations of wall thickness
ill be of paramount importance in the assessment of the AAA
iomechanical environment. Comparable to ILT thickness, wall
hickness appears to play a dual role in the evaluation of aneurysm
upture risk. On one hand, a thicker AAA wall may suggest severe
nflammation of the AAA tissue and may indicate regions at
igher risk of rupture. On the other hand, localized thin-walled
egions are expected to exhibit stress concentration and therefore
reas at high risk of rupture. Only an accurate characterization of
ll factors involved, including AAA shape, will lead to clinically
elevant applications of AAA biomechanics. With radiologists and
ascular surgeons making efficient use of CT imaging for presur-
ical planning and measuring AAA diameter over time during
atient follow-ups, it is logical to question the importance of
uantifying geometric characteristics that are observed in a quali-
ative manner by radiologists. For instance, it is not necessary to
ompute GLN and MLN to realize that model U3 has a more
rregular surface than model U1. Visual inspection of the seg-

ented and reconstructed AAA, a process that can be performed
emi-automatically by most CT imaging commercial software in
he radiology suite, can provide such qualitative assessment. How-
ver, quantification of parameters such as GLN and MLN, and the
raphical mappings of K and M, offer information unattainable
ith simple visual inspection: a measure of the degree to which

he AAA wall geometry is irregular.
It is unlikely that any one of the proposed indices alone would

e a reliable index of rupture risk or a threshold for elective repair.
ather, the complete geometry and a positive correlation of a set
f indices should be considered to assess the potential for rupture.
ith this quantitative parameter assessment, future research can

e directed toward statistical analyses correlating the numerical
alues of these parameters with the risk of aneurysm rupture or
ntervention �surgical or endovascular�. While this work does not
rovide direct insight into the possible clinical use of the geomet-
ic parameters, we believe it provides the foundation necessary for
uture efforts in that direction.

cknowledgment
The authors would like to acknowledge the critical contribution

f the following former undergraduate students to the VESSEG pro-
ram coding: Leah Acker, B.S. Electrical Engineering, Grove City
ollege; Gopal Patel, B.S., Electrical and Biomedical Engineer-

ng, Carnegie Mellon University; and Daniel Goldman, B.S., Me-
hanical and Biomedical Engineering, Carnegie Mellon Univer-
ity. Moreover, the authors wish to thank Dr. Medhavan Raghavan
nd Dr. Erasmo Simao da Silva for providing the CT images and
aw wall thickness data of the cadaver AAA model used in the
resent work for validating VESSEG’s wall thickness algorithm.
s. Saundra Grant’s contribution as research coordinator of the

etrospective review of records of AAA patients at Allegheny
eneral Hospital was invaluable to this study. No extramural
unding agencies provided support for this work.

61015-10 / Vol. 131, JUNE 2009
References
�1� Patel, M. I., Hardman, D. T. A., Fisher, C. M., and Appleberg, M., 1995,

“Current Views on the Pathogenesis of Abdominal Aortic Aneurysms,” J. Am.
Coll. Surg., 181, pp. 371–382.

�2� Brown, L. C., and Powell, J. T., The UK Small Aneurysm Trial Participants,
1999, “Risk Factors for Aneurysm Rupture in Patients kept Under Ultrasound
Surveillance,” Ann. Surg., 230, pp. 289–297.

�3� Limet, R., Sakalihasan, N., and Albert, A., 1991, “Determination of the Ex-
pansion Rate and the Incidence of Rupture of Abdominal Aortic Aneurysms,”
J. Vasc. Surg., 14, pp. 540–548.

�4� Lederle, F. A., Johnson, G. R., and Wilson, S. E., 1997, “Prevalence and
Associations of Abdominal Aortic Aneurysms Detected Through Screening,”
Ann. Intern. Med., 126, pp. 441–449.

�5� The UK Small Aneurysm Trial Participants, 1998, “Mortality Results for Ran-
domized Controlled Trial of Early Elective Surgery or Ultrasonographic Sur-
veillance for Small Abdominal Aortic Aneurysms,” Lancet, 352, pp. 1649–
1655.

�6� Vorp, D. A., Raghavan, M. L., and Webster, M., 1998, “Mechanical Wall
Stress in Abdominal Aortic Aneurysm: Influence of Diameter and Asymme-
try,” J. Vasc. Surg., 27, pp. 632–639.

�7� Fillinger, M. F., Marra, S. P., Raghavan, M. L., and Kennedy, F. E., 2003,
“Prediction of Rupture Risk in Abdominal Aortic Aneurysm During Observa-
tion: Wall Stress Versus Diameter,” J. Vasc. Surg., 37, pp. 724–732.

�8� Venkatasubramaniam, A. K., Fagan, M. J., Mehta, T., Mylankal, K. J., Ray, B.,
Kuhan, G., Chetter, I. C., and McCollum, P. T., 2004, “A Comparative Study
of Aortic Wall Stress Using Finite Element Analysis for Ruptured and Non-
Ruptured Abdominal Aortic Aneurysms,” Eur. J. Vasc. Surg., 28, pp. 168–176.

�9� Vande Geest, J. P., Wang, D. H., Wisniewski, S. R., Makaroun, M. S., and
Vorp, D. A., 2006, “Towards a Noninvasive Method for Determination of
Patient-Specific Wall Strength Distribution in Abdominal Aortic Aneurysms,”
Ann. Biomed. Eng., 34, pp. 1908–1916.

�10� Dobrin, P., Baker, W., and Gley, W., 1984, “Elastolytic and Collagenolytic
Studies of Arteries,” Arch. Surg. �Chicago�, 119, pp. 405–409.

�11� Wang, D., Makaroun, M., Webster, M., and Vorp, D. A., 2002, “Effect of
Intraluminal Thrombus on Wall Stress in Patient Specific Models of Abdomi-
nal Aortic Aneurysm,” J. Vasc. Surg., 36, pp. 598–604.

�12� Da Silva, E. S., Rodrigues, A., and De Tolosa, E. C., 2000, “Morphology and
Diameter of Infrarenal Aortic Aneurysms: A Prospective Autopsy Study,” Car-
diovasc. Surg., 8, pp. 526–532.

�13� Smith, A. D. C., 1999, “The Folding of the Human Brain: From Shape to
Function,” Ph.D. thesis, University of London, London, UK.

�14� Ma, B., Harbaugh, R. E., and Raghavan, M. L., 2004, “Three-Dimensional
Geometrical Characterization of Cerebral Aneurysms,” Ann. Biomed. Eng.,
32, pp. 264–273.

�15� Raghavan, M. L., Ma, B., and Harbaugh, R. E., 2005, “Quantified Aneurysm
Shape and Rupture Risk,” J. Neurosurg., 102, pp. 355–362.

�16� Pappu, S., Dardik, A., Tagare, H., and Gusberg, R. J., 2008, “Beyond Fusiform
and Saccular: A Novel Quantitative Tortuosity Index May Help Classify An-
eurysm Shape and Predict Aneurysm Rupture Potential,” Ann. Vasc. Surg., 22,
pp. 88–97.

�17� Fillinger, M., Racusin, J., and Baker, R., 2004, “Anatomic Characteristics of
Ruptured Abdominal Aortic Aneurysm on Conventional CT Scans: Implica-
tions for Rupture Risk,” J. Vasc. Surg., 39, pp. 1243–1252.

�18� Finol, E. A., Keyhani, K., and Amon, C. H., 2003, “The Effect of Asymmetry
in Abdominal Aortic Aneurysms Under Physiologically Realistic Pulsatile
Flow Conditions,” ASME J. Biomech. Eng., 125, pp. 207–217.

�19� Fillinger, M. F., Raghavan, M. L., Marra, S., Cronenwett, J., and Kennedy, F.
E., 2002, “In Vivo Analysis of Mechanical Wall Stress and Abdominal Aortic
Aneurysm Rupture Risk,” J. Vasc. Surg., 36, pp. 589–597.

�20� Nyilas, R. D., Ng, S. M. L., Leung, J., and Xu, X. Y., 2005, “Towards a New
Geometric Approach to Assess the Risk of Rupture of Abdominal Aortic An-
eurysms Using Patient Specific Modeling,” Proceedings of the 2005 Summer
Bioengineering Conference, Vail, CO, Jun. 22–26.

�21� Di Martino, E. S., Bohra, A., Vande Geest, J. P., Gupta, N., Makaroun, M., and
Vorp, D. A., 2006, “Biomechanical Properties of Ruptured Versus Electively
Repaired Abdominal Aortic Aneurysm Wall Tissue,” J. Vasc. Surg., 43, pp.
570–576.

�22� Raghavan, M. L., Kratzberg, J., Castro de Tolosa, E. M., Hanaoka, M. M.,
Walker, P., and Simao da Silva, E., 2006, “Regional Distribution of Wall
Thickness and Failure Properties of Human Abdominal Aortic Aneurysm,” J.
Biomech., 39, pp. 3010–3016.

�23� Mower, W., Baraff, L., and Sneyd, J., 1993, “Stress Distribution in Vascular
Aneurysms: Factors Affecting Risk of Aneurysm Rupture,” J. Surg. Res., 55,
pp. 155–161.

�24� Scotti, C. M., Shkolnik, A. D., Muluk, S. C., and Finol, E. A., 2005, “Fluid-
Structure Interaction in Abdominal Aortic Aneurysms: Effects of Asymmetry
and Wall Thickness,” Biomed. Eng. Online, 4�64.

�25� Scotti, C. M., Jimenez, J., Muluk, S. C., and Finol, E. A., 2008, “Wall Stress
and Flow Dynamics in Abdominal Aortic Aneurysms: Finite Element Analysis
Vs. Fluid-Structure Interaction,” Comput. Methods Biomech. Biomed. Eng.,
11�3�, pp. 301–322.

�26� Shkolnik, A. D., Scotti, C. M., Amon, C. H., and Finol, E. A., 2005, “Com-
putational Modeling of Abdominal Aortic Aneurysms: An Assessment of Rup-
ture Potential for Presurgical Planning,” Biomechanics Applied to Computer
Assisted Surgery, Y. Payan, ed., Research Signpost, Kerala, India, pp. 243–

260.

Transactions of the ASME



J

�27� Di Martino, E. S., Guadagni, G., Fumero, A., Ballerini, G., Spirito, R., Big-
lioli, P., and Redaelli, A., 2001, “Fluid-Structure Interaction Within Realistic
Three Dimensional Models of the Aneurysmatic Aorta as a Guidance to Assess
the Risk of Rupture of the Aneurysm,” Med. Eng. Phys., 23, pp. 647–655.

�28� Sacks, M. S., Vorp, D. A., Raghavan, M. L., Federle, M. P., and Webster, M.
W., 1999, “In Vivo Three-Dimensional Surface Geometry of Abdominal Aortic
Aneurysms,” Ann. Biomed. Eng., 27, pp. 469–479.

�29� Shum, J., DiMartino, E. S., Goldhammer, A., Goldman, D., Acker, L., Patel,
G., Martufi, G., and Finol, E. A., “Semi-Automatic Vessel Wall Detection and
Quantification of Wall Thickness in CT Images of Human Abdominal Aortic
Aneurysms,” Med. Phys., submitted.

�30� Finol, E. A., and Amon, C. H., 2002, “Flow-Induced Wall Shear Stress in
Abdominal Aortic Aneurysms: Part I-Steady Flow Hemodynamics,” Comput.
Methods Biomech. Biomed. Eng., 5�4�, pp. 309–318.

�31� Hamann, B., 1993, “Curvature Approximation for Triangulated Surfaces,”
Geometric Modeling, G. Farin, H. Hagen, and H. Noltemeier, eds., Springer-
Verlag, New York, pp. 139–153.
ournal of Biomechanical Engineering
�32� Jinnai, H., Watashiba, H., Kajihara, T., Nishikawa, Y., Takahashi, M., and Ito,
M., 2002, “Surface Curvatures of Trabecular Bone Microarchitecture,” Bone,
30, pp. 191–194.

�33� Cappeller, W. A., Engelmann, H., Blechschmidt, S., Wild, M., and Lauterjung,
L., 1997, “Possible Objectification of a Critical Maximum Diameter for Elec-
tive Surgery in Abdominal Aortic Aneurysms Based on One- and Three-
Dimensional Ratios,” J. Cardiovasc. Surg. �Torino�, 38, pp. 623–628.

�34� Di Martino, E. S., and Vorp, D. A., 2003, “Effect of Variation in Intraluminal
Thrombus Constitutive Properties on Abdominal Aortic Aneurysm Wall
Stress,” Ann. Biomed. Eng., 31, pp. 804–809.

�35� Vorp, D. A., Lee, P. C., Wang, D. H., Makaroun, M. S., Nemoto, E. M.,
Ogawa, S., and Webster, M. W., 2001, “Association of Intraluminal Thrombus
in Abdominal Aortic Aneurysm With Local Hypoxia and Wall Weakening,” J.
Vasc. Surg., 34, pp. 291–299.

�36� Pillari, G. P., 2000, “Crescent Sign Origin and the Thrombus-to-Lumen Ratio
in Abdominal Aortic Aneurysm,” Radiology, 214, p. 604.
JUNE 2009, Vol. 131 / 061015-11



 



 
 

 
 

 
 
 
 

Paper B 

Micromechanical characterization of intra-

luminal thrombus tissue from abdominal aortic 

aneurysms 
 

T.C. Gasser, G. Martufi, M. Auer, M. Folkesson and J.Swedenborg 

 

 

 

 

 

Published in: 

Annals of Biomedical Engineering, 38(2), 2010, 371-379 

 

 
 



 



Micromechanical Characterization of Intra-luminal Thrombus Tissue

from Abdominal Aortic Aneurysms

T. CHRISTIAN GASSER,1 GIAMPAOLO MARTUFI,1 MARTIN AUER,2 MAGGIE FOLKESSON,3

and JESPER SWEDENBORG
3

1Department of Solid Mechanics, Royal Institute of Technology (KTH), Osquars backe 1, SE-100 44 Stockholm, Sweden;
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Abstract—The reliable assessment of Abdominal Aortic
Aneurysm rupture risk is critically important in reducing
related mortality without unnecessarily increasing the rate
of elective repair. Intra-luminal thrombus (ILT) has multi-
ple biomechanical and biochemical impacts on the
underlying aneurysm wall and thrombus failure might be
linked to aneurysm rupture. Histological slices from 7 ILTs
were analyzed using a sequence of automatic image pro-
cessing and feature analyzing steps. Derived microstructural
data was used to define Representative Volume Elements
(RVE), which in turn allowed the estimation of microscopic
material properties using the non-linear Finite Element
Method. ILT tissue exhibited complex microstructural
arrangement with larger pores in the abluminal layer than
in the luminal layer. The microstructure was isotropic in the
abluminal layer, whereas pores started to orient along the
circumferential direction towards the luminal site. ILT’s
macroscopic (reversible) deformability was supported by
large pores in the microstructure and the inhomogeneous
structure explains in part the radially changing macroscopic
constitutive properties of ILT. Its microscopic properties
decreased just slightly from the luminal to the abluminal
layer. The present study provided novel microstructural and
micromechanical data of ILT tissue, which is critically
important to further explore the role of the ILT in
aneurysm rupture. Data provided in this study allow an
integration of structural information from medical imaging
for example, to estimate ILT’s macroscopic mechanical
properties.

Keywords—Intra-luminal thrombus, Abdominal Aortic

Aneurysm (AAA), Finite element method (FEM), Micro-

scale, Constitutive modeling.

INTRODUCTION

The prevalence of Abdominal Aortic Aneurysms
(AAAs) ranges from 2.0%3 to 8.8%19 in the elderly
population and AAA repair gives rise to high socio-
economic costs.4,13 AAA rupture has a mortality rate
up to 90%,24 and death from ruptured AAAs is the
10th leading cause of death in men above the age of
65.25 Elective repair is indicated by the rupture risk of
the aneurysm, and hence, its reliable assessment is
critically important in reducing related mortality
without unnecessarily increasing the rate of interven-
tions.

According to the pathogenesis of AAAs, irreversible
structural changes of the wall result in their dilatation
and eventual rupture,6 and an Intraluminal Thrombus
(ILT) is found in nearly all formations of clinically-
relevant size.11 Multiple biochemical14,15,26 and bio-
mechanical7,8,12,16,18,29 consequences of the ILT on the
AAA have been reported. Likewise, it has been hyp-
othized that in vivo ILT failure might be related to
aneurysm failure,21 and signs of ILT rupture have been
identified from evaluating Computer Tomography
Angiography (CTA) data.2,22,23 However, there is still
no consensus about the role of the ILT regarding
aneurysm rupture, and contradictory hypotheses have
been suggested in the past. In particular, it is unclear if
an ILT increases or decreases the risk of aneurysm
rupture, i.e., if it creates an environment for increased
proteolytic activity6 (which weakens26 and/or thins14

the wall) or buffers against wall stress.16,27

ILT reveals remarkable heterogeneous Magnetic
Resonance (MR) signal intensity indicating its com-
plex heterogenous microstructure. Nevertheless, cur-
rent biomechanical AAA models assume either
homogeneous7,12,16,18,29 or radially changing8 mechan-
ical properties for the ILT, and more realistic distri-
butions might impact the biomechanical assessment of

Address correspondence to T. Christian Gasser, Department of

Solid Mechanics, Royal Institute of Technology (KTH), Osquars

backe 1, SE-100 44 Stockholm, Sweden. Electronic mail: tg@hallf.

kth.se, URL: http://www.hallf.kth/vascumech

Annals of Biomedical Engineering, Vol. 38, No. 2, February 2010 (� 2010) pp. 371–379

DOI: 10.1007/s10439-009-9837-4

0090-6964/10/0200-0371/0 � 2009 Biomedical Engineering Society

371



AAA rupture risk. Apart from that, ILT is a porous
media playing a vital role in oxygen transport to the
aneurysm wall26 for example, and a detailed
understanding of its poroelastic properties is required
to further explore its (destructive) impact on the
aneurysm wall.14,15

Microhistological information is a key to develop
micromechanical models, which are particularly useful
to analyze load-carrying mechanisms and interactions
between the different microcomponents in order to
quantify macroscopic failure properties. Likewise,
micromechanical models are promising candidates to
link ILT’s local (macroscopic) mechanical properties
to clinically-available image information from MR
scans for example. Such a correlation, if found, would
provide patient specific (macroscopic) ILT properties
for a biomechanical analysis of aneurysms, which
would naturally increase their reliability considerably.

Micromechanical modeling has been frequently
applied to analyze man-made materials. However, this
technique is fairly unexplored in the context of soft
biological tissues, probably due to lack of relevant
microhistological data. Instead studies used hypothet-
ical microstructures instead,5,10 to overcome this lack
of data in the open literature. In contrast the present
study used image processing to derive microstructural
data from histological stains of ILT tissue, which
facilitated a microstructural analysis of Representative
Volume Elements (RVEs) using the non-linear Finite
Element (FE) method.30 To this end constitutive
properties at the microscale were estimated by com-
paring homogenized FE results with macroscopic
experimental data derived earlier in our laboratory.9

METHODS

Data Acquisition

This study considered data from 7 ILTs excised from
elective AAA repair at Karolinska Hospital, Stock-
holm, Sweden, and subsequently stored at �35 �C (for
1–9 weeks). The collection and use of the ILT material
from human subjects was approved by the local ethics

committee, and detailed specifications of the thrombi
included in this study are given in Table 1.

Tissue sheets of about 1.0 mm thickness from the
luminal, medial, and abluminal thrombus layers were
prepared and specimens of 10 9 20 mm were punched
out. To memorize specimen orientation for the sub-
sequent analysis, they were aligned along the circum-
ferential direction with respect to the original thrombus
topology. Specimens were put into zinc formaldehyde
for 24 h and afterwards into 70% ethanol, where they
were kept between 6 and 14 month. Thereafter speci-
mens were put into the computer-controlled flow-
through tissue processor Tissue-Tek V.I.P. 3000. Dur-
ing the process, they were transferred into 95% ethanol
(for 2 h) and 100% ethanol (for 2 h), placed into xylene
(for 10–30 min) and subsequently transferred into
melted paraffin at 58 �C where they remained for 24 h.
Specimens were embedded such that sections at a
thickness of 7 lm could be taken (Microm HM 360
Electronic Motorized Microtome) and placed on
microscope slides. Sections were stained with picro-sir-
ius red to reinforce the ILT’s porous structure, i.e., to
improve the visual delineation between the tissue and
pores, and investigated under light microscope (Eclipse,
E800, Nikon). In total 105 (7 ILTs by 3 layers by 5
images per layer) images were taken at a resolution of
1020 9 1020 pixels (Fx-35A, Nikon), see Fig. 1. Images
were not allowed to overlap and were selected, such that
artifacts due to slicing for example, were minimized.
The ILT tissue sections were magnified by a factor of
100 (eyepiece times objective magnification) and 1 pixel
of the image represented 2/3 lm.

Image Processing and Feature Analysis

Histological images were investigated with Matlab
R2007a (TheMathworks). Features were extracted and
analyzed to derive structural quantities representing
ILT tissue at the microscale. Image analysis was per-
formed automatically, and thus the derived results
could not be influenced by the operator and the se-
quence of processing steps is illustrated in Fig. 2 con-
sidering the top left portion of Fig. 1.

TABLE 1. Patient-specific data of the investigated ILTs.

Patient Gender Age (years) Smoking

Max. AAA

diam. (mm)

Max. ILT

thick. (mm)

1 Female 70 Yes 50 27

2 Male 73 Yes 57 23

3 Male 70 No 54 28

4 Female 68 Previous 59 23

5 Male 65 Previous 70 24

6 Male 82 Previous 60 22

7 Female 71 Yes 66 28
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Image Conversion

In a first step the true color images Fig. 2a were
converted to gray-scale images Fig. 2b, i.e., hue and
saturation information were eliminated while the
intensity (luminance) of the original image was re-
tained. Following that, histogram equalization was
applied to enhance the contrast (Fig. 2c), a require-
ment to highlight the structures and contours of the
pores, when finally converting the image into a binary
image Fig. 2d.

Morphological Operations

Fragments, i.e., black spots within holes, were
removed using a filling operation, and thereafter, cor-
relation filtering (by using an average filter) was
applied to the images (Fig. 2e). Although these oper-
ations lead to a clear picture of ILT’s microstructure a
number of small pores (mechanically irrelevant pores,
i.e., well below the considered length-scale) remained
in the image. Consequently, in order to provide an
appropriate microstructure for the subsequent
mechanical analysis, opening (a sequence of image
processing steps, where erosion is followed by dilation)
with a circular structural element of 10 pixels (20/
3 lm) in diameter was applied, see Fig. 2f.

Feature Analysis

All pores, i.e., white spots in the processed images
were analyzed and parameters characterizing ILT’s
microstructure were derived. Specifically, the pore area

A and the diametersDa,Db of the equivalent ellipse were
determined. The equivalent ellipse has the same area
and second moments Ix ¼

R
A x2dA; Iy ¼

R
A y2dA; Ixy ¼R

A xydA as the considered pore, where x and y are
coordinates measured from the center of the pore.
Subsequently the orientation of the equivalent ellipse in
terms of the angle a between the major axis and the
x-axis (horizontal direction) of the imagewas recorded to
identify ILT’s structural orientation at the microscale.
Finally theminimal distanceH of a particular pore to its
neighbors, i.e., the minimal ligament thickness between
twoporeswas extracted from the images.Here, ligament
denotes the microstructural portion of ILT material
through which load can be transmitted.

Biomechanical ILT Model

Stochastic Representative Volume Elements (RVEs)
of luminal (n = 10), medial (n = 10), and abluminal

FIGURE 1. Representative image taken from a histological
stain of luminal ILT tissue.

FIGURE 2. Sequence of image-processing steps applied to
quantify ILT’s microstructure. (a) True color image, (b) gray-
scale image, (c) contrast-enhanced gray-scale image, (d)
binary image, (e) filled and filtered binary image, and (f)
opened binary image as used for the extract pore feature.
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(n = 10) ILT tissue, considering their experimentally
established microstructures, were developed with
Matlab R2007a (TheMathworks). Details regarding
the applied procedure are summarized in Table 2.
Symmetry conditions were applied and RVEs were
embedded in two-scale structural models of the ILT,
see Fig. 3. A far-field continuum with macroscopic
properties (as identified by macroscopic tensile exper-
iments9), was introduced, which was aimed at provid-
ing appropriate boundary conditions, i.e., to support a
reasonable load transition from the macro to the
microscale.

Structural models were meshed in ANSYS vers.11
(ANSYS Inc.) and analyzed in ABAQUS vers.6.8-1
(Dassault Systemes S.A.) under plane strain condi-
tions. Likewise, ILT tissue was assumed to be micro
and macroscopically incompressible and modeled by
the Ogden-like20 strain energy function

w ¼ c
X3

i¼1
ðk4i � 1Þ; ð1Þ

where c 2 Rþ is a material parameter to be identified
from experiments. To some extent, the strain energy
function (1) ismotivated frommacroscopic experiments.9

In Eq. (1) ki, i = 1, ..., 3 denotes the i-th principal
stretch, which describes tissue elongation along the i-th
principal strain direction. The principal directions span
an orthogonal coordinate system, within which the
state of deformation is free of shear, and each defor-
mation can be described by the principal stretches and
associated principal directions.20 Equation (1) entirely
describes ILT’s constitution and standard arguments20

define the principal First Piola-Kirchhoff (or engi-
neering) stress Pi ¼ @w=@ki � p=ki; i ¼ 1; 2; 3 with
the hydrostatic pressure p. The First Piola-Kirchhoff
stress is the mechanical load acting on the undeformed
area element of the tissue,20 and ¶w/¶ki denotes the
partial derivative of the strain energy function with
respect to the i-th principal stretch.

The pores were filled by an immobile fluid phase
thought to be a first approximation of ILT’s in vivo
conditions and supporting its macroscopic incom-
pressibility. The fluid phase was described as incom-
pressible material, again by the strain-energy function
(1), where c was two orders of magnitude lower as for
the ligament material.

The introduced two-scale structural models were
used to estimate the micromechanical constitutive
parameter c (as introduced in Eq. 1) by comparing
homogenized results of the RVE under circumferential
tension with macroscopic experimental data.9 Specifi-
cally, c was defined by minimizing the objective
function

Xn

i¼1
ðPi

RVE � Pi
expÞ

2 !MIN; ð2Þ

where n = 10 macroscopic stretches kmacro 2 [1.0, 1.6]
were thought to cover the in vivo deformation range of
ILT tissue as estimated by FE models of AAAs.8 Here,
PRVE denotes the predicted stress component in load-
ing direction, i.e., the resulting traction divided by the
referential area (side length) of the RVE, and Pexp is
the experimentally measured First Piola–Kirchoff
stress.

RESULTS

ILT’s Microstructure

Following image processing, where small pores were
removed (see section ‘‘Image Processing and Feature
Analysis’’), ratios of 23.28%(SD 4.03%), 22.91%(SD
5.29%), and 19.59%(SD 5.31%) between pore and
ligament area were calculated for the luminal, medial,
and abluminal layers, respectively. Pore area, pore
orientation, minimal ligament thickness, and pore
aspect ratio (to be defined and discussed below)
showed continuous distributions (see Figs. 4–7), where

TABLE 2. Procedure to generate RVEs from microstructural
data of ILT tissue.

Given: Tissue density and distribution functions of the shape,

dimensions and orientation of the pores

Algorithm:

(1) Generate a particular pore by:

(a) Selecting pore shape, pore dimensions and pore orientation

(b) Placing the pore in the RVE with a minimal ligament thick-

ness of 5.0 lm

If this is not possible go to (1) and test a new pore

(2) If the RVE density is below the tissue density go to (1) and

generate another pore

(3) Derive the computational grid

Far-field continuum

RVE

Axis of symmetry

A
xi

s 
of

 s
ym

m
et

ry

FIGURE 3. Two-scale structural model of ILT tissue. The
RVE is based on microstructural data extracted from histo-
logical stains and the far-field continuum is characterized by
macroscopic tensile experiments.
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data had been normalized to allow for a comparison
amongst the different ILT layers.

Pore Area

Pore area density qA allows us to quantify how
much pore area qA(A) dA is contributed by pores of a
particular area A, i.e., within the interval [A, A + dA].
The pore area density qA has been normalized with
respect to the interval [153.4, 600.0 lm2] and it is noted
that small pores have been removed by image pro-
cessing, such that no data of pores smaller than 21
pixels (14.0 lm) in diameter exists. Figure 4 demon-
strates that qA rapidly decreased from small to large
pores with hardly any difference between the luminal
and medial ILT layers. However, the abluminal layer
exhibited fewer small and more large pores compared
to the luminal/medial layer with the transition at a
pore area of about 600 lm2. Specifically, qA of pores

larger than 3000 lm2 was up to two times larger in the
abluminal than in the luminal/medial layer. It needs to
be emphasized that the material’s macroscopic consti-
tution is mainly defined by large rather than small
pores.

Pore Orientation

Pore orientation density qa defines how individual
pores are oriented. Specifically, this parameter quan-
tifies how much pore area qaðaÞda is contributed by
pores oriented along a particular direction a, i.e.,
within the interval [a, a + da]. Here, the orientation a
is defined by the orientation of the semi-major axis of
the equivalent ellipse defined in section ‘‘Image Pro-
cessing and Feature Analysis’’. Pore orientation den-
sity qa defines orientational information of the
microstructure, and it has been normalized with
respect to the interval [0 rad, p rad]. Figure 5 illustrates
that qa was almost constant in the abluminal layer,
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FIGURE 4. Pore area density qA representing the contribu-
tion to the pore area by pores of a particular size.
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FIGURE 5. Pore orientation density qa representing the
contribution to the pore area by pores aligned along a par-
ticular orientation.
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FIGURE 6. Pore arrangement density qH representing the
contribution to the pore area by pores arranged in a particular
distance from their neighbor pores.
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FIGURE 7. Pore shape density qr representing the contribu-
tion to the pore area by pores of a particular shape. To avoid
artifacts from image processing only pores with mean diam-
eter larger than 20 lm were considered.
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i.e., no particular pore orientation was favored, and
hence the microstructure was isotropic. In contrast,
pores in the luminal layer show preferred alignment
along the circumferential direction (a = p/2), and
hence the microstructure was anisotropic. Similarly,
pores in the medial layer showed a slight alignment
with the circumferential direction.

Pore Arrangement

Pore arrangement density qH defines how close the
individual pores are from each other. In details, this
parameter allows us to quantify how much pore area
qH(H)dH is contributed by pores arranged within a
particular minimal distance (minimal ligament thick-
ness) H from their surrounding pores, i.e., within the
interval [H, H + dH]. The pore arrangement density
qH has been normalized with respect to a minimal
ligament thickness within the interval [1.0 lm,
30.0 lm] and represents an important microstructural
parameter defining the integrity of the arrangement.
Identical behavior, i.e., a strong decay of qH from thin
to thick ligaments is shown for all layers, see Fig. 6.

Pore Shape

Pore shape density qr defines how individual pores
are shaped and quantifies how much pore area qr(r)dr
is contributed by pores of a particular aspect ratio
r = Da/Db, i.e., within the interval [r, r + dr]. The
pore shape density qr has been normalized with respect
to the interval [0.0, 1.0], and it represents a very rough
shape estimator using the equivalent ellipse defined in
section ‘‘Image Processing and Feature Analysis’’.
Note that image processing has a considerable impact
on the shape of smaller pores, and hence, only pores
with a mean diameter larger than 20.0 lm have been
considered in Fig. 7. The majority of pores of all ILT
layers have an aspect ratio between 0.3 and 0.7, and the
abluminal tissue exhibits a slightly flatter distribution
than luminal or medial tissue.

ILT’s Micromechanics

The proposed micromechanical model of ILT (see
section ‘‘Biomechanical ILT Model’’) was able to
match data from macroscopic tensile experiments,
where a stretch range of kmacro 2 [1.0, 1.6] was con-
sidered. Specifically, the experimentally observed linear
relation between First Piola-Kirchhoff stress and
stretch9,28 was accurately captured (see Fig. 8) and the
parameters c, as estimated by minimizing Eq. (2) for
particular RVEs, were collected in Table 3. Luminal,
medial, and abluminal tissue were characterized by the
valuesof c = 4.75(SD0.33) kPa, c = 4.10(SD0.53) kPa,
and c = 3.68(SD 0.38) kPa, respectively.

The maximum principal logarithmic (or Hencky)
strain17 � ¼ ln kmax within a typical RVE of luminal
ILT is plotted in Fig. 9(left), where kmax denotes the
maximum principal stretch and a macroscopic uniaxial
stretch of kmacro = 1.6 was considered. The strain
distribution is inhomogeneous with stretch peaks
ranging up to exp(0.945) = 2.57. Figure 9 also illus-
trates that the pores accumulate a large part of the
stretch, such that the average stretch in the ligament
material was far below kmacro.

The maximum principal Cauchy stress distribution
is plotted in Fig. 9(right) and stress peaks exceed
300.0 kPa, which is several times the macroscopic
stress of about 40.0 kPa (see Fig. 8). Stress-bridges
between the pores are clearly visible, and it is expected
that micro-defects develop. Coalescence of micro-
defects will ultimately cause macroscopic tissue failure,
i.e. the formation of a macroscopic crack.
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FIGURE 8. First Piola-Kirchhoff stress–stretch responses
of luminal ILT tissue under uniaxial tension. Homogenized
results from micromechanical FE models (dots) and analytical
results (solid line) are compared.

TABLE 3. Microscopic constitutive parameter c in kPa
(according to Eq. 1) for luminal, medial, and abluminal ILT

tissue.

RVE Luminal Medial Abluminal

1 4.58 3.69 4.29

2 4.39 3.72 2.83

3 4.57 3.31 3.58

4 4.90 3.93 3.59

5 5.51 4.01 3.66

6 4.64 4.10 4.00

7 5.07 4.52 3.46

8 4.66 4.51 3.71

9 4.65 4.03 3.89

10 4.53 5.22 3.77

4.75(SD 0.33) 4.10(SD 0.53) 3.68(SD 0.38)

Parameter identification for a particular RVE according to the

minimization problem Eq. (2) and use of constitutive relation (1).
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DISCUSSION

Image processing was applied to systematically
quantify ILT’s histological structure at a length-scale
of micro meters. The derived microstructural proper-
ties revealed that ILT tissue shows a coarser structure
for abluminal tissue than for luminal/medial tissue, i.e.,
larger pores are found predominantly in the abluminal
layer as compared to the luminal/medial layers. Similar
findings have been reported qualitatively earlier.1

Pores are randomly oriented in the abluminal layer,
whereas some alignment with the circumferential
direction was identified for medial/luminal tissue.
Microscopic constitutive parameters of ILT tissue were
estimated by comparing homogenized results from
RVEs with macroscopic experimental data.9 ILT’s
constitution was roughly two times stiffer at the micro-
than at the macro-scale.

The magnitude of ILT’s microscopic constitutive
properties decrease much less from the luminal to the
abluminal layer than observed macroscopically,9,28

and hence, structural changes across the layers explain
in part ILT’s radially changing macroscopic mechani-
cal properties. Likewise, as a first approximation a
homogeneous microscopic constitutive parameter of
c = 4.18 kPa for ILT tissue can be defined.

The study derived novel structural and mechanical
data facilitating detailed biomechanical investigations
of ILT at the microscale. As a demonstrative applica-
tion the microstress distribution under macroscopic
uniaxial loading was predicted, which indicated load-
carrying mechanisms and possible failure scenarios.
Similar investigations might be carried out under
general loading conditions to assist experimental

testing and to derive damage and failure surfaces towards
a comprehensive constitutive description of ILT tissue.

The present study was limited to 2D investigations,
i.e., it remained within planes perpendicular to the
radial tissue direction. It is noted that the applied
image processing is applicable to arbitrary tissue
planes and that 3D structural information might be
reconstructed from 2D data. Tissue shrinking, as
inherent to the histological preparation procedure, was
not considered in the present analysis, and the derived
structural data reflects a finer structure than actually
present in vivo.

The developed RVEs represented strong simplifica-
tions of the real histology, and in particular, pore
shape was represented by equivalent ellipses. The
impact of this simplification on the derived microscopic
constitutive parameters remain unclear and direct
experimental testing, i.e., microindentation might be
considered as an alternative method to quantify ILT’s
microconstitution. Any model’s reliability is strongly
related to the quality and completeness of available
experimental data.

To provide realistic load transition from the macro
to the microscale the present study introduced a far-
field (macroscopic) continuum, which was linked to the
RVE at its boundary. According to macroscopic
experiments,9 an isotropic Ogden-like strain energy
function was used to describe the far-field continuum,
which is theoretically consistent for the abluminal tis-
sue, where no preferred orientation of the micro-
structure could be identified. However, luminal and
medial layer exhibited microstructural anisotropy, and
hence, the associated far-field continuum should reflect
that material symmetry.
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The standard deviations of the estimated micro-
scopic constitutive parameters were considerably
smaller than those from macroscopic experiments,
which indicates that defects (pores) beyond the length
scale considered here might impact macroscopic
properties. It is also emphasized that the proposed
parameter estimation did not consider diversity of
macroscopic experimental data, i.e., only the mean
macroscopic data entered the analysis, and hence, a
large assembly of RVEs (supposed to represent a
macroscopic continuum) will always reflect mean
macroscopic ILT behavior.

ACKNOWLEDGMENTS

We would like to thank Sebastian Günther for his
contributions regarding image processing and Jacopo
Biasetti for his valuable comments about Matlab
R2007a (TheMathworks). This work has been sup-
ported by the Young Faculty Grant No. 2006-7568
provided by the Swedish Research Council, VINNOVA
and the SwedishFoundation for StrategicResearch, and
the EC Seventh Framework Programme, Fighting
Aneurysmal Disease (FAD-200647), which is gratefully
acknowledged.

REFERENCES

1Adolph, R., D. A. Vorp, D. L. Steed, M. W. Webster,
M. V. Kameneva, and S. C. Watkins. Cellular content and
permeability of intraluminal thrombus in abdominal aortic
aneurysm. J. Vasc. Surg. 25:916–926, 1997.
2Arita, T., N. Matsunaga, K. Takano, S. Nagaoka,
H. Nakamura, S. Katayama, N. Zempo, and K. Esato.
Abdominal aortic aneurysm: Rupture associated with the
high-attenuating crescent sign. Radiology 204:765–768,
1997.
3Bengtsson, H., B. Sonesson, and D. Bergqvist. Incidence
and prevalence of abdominal aortic aneurysms, estimated
by necropsy studies and population screening by ultra-
sound. Ann. N.Y. Acad. Sci., 800:1–24, 1996.
4Bosch, J. L., J. S. Lester, P. M. McMahon, M. T. Beinfeld,
E. F. Halpern, J. A. Kaufman, D. C. Brewster, and G. S.
Gazelle. Hospital costs for elective endovascular and sur-
gical repairs of infrarenal abdominal aortic aneurysms.
Radiology 220:492–497, 2001.
5Breuls, R. G., B. G. Sengers, C. W. Oomens, C. V. Bouten,
and F. P. Baaijens. Predicting local cell deformations in
engineered tissue constructs: a multilevel finite element
approach. J. Biomech. Eng. 124:198–207, 2002.
6Choke, E., G. Cockerill, W. R. Wilson, S. Sayed,
J. Dawson, I. Loftus, and M. M. Thompson. A review of
biological factors implicated in abdominal aortic aneurysm
rupture. Eur. J. Vasc. Endovasc. Surg. 30:227–244, 2005.
7di Martino, E. S., S. Mantero, F. Inzoli, G. Melissano,
D. Astore, R. Chiesa, and R. Fumero. Biomechanics of

abdominal aortic aneurysm in the presence of endoluminal
thrombus: experimental characterization and structural
static computational analysis. Eur. J. Vasc. Endovasc. Surg.
15:290–299, 1998.
8Gasser, T. C., M. Auer, and J. Biasetti. Structural and
hemodynamical analysis of aortic aneurysms from com-
puterized tomography angiography data. In: Proceedings
of the World Congress 2009 – Medical Physics and Bio-
medical Engineering, September 7–12, Munich, Germany,
2009.
9Gasser, T. C., G. Görgülü, M. Folkesson, and
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Abstract 

A fundamental understanding of the mechanical properties of the extracellular matrix (ECM) 

is critically important to quantify the amount of macroscopic stress and/or strain transmitted 

to the cellular level of vascular tissue. Structural constitutive models integrate histological and 

mechanical information, and hence, allocate stress and strain to the different micro-structural 

components of the vascular wall. The present work proposes a novel multi-scale structural 

constitutive model for passive vascular tissue, where collagen fibers are assembled by 

proteoglycan (PG) cross-linked collagen fibrils and reinforce an otherwise isotropic matrix 

material. Multiplicative kinematics account for straightening and stretching of collagen fibrils 

and an orientation density function captures the spatial organization of collagen fibers in the 

tissue.  Mechanical and structural assumptions at the collagen fibril level define a piece-wise 

analytical stress-stretch response of collagen fibers, which in turn is integrated over the unit 

sphere to constitute the tissue’s macroscopic mechanical properties. The proposed model 

displays salient macroscopic feature of vascular tissue, and employs material and structural 

parameters of clear physical meaning. Model parameters were estimated from mean-

population data of the normal and aneurysmatic aortic wall and used to predict in-vivo stress 

states of patient-specific vascular geometries, thought to demonstrate the robustness of the 

particular Finite Element (FE) implementation. The collagen fibril level of the multi-scale 

constitutive formulation provides an interface to integrate vascular wall biology and to 

account for collagen turn-over for example. 
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1 Introduction  

The extracellular matrix (ECM) provides an essential supporting framework for the structural 

and functional properties of vessel walls. ECM contains mainly elastin, collagen, and 

proteoglycans (PGs) (Carey, 1991) and their three dimensional organization is vital to 

accomplish proper physiological functions. The ECM, therefore, rather than being merely a 

system of scaffolding for the surrounding cells, is an active mechanical structure that controls 

the micro- and macro-mechanical environment to which vascular tissue is exposed. 

Specifically, a proper understanding of ECM mechanical properties is critically important to 

estimate and quantify the amount of stress and/or strain transmitted from the macroscopic to 

the cellular levels of vascular tissue.  

Constitutive modeling of vascular tissue is an active field of research and numerous 

descriptions have been reported. Phenomenological approaches (Vaishnav et al., 1972; Fung 

et al., 1979; Choung and Fung, 1983; Takamizawa and Hayashi, 1987; Humphrey, 1995; 

Delfino et al., 1997) have been successfully used to fit experimental data, can however not 

allocate stress or strain to the different histological constituents in the vascular wall. Structural 

constitutive descriptions (Lanir, 1983; Wuyts et al., 1995, Holzapfel et al., 2000; Zullinger et 

al., 2004, Gasser et al., 2006) can overcome this limitation and integrate histological and 

mechanical information of the arterial wall.  



Specifically, collagen fibers in the vascular wall have a major impact on the mechanical 

properties at higher loads (Roach and Burton, 1957; Greenwald and Berry, 1980), i.e. 

condition the aneurysm wall experiences for example. Apart from the volume fraction of 

collagen its spatial arrangement including the spread in orientations (Finlay et al., 1995) 

significantly affects the macroscopic mechanical proprieties (Gasser et al., 2006). Collagen 

fibrils are regarded as the basic building block of collagenous ECM, and their organization 

into suprafibrilar structures determines macroscopic tissue proprieties (T.J. Wess, Collagen 

fibrillar structure and hierarchies, in P. Fratzl ed. Collagen Structure and Mechanics, Springer 

2008. Pg. 49-80).  

The present work proposes a novel constitutive model for the vascular wall, which integrates 

the collagen’s fibril and fiber levels with the tissue’s continuum level. Specifically, cross-

linked collagen fibrils are thought to form collagen fibers, which in turn are integrated over 

the unit sphere to define the tissue’s macroscopic properties (Lanir, 1983; Federico and 

Gasser, 2010). Material and structural parameters are estimated from macroscopic in-vitro 

tests of aortic tissue published early in the literature (Vande Geest et al., 2006).  The model’s 

collagen fibril level provides an interface to integrate the vascular wall biology, to study the 

impact of collagen turn-over on the macroscopic properties of the tissue and vice versa for 

example. 

 

 

 

 

 

 

 



2 Methods 

2.1 Modeling assumptions 

The mechanical response of vascular tissue is regarded as a fibrous collagenous tissue, where 

fibers of collagen reinforce an otherwise isotropic matrix material, thought to capture the 

mechanics of the non-collagenous tissue components, i.e. mainly elastin. Each collagen fiber 

is assembled by a bundle of collagen fibrils mutually interconnected by proteoglycan (PG) 

bridges (Scott, 2003) that provide interfibrilar load transition, see Figure 1(b). Stretching a 

collagen fiber will involve firstly a continuous recruitment of collagen fibrils, and as soon as 

the particular collagen fibril reaches its straightening stretch  λ , it starts bearing tension load. 

Consequently, at small stretches (lower than λ ) a collagen fibril gets aligned with stretch 

direction of the collagen fiber, and stretching it beyond λ  involve both, storing elastic energy 

in the collagen fibril itself and in the PG-rich matrix between fibrils.  

The suggested model accounts for the anisotropic structure of the vascular wall, and an 

orientation density functions  defines the spatial alignment of collagen 

bundles, i.e. the density of collagen among the direction N with | | 1 (Gasser et al., 2006). 

Although the subsequently detailed approach can be applied to any orientation density 

function , an isotropic distribution of collagen   is thought to capture 

salient mechanical properties of the healthy and aneurysmatic aortic tissue in the present 

work. Note that particularly the aortic wall exhibits isotropic (mean-population) properties 

(Vande Geest et al., 2006) and that isotropic constitutive descriptions have been used 

extensively in AAA biomechanics (Raghavan et al., 2000; Fillinger et al., 2002; Wang et al., 

2002; DiMartino and Vorp, 2003; Fillinger et al., 2003; Venkatasubramaniam et al., 2004; 

Gasser et al., 2010). 



2.1.1 Kinematics 

We consider a fibrous tissue under finite deformations and the unit direction vector N denotes 

the local collagen fiber direction in the reference configuration Ω , see Figure 1(a). Collagen 

fibers are assembled by numerous collagen fibrils with in general different waviness in Ω .  

The deformation   straightens the -th collagen fibril, i.e. it maps its crimped referential 

configuration into a straight but unstressed intermediate configuration Ω  . In contrast the 

deformation C  records deformation relative to Ω   and maps the fibril into its spatial 

configuration Ω. Consequently, the intermediate configuration serves as a local reference 

configuration, with fibril stretch λC 1 and fibril tension C 0, relative to which the 

fibril deforms elastically. According to multiplicative kinematics the continuum deformation  

C    

is related to the introduced sub-deformations, where incompressible det  1 is 

considered. 

To define the intermediate configuration Ω   of the -th collagen fibril, its assemblage within 

the fiber needs to be defined, i.e. its stretch λC   must be related to stretch  λ  of the collagen 

fiber. For simplicity and lack of microstructural data we assume that the collagen fibrils 

straighten according to a symmetric triangular probability distribution (Kotz and van Dorp, 

2004). Consequently, first and last fibrils within a collagen fiber straighten at the fiber 

stretches of λ  and λ , respectively, see Figure 1(b). 

Finally, we consider an affine deformation between the continuum and the collagen fiber, 

i.e. λ | | | |, which entirely describes the multi-scale kinematics of the fibrous tissue.  

 

(1) 



 

 

Figure 1: Multi-scale kinematic of the collagen fiber reinforced tissue. (a) Configurational 

mappings, where the intermediate configuration Ω   separates between straightening and 

stretching of the -th collagen fibril. (b) Hierarchical structure of a collagen fiber build up of 

statistically distributed collagen fibrils interlinked by proteoglycan (PG) bridges.  

 



2.1.2 Description of the non-collagenous contribution 

At low strains collagen fibers are (mechanically) inactive and the mechanical properties are 

determined by the non-collageneous (matrix) contribution. We use the (classical) isotropic 

neo-Hookean strain energy function H 3  to model the properties of the matrix 

material, where 0  a stress-like material parameter that denotes the referential is shear 

stiffness and ⁄ T  denotes a strain invariant. 

 

2.1.3 Description of the collagenous contribution 

A logarithmic relation between Second Piola-Kirchhoff stress and stretch of the i-th collagen 

fibril is assumed, i.e.   log λ  , where  denotes a material parameter related to the 

average stiffness of a collagen fibril PG-complex. Note that tensile testing of collagen fibrils 

revealed an about linear force stretch response (Miyazaki et. al, 1999, Shen et al. 2008), 

which to some extend is captured by the particular constitutive choice. 

To derive the constitutive relation for a bundle of fibrils, we consider the Second Piola-

Kirchhoff stress increment  d   λ  ⁄ dλ  λ⁄ dλ of the i-th fibril, where the 

multiplicative kinematics relation λC λ λ⁄   was applied. It is emphasized that, due to the 

particular choice of the constitutive law of the collagen fibrils, the Second Piola Kirchhoff 

stress increment is independent from its intermediate configuration Ω  , i.e. the stretch  λ  . 

Finally, integrating over all fibrils in tension, i.e. considering the triangular distribution 

function introduced in Section 2.1.1, defines a Second Piola-Kirchhoff stress increment for 

the collagen fiber of 

d λ CFD λ  , (3) 



where CFD λ  denotes the Cumulative Density Function of the triangular probability 

distribution. According to the considered incompressible deformation the First Piola-

Kirchhoff stress increments reads  d λ CFD λ dλ , which in turn leads to the 

constitutive relation for the collagen fiber using work conjugate variables 

CDF λ dλ . 

Integrating the cumulative density function CFD λ  of the triangular probability distribution 

and using the abbreviations λ λ  and λ λ 2 ⁄  yields the piecewise 

analytical expressions for the First Piola-Kirchhoff stress  

0,                                                   0 λ λ

           λ λ ,                          λ λ             

λ ,              λ λ  

  λ .                                      λ λ ∞

 

 

This set of equations exhibits the typically observed non-linear property of soft biological 

tissues as showed in Figure 2. Note that a spatial numerical implementation of the model is 

followed (see Section 2.2), which finally considers the Cauchy stress λ λ λ  of a 

collagen fiber. 

(4) 

(5) 



 

Figure 2: Non linear mechanical properties of a collagen fiber, which is assembled by 

statistically distributed collagen fibrils. Normalized First Piola-Kirchhoff stress  ⁄ versus 

collagen fiber stretch λ with λ 1 and λ 2 is shown. 

 

2.2 Numerical implementation 

The proposed constitutive model for vascular tissue has been implemented in the 

multipurpose Finite Element software FEAP vers. 8.0 (Taylor, 2007) at the Gauss point level 

of a Q1P0 mixed Finite Element (Simo and Taylor, 1991) formulation. To this end, the 

constitutive description of the collagen fiber was added on top of the uncoupled neo-Hookean 

contribution for the isotropic matrix material. Since a quasi-incompressible tissue is 

considered the volumetric energy contribution 1  is added to the constitutive 

formulation, and κ is adjusted at each time step such that the volume ratio 1. 

Consequently, the additive decomposition of the Cauchy stress reads 

H f  , (6) 



where  and H are stress contributions arising from   and H (Miehe, 1994, Gasser 

and Holzapfel, 2002) respectively. The superimposed bar indicate isochoric stress quantities, 

and f  is specifically detailed in the following section. 

 

2.2.1 Microfiber model 

To compute the macroscopic mechanical properties of the collagenous tissue at the Gauss 

point level, integration over the solid angle  (i.e. over the unit sphere) is required (Lanir, 

1983) 

f λ  . 

This integral is numerically approximated by a spherical design (Hardin and Sloane, 1996, 

Federico and Gasser 2010), i.e.  • d 4 ⁄ ∑ • , where  denotes the total 

number of integration points; further details regarding the numerical implementations are 

given in Table 1. 

(7) 



 

Initialization at time 0 : 

          Define spherical design, i.e. directions , 1, … , , 4 ⁄  

          Define microstructural data, i.e. λ  and  λ  

          Define collagen fiber density  

Algorithm at time t : 

          Given: Isochoric part of the deformation gradient  

          Initialize stress and elasticity tensors ,   

          DO 1,  

 Compute deformed fiber direction  and λ | | 

 IF λ λ   THEN 

               Compute stress λ 2λ⁄  

               Compute stiffness λ 1 4⁄ λ d dλ⁄ λ⁄  

               Map stress and elasticity to continuum metric 

                    2  λ  dev  

                    4  λ  dev dev 2 3⁄  

               Update stress and elasticity tensors ,  

 ENDIF 

          ENDDO 

          Weight stress and elasticity tensors  ,   

Table 1: Numerical implementation of the multi-scale vascular tissue model to compute stress 

and stiffness at the Gauss-point level of a finite element. 

 

 

 

 



3 Examples 

3.1 Single element test 

A single cubic tissue element is used to estimate material parameters from experimental data 

and to test the performance of the model’s numerical implementation. 

3.1.1 Parameter estimation 

Typically the Abdominal Aorta (AA) and the Abdominal Aortic Aneurysm (AAA) display 

nonlinear mechanical properties (Vande Geest et al., 2006), which can be captured by the 

anisotropic strain energy function  

e ⁄ e ⁄ e 3 , 

originally proposed for canine pericardium (Choi and Vito, 1990). Here, λ 1    

and  λ 1    are (in-plane) Green-Lagrange strain components in circumferential 

and longitudinal directions, with associated stretches λ  and λ  , respectively.  

The material parameters ,  and the structural parameters λ , λ ,  of our constitutive 

model were identified from the strain energy function (8), where parameters , … ,  that 

reflect the mean-population properties of the AA and the AAA were used (Vande Geest et al., 

2006). For the (isotropic) AA wall the parameters were estimated from a simple tension test, 

and, to investigate the predictive capability of our model, the same set of parameters was used 

to predict the tissue’s equibiaxial properties, see Figure 3 and Table 1. In contrast, for an 

anisotropic tissue simple tension data cannot provide enough information, and hence, for the 

AAA wall parameters were directly estimated from equibiaxial data, see Figure 4 and Table 1. 

(8) 



In all cases the clear physical meaning of the introduced model parameters allowed their 

straightforward manual estimation and the applied analytical stress expressions are given in 

the Appendix. 

Abdominal Aorta (AA) 
Matrix material 
          neoHookean parameter                         c            0.014 MPa 
Collagen fibers 
        Stiffness of collagen fibril PG-complex   k            53.5 MPa/sr 
         Density                                                                    ρ            1/4π 1/sr 
         Lower limit of the straightening stretch   λ        1.0300     
         Higher limit of the straightening stretch   λ        1.3360                  
Abdominal Aortic Aneurysm (AAA) 
Matrix material 
          neoHookean parameter                        c              0.035 MPa 
Collagen fibers 
        Stiffness of collagen fibril PG-complex  k              107 MPa/sr 
         Density                                                                   ρ              1/4π 1/sr 
         Lower limit of the straightening stretch   λ          1.0451     
         Higher limit of the straightening stretch               λ          1.1300                 

 

Table 1: Material and structural parameters estimated from mean-population data of the 

normal and aneurysmatic abdominal aortic wall. (sr denotes steradian). 

Figure 3: Macroscopic constitutive response of the Abdominal Aorta (AA) wall under simple 

tension (left) and equibiaxial tension (right). Finite Element (FE) results (points) according 

to the proposed multi-scale constitutive model are compared to mean-population data (lines) 
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reported in the literature (Vande Geest et al., 2006). Material and structural parameters are 

estimated from simple tension properties and given in Table 1. 

 

Figure 4: Macroscopic constitutive response of the Abdominal Aortic Aneurysm (AAA) wall 

under equibiaxial tension. Finite Element (FE) results (points) according to the proposed 

multi-scale constitutive model are compared to mean-population data (lines) reported in the 

literature (Vande Geest et al., 2006). Material and structural parameters of are given in Table 

1.  

3.1.3 Integration over the solid angle 

The integration of eq. (7) requires a sufficient accurate spherical design, which is directly 

linked to the polynomial degree of the function to be integrated. To investigate the accuracy 

of the numerical integration, results from different spherical designs are compared in Figure 5. 

This figure illustrates that at least a 9-design (involving 48 integration points over the unit 

sphere) is required to integrate the governing equations accurately. Note that this study used 

an isotropic collagen orientation distribution, and concentrated (anisotropic) distributions will 

naturally require higher-order integration schemas (Federico and Gasser, 2010).   
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Figure 5: Finite Element (FE) predictions of tension along circumferential direction of 

Abdominal Aortic (AA) wall tissue using different spherical designs to integrate eq. (7). 

 

3.2 Aorta and Abdominal Aortic Aneurysm Analysis 

In this study the stress field of an AA and an AAA are predicted based on the proposed 

constitutive model for vascular tissue. The examples aim at demonstrating the applicability of 

the constitutive frame to analyze realistic (clinical relevant) problems. 

3.2.1 Modeling assumptions 

The geometry between the renal arteries and 1.5 cm distal the iliac bifurcation were 

segmented from Computer Tomography-Angiography (CT-A) data (A4research, VASCOPS 

GmbH), where deformable (active) contour models provided (Auer and Gasser, 2010) 

artifact-insensitive and user-independent reconstructions. A constantly 2.0 mm thickness wall, 

represented by 5650 (AA) and 6209 (AAA) hexahedral elements, was considered. A single 

element across the thickness was used, and hence, bending effects from inhomogeneous stress 
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across the wall were neglected. The intra-luminal thrombus was not considered in the stress 

analysis for the AAA model.  

A mean arterial blood pressure of 100 mmHg (13.33 kPa) was applied and the FE models 

were fixed (nodal degrees of freedom were locked) at the bottom and top slices. No contact 

with surrounding organs was considered. 

3.2.2 Result 

Solving the nonlinear FE problem required approximately 20 minutes with a standard PC 

(Dell Optiplex 760), which is roughly 2-3 times more than using a single-scale constitutive 

model. To this end the pressure loading was incremented and the quasi-static solution was 

computed using FEAP’s direct solver option. We neither observe numerical instabilities nor 

required any kind of numerical regularization to compute the quasi-static solution. 

The maximum principal Cauchy stress distribution in the AA and AAA is plotted in Figure 6. 

Similar to macroscopic stress pattern predicted by alternative constitutive formulations 

(Raghavan and Vorp, 2000 for example), the mechanical stress is complex distributed. 

Naturally the Peak Wall Stress (PWS) in the AAA is several times higher than in the AA. 

Circular spots of low stress, specifically seen in the AA model, indicate bifurcations of larger 

arteries. 

 



 

 

 

 

Figure 6: Finite Element (FE) predictions of the maximum principal Cauchy stress in the 

Abdominal Aorta (AA) (left) and the Abdominal Aortic Aneurysm (AAA) (right). FE 

calculations are based on material properties given in Table 1. 

 



4 Conclusions 

The proposed constitutive model has a strong biological motivation and integrates the fibril 

and fiber levels of collagen with the tissue’s macroscopic properties. Such a structural view is 

important to understand the interplay of the tissue’s histology (internal architecture) and its 

macroscopic mechanical properties.  

Although simple mechanical and kinematics assumptions defined the collagen fibril level, the 

model captures the macroscopic complexity of vascular tissue, i.e. replicates the typically 

stiffening of vascular tissue at the physiological strain level. The introduction of a probability 

distribution function that defines the load carrying mechanism at the fibril level is most 

critical to the model. Similar recruitment mechanisms have been suggested earlier (Lanir 

1983, Wuyts et al. 1995; Zulliger et al. 2004), however in contrast to them, our particular 

approach led to analytical (pice-wise) relations for the stress-strain properties of the collagen 

fiber, and hence, facilitate an efficient numerical implementation of the model. The model 

integrates two mechanical parameters (c, k) and three structural parameters (λ , λ , ) 

which clear physical meaning that allows their straight forward estimation from experimental 

data. Specifically, λ , λ  control the transition from the elastin-driven low stress and 

collagen-driven high stress response of the tissue and  defines its anisotropy.  

The application of the proposed multi-scale constitutive model requires the collagen fiber 

orientation density  of the entire simulation domain. Unfortunately, no applicable 

experimental data has been reported in literature, and hence, an isotropic collagen orientation 

was used in this study. From a biological point of view the collagen fiber formation 

(orientation density) will develop according to the tissue’s macroscopic mechanical stress 

state. Consequently, collagen undergoes an adaptation process (Humphrey, 2002) and 

modeling that may be a promising approach to provide the requested information. 



The close packing and the cross-linking of collagen fibrils defines a virtually inextensible 

fiber, such that the strain within collagen fibrils is always much smaller than the macroscopic 

strain in collagenous tissue. This has been confirmed by recent experimental data, which 

suggested that sliding between collagen fibers (inter-fiber sliding) and between collagen 

fibrils (as it is captured by the present model), plays a significant role in tendon deformation 

(Gupta et al., 2010). If inter-fiber sliding also applies to vascular tissue the considered affine 

deformation between collagen fiber and continuum should be relaxed. 

Following earlier attempts (e.g. the HGO model (Holzapfel et al., 2000)) the constitutive 

model neglects interaction between collagen fibers, and the impact of that has not yet been 

thoroughly discussed in literature.   

The proposed constitutive model considers the passive response of the vascular tissue and any 

tissues remodeling has been suppressed. Consequently, only a limited time period, within 

which biological process cannot change mechanical tissue properties, is covered.  
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Appendix 

This appendix provides the analytical equations for simple tension and equibiaxial tension 

used to estimate material parameters from the normal and aneurysmatic aortic wall, see 

Section Parameter Estimation. Using the strain energy function  and assuming an 

incompressible simple tension deformation along the circumferential direction, standard 

arguments (Humphrey, 2002) lead to the First Piola-Kirchhoff stress  

λ  

in tension direction.  

Similarly, considering an equibiaxial and incompressible deformation leads to 

λ e ⁄ e  , 

λ e ⁄ e  . 

For the First Piola-Kirchhoff stress components in circumferential  and longitudinal 
 directions, respectively. 
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