
Mechanics, Mechanobiology, and Modeling of Human
Abdominal Aorta and Aneurysms

J.D. Humphrey1,* and G.A. Holzapfel2,3

1Department of Biomedical Engineering and Vascular Biology and Therapeutics Program, Yale
University, New Haven, CT, USA
2Institute of Biomechanics, Graz University of Technology, Graz, Austria
3Department of Solid Mechanics, Royal Institute of Technology (KTH), Stockholm, Sweden

Abstract
Biomechanical factors play fundamental roles in the natural history of abdominal aortic aneurysms
(AAAs) and their responses to treatment. Advances during the past two decades have increased
our understanding of the mechanics and biology of the human abdominal aorta and AAAs, yet
there remains a pressing need for considerable new data and resulting patient-specific
computational models that can better describe the current status of a lesion and better predict the
evolution of lesion geometry, composition, and material properties and thereby improve
interventional planning. In this paper, we briefly review data on the structure and function of the
human abdominal aorta and aneurysmal wall, past models of the mechanics, and recent growth
and remodeling models. We conclude by identifying open problems that we hope will motivate
studies to improve our computational modeling and thus general understanding of AAAs.
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INTRODUCTION
Abdominal aortic aneurysms (AAAs) are focal, asymmetric dilatations of the infrarenal
aortic wall. These lesions rupture when intramural mechanical stress exceeds strength and
they are increasingly responsible for morbidity and mortality in our aging society. Wall
stress is dictated by the evolving geometry, wall properties, and hemodynamic loads/
perivascular boundary conditions, but clinical estimates of rupture potential, and thus
interventional planning, continue to be based primarily on geometry. That is, intervention is
typically advocated if the maximum diameter of the lesion reaches 5.0 cm in women or 5.5
cm in men, or if the maximal diameter increases more than 0.5 to 1 cm in one year (Lederle
et al., 2002; Hans et al., 2005; Grootenboer et al., 2009). Yet, many smaller lesions rupture
(e.g., 13% of those less than 5 cm) while larger lesions may not rupture over long periods
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(e.g., 54% of those over 7 cm) – see Vorp (2007). There is clearly a need for increased
understanding (cf. Wassef et al., 2007).

Although wall stress has been shown to predict rupture better than does maximum diameter
(Fillinger et al., 2002; 2007), we must develop computational models that exploit our
increasing understanding of the underlying mechanobiology and pathophysiology. That is,
most models have employed classical continuum mechanics and have only used advances in
medical imaging to define patient-specific lesion geometries. Without accounting for the
biochemo-mechanics, such models cannot be expected to predict either the time course of
enlargement or the likelihood of rupture. The goal of this paper is to review our current
understanding of AAA mechanics and mechanobiology and to identify specific needs for
improving patient-specific modeling.

BACKGROUND
Risk Factors

Primary risk factors associated with AAAs are male gender, aging, cigarette smoking, and
hypertension, but other factors can include atherosclerosis, prior surgery (e.g., lower limb
amputation), spinal cord injury, and genetics (Choke et al., 2005; Sakalihasan et al., 2005).
Noting that amputation and spinal cord injury alter the hemodynamics within the infrarenal
aorta and tend to increase the incidence of AAAs suggests further the importance of the
mechanics and mechanobiology (Dua and Dalman, 2010).

Reasons for gender-related differences remain unclear, but older (over 65) men are ~6×
more likely than older women to have an AAA while older women having an AAA are ~3–
4× more likely to experience a rupture (Grootenboer et al., 2009). There is a similar dearth
of information on the effects of cigarette smoking on the aortic wall (Enevoldsen et al.,
2011), yet smoking is perhaps the most potent controllable risk factor (increasing risk up to
7×). Like aging (Table 1), hypertension tends to increase the caliber and stiffness of the
aorta (O’Rourke and Hashimoto, 2007; Lakatta et al., 2009). It is thus important to
remember when modeling AAAs that these lesions typically arise from aged vessels in the
presence of co-morbidities that alter wall properties and thereby can affect subsequent
aneurysmal dilatation (Watton et al., 2009a; Wilson et al., 2011). See Humphrey (2002) and
Holzapfel and Ogden (2010a) for reviews of constitutive relations for arterial behavior in
health and disease.

Abdominal Aorta
AAAs occur primarily in the infrarenal aorta, which is delimited by the renal arteries and the
aorto-iliac bifurcation. The normal human infrarenal aorta is approximately 12 cm long, 2
cm in diameter, and 0.2 cm in thickness (Table 2). Because the renal arteries take ~19% of
total cardiac output (cf. 13% by cerebral arteries and 4% by coronary arteries; Milnor,
1990), volumetric blood flow is less in the infrarenal than in the suprarenal aorta – this
explains, in part, its smaller diameter and thinner wall (cf Collins et al., 2011).
Hemodynamic studies suggest that the infrarenal aorta experiences reversed flow (and thus
oscillatory wall shear stress), which may contribute to its susceptibility to aneurysmal
dilatation (Amirbekian et al., 2009). Classified as an elastic artery, the young healthy
infrarenal aorta consists of a thin intima, layered media containing abundant smooth muscle
cells, proteoglycans, and collagen organized within ~30 concentric elastic lamellae, and
collagen-rich adventitia. The lower number of elastic lamellae than expected of a vessel of
its size may also contribute its susceptibility to aneurysmal dilatation (Wolinsky and Glagov,
1969). Likely because of perivascular support from the spine and adjacent tissue, the normal
aorta is thinner along its posterior aspect than its anterior aspect. Nevertheless, cyclic wall
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strain is greater along the anterior surface, which, along with the presence of the posterior
support, may contribute further to the susceptibility of the antero-lateral surface to dilatation
(Goergen et al., 2007).

By dry weight, the normal infrarenal aorta consists of ~40% collagen, 25% elastin, 20%
vascular smooth muscle, and 15% ground substance (Table 2; He & Roach, 1994). Residual
stresses, which are associated with marked three-dimensional deformations best quantified
in terms of stretch and curvature (Holzapfel et al., 2007), and axial pre-stresses, which
associate with significant axial pre-stretches (Humphrey et al., 2009), arise during
development and are important determinants of wall mechanics; both change with aging and
aneurysmal dilatation and must be accounted for in computational models. Although such
modeling can be difficult for geometries other than cylindrical (cf. Humphrey, 2002), rule-
of-mixture models may allow these stresses to be included naturally (Cardamone et al.,
2009). Possible thickening and stiffening of the intima with age or disease, eventually
occupying 20% or more of the infrarenal aortic wall (Holzapfel et al., 2007; Schriefl et al.,
2011), likely contributes to observed changes in residual and axial pre-stresses.

Pathophysiology
An AAA is typically defined by a 1.5 or more fold increase in diameter or simply a diameter
greater than 3 cm. Expansion rates have been estimated from 0.1 to 0.8 cm/year, initially
slower, then faster as the lesion enlarges (Brady et al., 2004; Choke et al., 2005). If left
untreated, many AAAs continue to enlarge until they rupture (Fillinger et al., 2004), which
has an associated mortality of 65 to 90% (Sakalihasan et al., 2005; Shimizu et al., 2006). It
appears that loss of elastic fibers and possibly smooth muscle initiates the dilatation,
turnover of collagen promotes enlargement, and local weakening of collagen by proteases
leads to rupture. In particular, AAAs may have up to 90% less elastin than normal, much of
which is fragmented, and concomitantly few smooth muscle cells (Table 2; Carmo et al.,
2002). The significantly attenuated media appears to be compensated structurally by a
thickened, fibrotic adventitia, though the role of the collagenous intima merits attention as
well. Although the amount of intramural collagen in an AAA may not differ significantly
from that in the non-aneurysmal aorta, there may be different degrees of undulation,
realignment toward the circumferential direction, increased cross-linking, and varying
distributions along the length of the lesion (Menashi et al., 1987; Carmo et al., 2002), all of
which could alter distensibility to a degree that is evident clinically (Tables 1 and 2).

About 75% of AAAs have an associated intraluminal thrombus (Wang et al., 2002), yet its
role in the natural history remains unclear. Stenbaek et al. (2000) claimed that rupture of a
AAA correlates with the rate of growth of the thrombus, Kazi et al. (2003) reported that the
portion of the AAA that is covered with a thrombus is thinner (with less elastin and smooth
muscle, but more T- and B-cells), and Tong et al. (2011) suggested that an older thrombus
contributes to the increasing anisotropy and decreasing strength of the aneurysmal wall. In
contrast, Fillinger et al. (2004) and Hans et al. (2005) suggested that the thickness of the
thrombus does not correlate with rupture when based on matched diameters of the AAAs.
Nevertheless, a thrombus may stress-shield the aortic wall and thereby reduce intramural
stress, it displaces the endothelium, it is a barrier to the diffusion of oxygen and nutrients
from the blood stream to the inner (avascular) wall, it sequesters leukocytes and platelets
that produce proteases, cytokines, and growth factors, and it influences local levels of
plasmin, which in turn activate latent MMPs (Wang et al., 2002; Rizas et al., 2009). Indeed,
it is increasingly recognized that inflammatory responses play key roles in AAAs
(Thompson, 2005; Shimizu et al., 2006). Hence, potential biochemomechanical roles of
thrombus in evolving AAAs must be understood and modeled better. For more on overall
lesion pathophysiology, see Alexander (2004), Choke et al. (2005), Sakalihasan et al.
(2005), Thompson (2005), and Shimizu et al. (2006).
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MECHANICS
Three basic types of information are needed to solve any problem in continuum mechanics:
geometry, material properties, and applied loads/boundary conditions. Advances in medical
imaging, particularly CT and MRI, provide exquisite information on overall patient-specific
geometries, yet limitations in spatial resolution continue to hamper estimates of wall
thickness that are fundamental to computing wall stress. Applied loads arise primarily from
three sources: the hemodynamic loads that act on the luminal surface, the perivascular tissue
that acts on the outer surface, and an inherent pre-stretch that stresses the aorta axially.
Whereas hemodynamic loads (i.e., components of the traction vector normal and tangential
to the lumen) can be estimated from computational studies (see below), perivascular effects
remain difficult to assess (Moireau et al., 2011). In vivo residual and axial pre-stresses (cf.
Stålhand and Klarbring, 2005) and material properties (Zeinali-Davarani et al., 2011b) are
similarly difficult to assess on a patient-specific basis, particularly when seeking to include
changes due to aging, co-morbidities, and the evolution of the lesion.

Mechanical Properties
Despite universal recognition of the importance of wall mechanics in the natural history of
AAAs (e.g., Humphrey, 2002; Alexander, 2004; Vorp, 2007), there have been few detailed
studies of the mechanical properties. Early studies focused on gross measures of structural
stiffness (Table 1), which are useful for clinical correlations but not biomechanical analyses.
The most complete data on both the (biaxial) mechanical behavior of aging aorta and AAAs
comes from vande Geest et al. (2004, 2006a); see Ferruzzi et al. (2011) for quantification of
these data using a single nonlinear constitutive relation and Haskett et al. (2011) for
comparisons to other aortic locations. Nevertheless, we must account better for the different
compositions and properties of the intima, media, and adventitia within the aorta (Holzapfel,
2006) and how they contribute to lesion enlargement. There have also been limited studies
on the mechanical properties of intraluminal thrombus, the most complete of which include
vande Geest et al. (2006b) and Tong et al. (2011).

Computational Fluid Dynamics (CFD) and Fluid-Solid-Interactions (FSI)
Many studies have used CFD to estimate wall shear stress in AAAs based on rigid wall
models and with incomplete outlet boundary conditions (cf. Lasheras, 2007). Because of the
central importance of the mechanobiology of the wall, however, there is also a need in many
cases to compute pulsatile blood pressure and associated changes in wall strain. Hence, FSI
studies based on appropriate inlet and outlet boundary conditions are more useful
(Humphrey and Taylor, 2008). There have been but a few FSI studies of AAAs (see, e.g.,
Wolters et al., 2005; Scotti et al., 2008; Rissland et al., 2009, and references therein), all of
which remain limited by simplifying assumptions (e.g., isotropy and uniform thickness of
the wall and outlet conditions that compromise estimates of propagating pressure waves).

Finite Element Analyses (FEA)
Stress analyses have appropriately improved from early estimates based on Laplace’s
equation, axisymmetric membrane solutions, and linear elastic FEA such that most studies
now use geometrically and materially nonlinear FEA (cf. Table 3). Moreover, many other
inappropriate assumptions (e.g., idealized geometries, isotropic properties, and stress-free
diastolic reference configurations; see Rodríguez et al. (2008) for a comparative study of
some assumptions) have given way to more sophisticated studies, which can include the
presence of calcifications and/or an intraluminal thrombus (e.g., Li et al., 2008; Gasser et al.,
2010; Georgakarakos et al., 2010; Maier et al., 2010a, 2010b; and references therein).
Nonetheless, most studies continue to assume an isotropic constitutive behavior, often as
reported by Raghavan and Vorp (2000), despite clear data to the contrary (vande Geest et
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al., 2006a). Moreover, nearly all prior studies assumed uniform wall thicknes1 and all prior
studies assumed material homogeneity, both of which are unlikely based on available
mechanical and histological data (e.g., Raghavan et al., 2006) and growth and remodeling
computations (e.g., Wilson et al., 2011). There is clearly a need for improved computational
modeling.

Many investigators have used (and continue to use) the von Mises stress to assess the
maximum stress in an AAA (cf. Table 3; Vorp, 2007). This scalar metric is useful in
classical engineering analyses of yielding due to excessive shear stresses, but data on aortic
tissue suggest that maximum normal stress, not shear, likely governs failure (e.g., Mohan
and Melvin, 1983) and results for aneurysms appear similar (cf. Fillinger et al., 2002;
Raghavan et al., 2006, 2011). Moreover, whereas many reports suggest that aortic and
aneurysmal tissue fail at normal stresses on the order of 1 MPa (Table 3), FEA suggest that
aneurysms likely rupture at stresses of 450 kPa (Fillinger et al. 2002) or lower. This
possibility reminds us that it is likely a locally compromised portion of the aneurysmal wall
that ruptures. Indeed, highly localized weakening may result in “blisters” on AAAs that are
particularly vulnerable to rupture (Faggioli et al., 1994; Raghavan et al., 2006). There is,
therefore, a need to understand better both the mechanobiology, particularly the role of
mechanics in proteolytic activity (e.g., MMP production, activation, and action on stressed
matrix fibers), and the effects of multiaxial states of stress on aortic and aneurysmal failure
(e.g., human abdominal aortic dissection properties are anisotropic (Sommer et al., 2010),
but there is a need for better models)..

Nevertheless, vande Geest et al. (2006c) introduced a phenomenological “rupture potential
index” (RPI) based primarily on correlations from surgical and pathological data. Briefly,
they suggest that the RPI can be defined as the ratio of either the von Mises stress or
maximum principal stress to the ultimate stress, which in turn was estimated by

(1)

where ILT ∈[0,3.6cm] is the local intraluminal thrombus thickness, NORD ∈[1.06,3.9] is a
normalized diameter, HIST = 0.5 if a first degree relative had an AAA and = −0.5 otherwise,
and SEX = 0.5 if male and = −0.5 if female. See Maier et al. (2010a) for further discussion.

MECHANOBIOLOGY
Simply put, mechanobiology is the study of biological responses by cells to mechanical
stimuli. There are three fundamental processes in mechanobiology: transduction (sensing of
a mechanical stimulus), transcription (selecting appropriate information from the genetic
code to govern the response), and translation (converting genetic information into the 3-D
structure of functional biomolecules), which often result in the altered production of a
protein or glycoprotein (including structural proteins, growth factors, proteases, or
cytokines) or a change in cell status (proliferation, migration, differentiation, or apoptosis).

Cellular Responses
All three primary cell types of the aortic wall (endothelial, smooth muscle, and fibroblast)
are exquisitely sensitive to their mechanical environment and so too many allied cells (e.g.,
monocyte/macrophages and platelets). Endothelial cells are highly responsive to wall shear

1Maier et al. (2011) presented FEA results at Rotterdam in April 2011 that suggested that accounting for regional variations in
material properties and especially thickness results in more uniform predictions of lesion stresses in patient-specific models of AAAs,
consistent with expectations for mechanobiological responses.
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stress, but they are also responsive to cyclic stretching. Smooth muscle cells are highly
responsive to cyclic wall stretch/stress, but they are also responsive to transmural interstitial
flow (Shi and Tarbell, 2011). Fibroblasts are similarly sensitive to cyclic stretch/stress. See
Humphrey (2008) for a review and references. In addition to direct effects, these cells can be
affected by mechano-regulated paracrine effects, as, for example, endothelial derived
vasoactive molecules can affect smooth muscle or fibroblast activity. There is, therefore, a
need to quantify the fluid mechanics, solid mechanics, and biotransport/reaction kinetics that
define the in vivo chemomechanical environment to which these cells are exposed and how
these stimuli change during initiation, enlargement, and rupture of an AAA. Of particular
note, the presence of an intraluminal thrombus locally eliminates wall shear stress effects on
endothelial cells, thus disrupting this normal mechanobiological pathway.

Matrix Remodeling
Elastin is produced primarily during development and it normally has a long half-life (~40
years in humans; Arribas et al., 2006). Yet, arterial elastin becomes fragmented and
degraded during aging and hypertension, and especially so during the development of an
AAA (cf. He and Roach, 1994). Potentially reparative elastogenesis appears to be ineffective
(Alexander, 2004), consistent with reports of little elastin in AAAs (Table 2). Because
collagen is so stiff when straight (less than 10% extensibility), loss of elastin and smooth
muscle must be accompanied by a continued turnover of collagen during the enlargement of
an AAA. In particular, the remnant adventitia appears to experience a stress-induced
thickening via the deposition of new collagen that reinforces the wall (Freestone et al.,
1995); this altered turnover is probably a response to the altered mechanics, not just a
consequence of altered genetics (Zarins et al., 1988). Whereas turnover of collagen
(Baaijens et al., 2010) is likely a protective response to the loss of elastin and smooth
muscle, localized imbalances between synthesis and degradation may be responsible in large
part for eventual rupture (Humphrey, 2002; Sakalihasan et al., 2005).

Elastin and collagen are degraded primarily by matrix metalloproteinases (MMPs), which in
AAAs include (Alexander, 2004): MMP-1 (interstitial collagenase, acting on fibrillar
collagens), MMP-2 (gelatinase A, acting primarily on elastin and denatured collagen),
MMP-9 (gelatinase B, acting primarily on collagen IV), and MMP-3 (stromelysin-1, acting
primarily on elastin). Although produced in a latent form and counteracted by tissue
inhibitors of matrix metalloproteinases (TIMPS), MMPs are activated by plasmin, trypsin,
cathepsins, MT-MMPs, oxygen radicals, etc., and are significantly up-regulated in AAAs
compared to normal aorta. MMP-9 is produced primarily by inflammatory cells (e.g.,
macrophages and B-cells) that invade from adventitial vasa vasorum or an atherosclerotic
intima; MMP-9 is often found in smaller lesions, but is thought to play a role in the
continued enlargement of AAAs. MMP-2 is produced primarily by medial smooth muscle
cells, perhaps associated with the increased apoptosis. MMP-1 is found primarily in ruptured
AAAs, but it is likely active in evolving lesions.

MODELING DISEASE PROGRESSION
Despite tremendous advances in modeling (CFD, FSI, and FEA), we must move from
computational “snap-shots” during aneurysmal development (i.e., focusing on a mechanical
state) to studies focusing on dynamic mechanobiological processes that encompass the time
course of lesion growth and remodeling (G&R). By growth, we mean a change in mass; by
remodeling, we mean a change in structure. Because remodeling can occur via removal and
replacement of material, not just reorganization, G&R are often inextricably linked and one
should seek a theoretical framework that encompasses both (Humphrey and Rajagopal,
2002).
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There are currently two basic approaches for modeling growth and/or remodeling of soft
biological tissues2. In 1994, K. Rodríguez and colleagues built upon a 1981 paper by R.
Skalak and proposed a theory of “kinematic growth”. This approach has been embraced,
extended, and employed to study various classes of vascular adaptation (e.g., Rachev et al.,
1998; Taber, 1998; Kuhl et al., 2007). Although mathematically convenient, this approach
focuses on consequences of growth, not cell-mediated mechanisms by which G&R occur
(i.e., production and removal of individual structural constituents). For this reason, it may be
difficult to use this approach to model disease processes wherein outcomes are less
predictable. In contrast, although he never proposed a specific approach, Y.C. Fung
suggested in 1995 the need for mass-stress based relations for growth. In 1999, J. Humphrey
built on this idea and recommended the use of rule-of-mixture relations for the stress
response that incorporate evolving mass fractions for individual constituents. This
“constrained mixture” approach was generalized by Humphrey and Rajagopal (2002) and
has led to diverse applications (cf. Kroon and Holzapfel, 2009; Valentín et al., 2009; Watton
et al., 2009b), including models of AAAs.

Although a few papers have included computations of the G&R of AAAs as illustrative
examples of new frameworks (e.g., Kuhl et al., 2007; Machyshyn et al., 2010; Schmid et al.,
2010), we focus here on detailed studies of AAAs (Watton et al., 2004; 2009a; Sheidaei et
al., 2011; Wilson et al., 2011; Zeinali-Davarani et al., 2011a). These papers necessarily
focused first on conceptual issues and thus thin-walled geometries in the absence of
intraluminal thrombus and atherosclerosis. They each employed the basic concept of an
evolving constrained mixture and thus assumed rule-of-mixtures expressions for stored
energy that include contributions by elastin, fibrillar collagen, and smooth muscle or ground
substance (proteoglycans). Moreover, they enforced classical linear momentum balance,
assuming quasi-static motions in the absence of gravity, using finite element methods.
Finally, they assumed that aneurysmal dilatation initiates via a focal loss of elastin and
continues due to expected mechanobiological responses by the resident cells that result
primarily in the turnover of collagen. The primary differences in these papers thus relate to
the choice of constitutive relations for the G&R.

Watton et al. (2004, 2009a) focused on two classes of G&R relations: one for changes in a
“collagen density variable” nc and one for the evolution of reference configurations for the
collagen, which was prescribed via a relation for the overall evolving stretch λR at which
undulated collagen fibers become straight (i.e., Recruited) and begin to carry load. These
two evolution equations were written3

(2)

where β and α are kinetic (gain-type) parameters,  is the (homeostatic) stretch at which
newly deposited collagen is assumed to be “attached” to extant matrix; s is G&R time,
which spans larger intervals than cardiac cycle time. The evolution equation for collagen
density reflects responses by fibroblasts to changes in matrix stretch that alter the synthesis
of collagen and the production of proteinases that degrade the collagen. Evolution of the
recruitment stretch was motivated by this observation that collagen fibers turnover
continually but are incorporated within extant matrix in a stretched state; the parameter α is
thus associated with the half-life of the collagen. Updated values of nc enter the equilibrium
solution via the prescribed stored-energy function (which includes a neo-Hookean response

2Some studies combine these two approaches, as, for example, Alford et al. (2008) and Machyshyn et al. (2010).
3Some notational changes were introduced for purposes of internal consistency and increased clarity.
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for both elastin and ground substance and an exponential response for collagen fibers)
whereas updated values of λR (initial value of 1.19) similarly enter the stored energy via the
strains experienced by the collagen. Notice that evolution ceases when the stretch
experienced by all families of collagen equals the homeostatic (or attachment) value, which
was assumed to be 1.09. Similar to formulations by Rachev and Taber, this G&R framework
is rate-based with the evolution equations depending on strains not stresses. A subtle but
important difference from kinematic growth formulations, however, is that the evolution
equations are expressed relative to natural configurations of individual constituents and thus
can model cell-mediated mechanisms of G&R. Finally, albeit employed so far for only
cerebral aneurysms, Watton et al. (2009b) have extended their G&R framework to include
fluid-solid-growth (FSG) modeling (cf. Figueroa et al., 2009).

In contrast, Zeinali-Davarani et al. (2011a), Sheidaei et al. (2011), and Wilson et al. (2011)
employed integral-based G&R formulations wherein the strain-energy function for the wall
is given by w =Σwk for all G&R times s. Despite some differences in implementation, these
papers were all motivated by the earlier study of Baek et al. (2006), wherein

(3)

This equation reveals the three classes of constitutive relations that are needed for each of
the k constituents: individual strain-energy functions Wk, rates of mass density production
mk >0, and survival functions Qk ∈[0,1] and qk ∈[0,1] that account for the half-lives of cells

and matrix. Note, too, that Mk are apparent mass densities defined per surface area and 
are stretch ratios defined relative to evolving natural configurations defined at the time of
deposition τ ∈[0, s]. Similar to Watton and colleagues, Baek and colleagues assumed neo-
Hookean and exponential forms for the strain energies for elastin and collagen, respectively.
Moreover, the evolution equations have been assumed to have forms similar to

(4)

where  are basal values for production,  are stress-mediated (gain-type) G&R
parameters, Δσk represent a normalized difference between a scalar metric of the Cauchy
stress and an associated homeostatic (target) value, and  are degradation parameters that
reflect half-lives of individual constituents, which may depend on the state of tension in that
constituent or the stress-induced production of proteolytic biomolecules. Hence, when
measures of stress/tension equal homeostatic values, production and removal (first order
decay) return to basal values and enable “tissue maintenance” provided the applied loads
remain the same. The linear dependence of mass production on increased stress is consistent
with the earliest such description of this phenomenon (Wolinsky, 1970), though this relation
needs to be refined based on more complete data (cf. Humphrey, 2008). An advantage of
constrained mixture models is that loosely coupled reaction-diffusion equations can also be
used to quantify evolving concentrations of effector molecules (vasoactive, mitogenic,
proteolytic, inflammatory), which in turn can be incorporated directly within refined
constitutive equations for cell or matrix turnover (equations 4).

Motivated by Figueroa et al. (2009), Sheidaei et al. (2011) similarly used a loosely coupled
approach to inform a G&R code for aneurysmal dilatation with information on the evolving
hemodynamics. Because of the very different time scales associated with G&R (weeks to
years) and the cardiac cycle (approximately one second), loosely coupled approaches are
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both appropriate and recommended. In concluding this section, we note that two other
papers have addressed G&R of AAAs. Helderman et al. (2008) described the behavior of the
aneurysmal wall using isotropic linear elasticity and prescribed changes in the associated
Young’s modulus (reduced over time to weaken the wall) to model enlargement. These
assumptions are not appropriate based on available data (including stiffening and changing
material symmetries) and do not address the mechanisms by which a lesion evolves (i.e.,
turnover of cells and matrix in evolving configurations). Volokh and Vorp (2008) modeled
the enlargement of a spherical AAA via evolution equations for wall density and two
material parameters found in a nonlinear isotropic model for the wall. Although simple
mathematically, this phenomenological approach similarly does not allow increasing data on
the mechanobiology to be included naturally. This paper also emphasized the importance of
embedding failure criteria within G&R models, which is important and has not received
appropriate attention heretofore (cf. Wilson et al., 2011).

In summary, because of the lack of longitudinal data on AAAs or associated well accepted
hypotheses on aneurysmal dilatation, it is not possible to validate current G&R models of
AAAs. For this reason, AAA models have been motivated by models of vascular adaptations
(in response to altered blood flow, pressure, and axial stretch as well as chemical insults and
aging; see Valentín et al., 2009). There is a need, however, to determine whether G&R
relations that hold for modest adaptations similarly hold in pathological situations, as, for
example, whether the so-called attachment/deposition stretch remains the same during lesion
enlargement and similarly whether mechanical properties of collagen fibers remain the same
during turnover.

CLOSURE
Summary

Often characterized by “atherosclerosis at the luminal aspect, a thinned fibrous, acellular
media, and a thickened adventitia with a variable inflammatory infiltrate” (Freestone et al.,
1995), ruptured AAAs are expected to become increasingly problematic in our aging
society. The two primary methods of treatment are (a) open surgical repair by replacing the
diseased segment with a synthetic arterial graft and (b) endovascular repair by deploying a
stent-graft to separate the thrombus and aneurysmal wall from hemodynamic loads.
Particularly provocative is the observation that some endovascularly treated AAAs regress,
with decreases in size up to 8% (Bertges et al., 2003). Given that an AAA actively grows
and remodels during most of its natural history, this observation suggests that particular
chemomechanical loads could render such G&R favorable. It is hoped that computational
tools will one day help determine how interventions could be designed to exploit underlying
biochemomechanical processes to promote regression or repair, but at the minimum to
provide increased predictive capability for designing interventions.

Other Aneurysms
In addition to abdominal lesions, aneurysms occur in the ascending and descending thoracic
aorta (Elefteriades and Farkas, 2010) and the intracranial circulation (Humphrey and Taylor,
2008). Although the etiology differs amongst these three primary types of aneurysms
(abdominal, thoracic, and intracranial), similarities exist and one should be familiar with
advances in all three areas of study. In particular, it appears that (mechanical) damage to or
(chemical) degradation of elastic fibers and loss of smooth muscle function is a common
early contributor to the formation or expansion of all aneurysms and both remodeling of
collagen (i.e., turnover) and inflammation likely play fundamental roles in dictating rates of
enlargement as well as the potential for rupture.
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Of Mice and Men
Notwithstanding the substantial clinical data base available, there continues to be a lack of
longitudinal data on the evolution of lesion geometry, gene expression, composition,
mechanical properties, and hemodynamics. In particular, there is little information on early
events because patients typically present only after the lesion has expanded considerably.
Hence, despite their inherent limitations, animal models will remain as important
complements to human studies. Amongst others, mouse models (cf. Daughtery and Cassis,
2004; Collins et al., 2011) are expected to play increasingly greater roles in our learning
process. Indeed, whereas some investigators ignore mouse models because of differences
between the structure of and hemodynamics within the mouse and human aorta as well as
differences in the location and time course of the development of aneurysms and dissections
in mice and men, inherent differences may be able to be exploited to provide yet a greater
level of overall understanding.

Open Problems
Related to the fundamental importance of both biomechanics and mechanobiology to the
natural history of AAAs, we suggest that the most pressing overall need is development of
computational models that can predict the evolving wall stress and strength of AAAs based
on clinically available patient-specific data. Such models must be informed by new data and
understanding, hence we must:

• Determine why males are more susceptible to developing AAAs and yet females
have a higher risk of rupture. Animal models suggest that differences may depend
more on the roles of androgens than estrogen (Henriques et al., 2004), yet more
data are needed to provide general insight.

• Elucidate the mechanobiology of adventitial fibroblasts, which because of the loss
of smooth muscle cells may be responsible for most remodeling of the evolving
wall. Moreover, we must determine if mechano-sensitive responses by vascular
cells are similar in health and disease or if target values of stress/stretch or other
metrics are reset.

• Investigate the mechanobiology of MMPs, including roles of mechanical stress in
dictating their production, activation, and effectiveness in degrading stressed
matrix.

• Quantify the time course of thrombus development and maturation, particularly
related to structural stratification of the clot and release of proteolytic molecules
that may influence highly localized weakening of the aneurysmal wall.

• Identify appropriate (representative) metrics of stress for characterizing the multi-
dimensional state of stress locally and for governing cell and matrix turnover. In
particular, the former could help identify new failure criteria, preferably in terms of
failure properties of remnant elastin and remodeled collagen, especially under the
influence of proteolytic activity. Without appropriate failure criteria, G&R models
will remain incapable of addressing the fundamental issue of rupture-potential.

• Investigate and model transmural distributions of collagen, including evolving
mass fractions, orientations, fiber diameters, and cross-linking, and how they
change with disease progression. Similarly, we must quantify changes in smooth
muscle phenotype and density, and how chemomechanical responses by smooth
muscle affect the stress distribution in AAAs.

• Determine how patient-specific co-morbidities (cigarette smoking, atherosclerosis,
hypertension, diabetes, prior injury or surgery) affect the both the hemodynamics
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and wall stiffness. In particular, our computational models must account for the
biological state of the artery from which the AAA arises (Wilson et al., 2011).

In other words, there is a pressing need to advance and then exploit our understanding of the
underlying mechanobiology and pathobiology so that we can move patient-specific
modeling well beyond focusing on lesion geometry alone. That is, by moving from
phenomenological to structurally motivated constitutive relations for G&R (the simplest of
which are rule-of-mixture relations), computational modeling has great promise to
contribute to the move our field towards personalized medicine wherein interventional
planning will be based on an understanding of the biological status of the lesion, not just
overall lesion size. We hope that this brief review will stimulate experimental and
computational research that will contribute to this long-term goal.

Acknowledgments
This work was supported, in part, via NIH grants R01 HL-086418 and R03 EB-010109. We also thank Drs. S. Baek
and P. Watton for critical and thoughtful comments.

REFERENCES4

Alexander JJ. The pathobiology of aortic aneurysms. J Surg Res. 2004; 117:163–175. [PubMed:
15013727]

Alford PW, Humphrey JD, Taber LA. Growth and remodeling in a thick-walled artery model: Effects
of spatial variations in wall constituents. Biomech Model Mechanobiol. 2008; 7:245–262. [PubMed:
17786493]

Amirbekian S, Long RC, Consolini MA, Suo J, Willett NJ, Fielden SW, Giddens DP, Taylor WR,
Oshinski JN. In vivo assessment of blood flow patterns in abdominal aorta of mice with MRI:
Implications for AAA localization. Am J Physiol. 2009; 297:H1290–1295.

Arribas SM, Hinek A, González MC. Elastic fibres and vascular structure in hypertension. Pharmacol
Therapeu. 2006; 111:771–791.

Baaijens F, Bouten C, Driessen N. Modeling collagen remodeling. J Biomech. 2010; 43:166–175.
[PubMed: 19818962]

Baek S, Rajagopal KR, Humphrey JD. A theoretical model of enlarging intracranial fusiform
aneurysms. J Biomech Eng. 2006; 128:142–149. [PubMed: 16532628]

Bertges DJ, Chow K, Wyers MC, Landsittel D, Frydrych AV, Stavropoulos W, Tan WA, Rhee RY,
Fillinger MF, Fairman RM, Makaroun MS. Abdominal aortic aneurysm size regression after
endovascular repair is endograft dependent. J Vasc Surg. 2003; 37:716–723. [PubMed: 12663968]

Brady AR, Thompson SG, Fowkes GR, Greenhalgh RM, Powell JT. Abdominal aortic aneurysm
expansion. Risk factors and time intervals for surveillance. Circulation. 2004; 110:16–21. [PubMed:
15210603]

Cardamone L, Valentín A, Eberth JF, Humphrey JD. Origin of axial prestress and residual stress in
arteries. Biomech Model Mechanobiol. 2009; 8:431–446.

Carmo M, Colombo L, Bruno A, Corsi FRM, Roncoroni L, Cuttin MS, Radice F, Mussini E,
Settembrini PG. Alteration of elastin, collagen and their cross-links in abdominal aortic
aneurysms. Eur J Vasc Endovasc Surg. 2002; 23:543–549. [PubMed: 12093072]

Cattell MA, Anderson JC, Hasleton PS. Age-related changes in amounts and concentrations of
collagen and elastin in normotensive human thoracic aorta. Clin Chim Acta. 1996; 245:73–84.
[PubMed: 8646817]

Choke E, Cockerill G, Wilson WRW, Sayed S, Dawson J, Loftus I, Thompson MM. A review of
biological factors implicated in abdominal aortic aneurysm rupture. Eur J Vasc Endovasc Surg.
2005; 30:227–244. [PubMed: 15893484]

4Because of page limitations, we attempted to cite either key papers or those papers that, in turn, cite many of the important references
upon which we relied.

Humphrey and Holzapfel Page 11

J Biomech. Author manuscript; available in PMC 2013 March 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Collins MJ, Bersi M, Wilson E, Humphrey JD. Mechanical properties of suprarenal and infrarenal
abdominal aorta: Implications for mouse models of aneurysms. Med Engr Phys. 2011 (in press).

Daughtery A, Cassis LA. Mouse models of abdominal aortic aneurysms. Arterioscler Thromb Vasc
Biol. 2004; 24:429–434. [PubMed: 14739119]

Di Martino ES, Bohra A, Vande Geest JP, Gupta N, Makaroun MS, Vorp DA. Biomechanical
properties of ruptured versus electively repaired abdominal aortic aneurysm wall tissue. J Vasc
Surg. 2006; 43:570–576. [PubMed: 16520175]

Dorfmann A, Wilson C, Edgar ES, Peattie RA. Evaluating patient-specific abdominal aortic aneurysm
wall stress based on flow-induced loading. Biomech Model Mechanobiol. 2010; 9:127–139.
[PubMed: 19578914]

Dua MM, Dalman RL. Hemodynamic influences on abdominal aortic aneurysm disease: Application
of biomechanics to aneurysm pathophysiology. Vasc Pharmacol. 2010; 53:11–21.

Elefteriades JA, Farkas EA. Thoracic aortic aneurysm: Clinically pertinent controversies and
uncertainties. J Am Coll Cardiol. 2010; 55:841–857. [PubMed: 20185035]

Enevoldsen MS, Henneberg KA, Jensen JA, Lonn L, Humphrey JD. New interpretation of arterial
stiffening due to cigarette smoking using a structurally-motivated constitutive model. J Biomech.
2011; 44:1209–1211. [PubMed: 21333292]

Faggioli GL, Stella A, Gargiulo M, Tarantini S, D’Addato M, Ricotta JJ. Morphology of small
aneurysms: Definition and impact on risk of rupture. Am J Surg. 1994; 168:131–135. [PubMed:
8053511]

Ferruzzi J, Vorp DA, Humphrey JD. On constitutive descriptors of the biaxial mechanical behaviour of
human abdominal aorta and aneurysms. J R Soc Interface. 2011; 8:435–450. [PubMed: 20659928]

Figueroa CA, Baek S, Taylor CA, Humphrey JD. A computational framework for fluid-solid-growth
modeling in cardiovascular simulations. Comp Methods Appl Mech Eng. 2009; 198:3583–3602.

Fillinger MF, Raghavan ML, Marra SP, Cronenwett JL, Kennedy FE. In vivo analysis of mechanical
wall stress and abdominal aortic aneurysm rupture risk. J Vasc Surg. 2002; 36:589–597. [PubMed:
12218986]

Fillinger MF, Racusin J, Baker RK, Cronenwett JL, Teutelink A, Schermerhorn ML, Zwolak RM,
Powell RJ, Walsh DB, Rzucidlo EM. Anatomic characteristics of ruptured abdominal aortic
aneurysm on conventional CT scans: Implications for rupture risk. J Vasc Surg. 2004; 39:1243–
1252. [PubMed: 15192565]

Fillinger MF. Who should we operate on and how do we decide: Predicting rupture and survival in
patients with aortic aneurysms. Sem Vasc Surg. 2007; 20:121–127.

Freestone T, Turner RJ, Coady A, Higman DJ, Greenhalgh RM, Powell JT. Inflammation and matrix
metalloproteinases in the enlarging abdominal aortic aneurysm. Arterioscler Thromb Vasc Biol.
1995; 15:1145–1151. [PubMed: 7627708]

Gasser TC, Auer M, Labruto F, Swedenborg J, Roy J. Biomechanical rupture risk assessment of
abdominal aortic aneurysms: Model complexity versus predictability of finite element simulations.
Eur J Vasc Endovasc Surg. 2010; 40:176–185. [PubMed: 20447844]

Georgakarakos E, Ioannou CV, Kamarianakis Y, Papaharilaou Y, Kostas T, Manousaki E,
Katsamouris AN. The role of geometric parameters in the prediction of abdominal aortic aneurysm
wall stress. Eur J Vasc Endovasc Surg. 2010; 39:42–48. [PubMed: 19906549]

Goergen CJ, Johnson BL, Greve JM, Taylor CA, Zarins CK. Increased anterior abdominal aortic wall
motion: Possible role in aneurysm pathogenesis and design of endovascular devices. J Endovasc
Ther. 2007; 14:574–584. [PubMed: 17696635]

Grootenboer N, Bosch JL, Hendriks JM, van Sambeek MRHM. Epidemiology, aetiology, risk of
rupture and treatment of abdominal aortic aneurysms: Does sex matter? Eur J Vasc Endovasc
Surg. 2009; 38:278–284. [PubMed: 19540779]

Hans SS, Jareunpoon O, Balasubramaniam M, Zelenock GB. Size and location of thrombus in intact
and ruptured abdominal aortic aneurysms. J Vasc Surg. 2005; 41:584–588. [PubMed: 15874920]

Haskett D, Johnson G, Zhou A, Utzinger U, Vande Geest J. Microstructural and biomechanical
alterations of the human aorta as a function of age and location. Biomech Model Mechanobiol.
2010; 9:725–736. [PubMed: 20354753]

Humphrey and Holzapfel Page 12

J Biomech. Author manuscript; available in PMC 2013 March 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



He CM, Roach MR. The composition and mechanical properties of abdominal aortic aneurysms. J
Vasc Surg. 1994; 20:6–13. [PubMed: 8028090]

Helderman F, Manoch IJ, Breeuwer M, Kose U, Schouten O, van Sambaek MRM, Poldermans D,
Pattynama PTM, Wisselink W, van der Steen AFW, Krams R. A numerical model to predict
abdominal aortic aneurysm expansion based on local wall stress and stiffness. Med Biol Eng
Comput. 2008; 46:1121–1127. [PubMed: 18521644]

Henriques TA, Huang J, D’Souza S, Daughtery A, Cassis LA. Orchidectomy, but not overiectomy,
regulates angiotension II-induced vascular diseases in Apolipoprotein E-deficient mice.
Endocrinology. 2004; 145:3866–3872. [PubMed: 15105380]

Holzapfel GA. Determination of material models for arterial walls from uniaxial extension tests and
histological structure. J Theor Biol. 2006; 238:290–302. [PubMed: 16043190]

Holzapfel GA, Ogden RW. Constitutive modelling of arteries. Proc R Soc A. 2010a; 466:1551–1597.
Holzapfel GA, Ogden RW. Modelling the layer-specific 3D residual stresses in arteries, with an

application to the human aorta. J R Soc Interface. 2010b; 7:787–799. [PubMed: 19828496]
Holzapfel GA, Sommer G, Auer M, Regitnig P, Ogden RW. Layer-specific 3D residual deformations

of human aortas with non-atherosclerotic intimal thickening. Ann Biomed Eng. 2007; 35:530–543.
[PubMed: 17285364]

Humphrey, JD. Cardiovascular Solid Mechanics: Cells, Tissues, and Organs. Springer-Verlag; NY:
2002.

Humphrey JD, Rajagopal KR. A constrained mixture model for growth and remodeling of soft tissues.
Math Model Meth Appl Sci. 2002; 12:407–430.

Humphrey JD. Vascular adaptation and mechanical homeostasis at tissue, cellular, and sub-cellular
levels. Cell Biochem Biophys. 2008; 50:53–78. [PubMed: 18209957]

Humphrey JD, Taylor CA. Intracranial and abdominal aortic aneurysms: Similarities, differences, and
need for a new class of computational models. Ann Rev Biomed Eng. 2008; 10:221–246.
[PubMed: 18647115]

Humphrey JD, Eberth JF, Dye WW, Gleason RL. Fundamental role of axial stress in compensatory
adaptations by arteries. J Biomech. 2009; 42:1–8. [PubMed: 19070860]

Kazi M, Thyberg J, Religa P, Roy J, Eriksson P, Hedin U, Swedenborg J. Influence of intraluminal
thrombus on structural and cellular composition of abdominal aortic aneurysm wall. J Vasc Surg.
2003; 38:1283–1292. [PubMed: 14681629]

Kroon M, Holzapfel GA. A theoretical model for fibroblast-controlled growth of saccular cerebral
aneurysms. J Theor Biol. 2009; 257:73–83. [PubMed: 19027028]

Kuhl E, Maas R, Himpel G, Menzel A. Computational modeling of arterial wall growth. Biomech
Model Mechanobiol. 2007; 6:321–331. [PubMed: 17119902]

Labrosse MR, Beller CJ, Mesanna T, Veinot JP. Mechanical behavior of human aortas: Experiments,
material constants and 3-D finite element modeling including residual stresses. J Biomech. 2009;
42:996–1004. [PubMed: 19345356]

Lakatta EG, Wang M, Najjar SS. Arterial aging and subclinical arterial disease are fundamentally
intertwined at macroscopic and molecular levels. Med Clin N Am. 2009; 93:583–604. [PubMed:
19427493]

Länne T, Sonesson B, Bergqvist D, Bengtsson H, Gustafsson D. Diameter and compliance in the male
human abdominal aorta: Influence of age and aortic aneurysm. Eur J Vasc Surg. 1992; 6:178–184.
[PubMed: 1572458]

Lasheras JC. The biomechanics of arterial aneurysms. Annu Rev Fluid Mech. 2007; 39:293–319.
Lederle FA, Wilson SE, Johnson GR, Reinke DB, Littooy FN, Acher CW, et al. Immediate repair

compared with surveillance of small abdominal aortic aneurysms. N Engl J Med. 2002; 346:1437–
1444. [PubMed: 12000813]

Li ZY, U-King-Im J, Tang TY, Soh E, See TC, Gillard JH. Impact of calcification and intraluminal
thrombus on the computed wall stresses of abdominal aortic aneurysm. J Vasc Surg. 2008;
47:928–935. [PubMed: 18372154]

Lu J, Zhou X, Raghavan ML. Inverse elastostatic stress analysis in pre-deformed biological structures:
Demonstration using abdominal aortic aneurysms. J Biomech. 2007; 40:693–696. [PubMed:
16542663]

Humphrey and Holzapfel Page 13

J Biomech. Author manuscript; available in PMC 2013 March 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



MacSweeney STR, Young G, Greenhalgh RM, Powell JT. Mechanical properties of the aneurysmal
aorta. Br J Surg. 1992; 79:1281–1284. [PubMed: 1486417]

Maier A, Gee MW, Reeps C, Pongratz J, Eckstein H-H, Wall WA. A comparison of diameter, wall
stress, and rupture potential index for abdominal aortic aneurysm rupture risk prediction. Ann
Biomed Eng. 2010a; 38:3124–3134. [PubMed: 20480238]

Maier A, Gee MW, Reeps C, Eckstein H-H, Wall WA. Impact of calcifications on patient-specific wall
stress analysis of abdominal aortic aneurysms. Biomech Model Mechanobiol. 2010b; 9:511–521.
[PubMed: 20143120]

Machyshyn IM, Bovendeerd PHM, van de Ven AAF, Rongen PMJ, van de Vosse FN. A model for
arterial adaptation combining microstructural collagen remodeling and 3D tissue growth. Biomech
Model Mechanobiol. 2010; 9:671–687. [PubMed: 20300950]

Menashi S, Campa JS, Greenhalgh RM, Powell JT. Collagen in abdominal aortic aneurysm: Typing,
content, and degradation. J Vasc Surg. 1987; 6:578–582. [PubMed: 2826827]

Milnor, W. Cardiovascular Physiology. Oxford University Press; New York, NY: 1990.
Mohan M, Melvin JW. Failure properties of passive human aortic tissue. II. Biaxial tension tests. J

Biomech. 1983; 16:31–44. [PubMed: 6833308]
Moireau P, Xiao N, Astorino M, Figueroa CA, Chapelle D, Taylor CA, Gerbeau JF. External tissue

support and fluid-solid simulation in blood flows. Biomech Model Mechanobiol. 2011 (in press).
Nissen R, Cardinale GJ, Udenfriend S. Increased turnover of arterial collagen in hypertensive rats.

Proc Natl Acad Sci USA. 1978; 75:451–453. [PubMed: 272662]
Rachev A, Stergiopulos N, Meister J-J. A model for geometric and mechanical adaptation of arteries to

sustained hypertension. J Biomech Eng. 1998; 120:9–17. [PubMed: 9675674]
Raghavan ML, Vorp DA. Toward a biomechanical tool to evaluate rupture potential of abdominal

aortic aneurysm: Identification of a finite strain constitutive model and evaluation of its
applicability. J Biomech. 2000; 33:475–482. [PubMed: 10768396]

Raghavan ML, Vorp DA, Federle MP, Makaroun MS, Webster MW. Wall stress distribution on three-
dimensionally reconstructed models of human abdominal aortic aneurysm. J Vasc Surg. 2000;
31:760–769. [PubMed: 10753284]

Raghavan ML, Kratzberb J, de Tolosa EMC, Hanaoka MM, Walker P, da Silva ES. Regional
distribution of wall thickness and failure properties of human abdominal aortic aneurysm. J
Biomech. 2006; 39:3010–3016. [PubMed: 16337949]

Rissland P, Alemu Y, Einav S, Ricotta J, Bluestein D. Abdominal aortic aneurysm risk of rupture:
Patient-specific FSI simulations using anisotropic model. J Biomech Eng. 2009; 131:031001.
[PubMed: 19154060]

Rizas KD, Ippagunta N, Tilson MD. Immune cells and molecular mediators in the pathogenesis of the
abdominal aortic aneurysm. Cardiol Rev. 2009; 17:201–210. [PubMed: 19690470]

Rodríguez JF, Ruiz C, Doblaré M, Holzapfel GA. Mechanical stresses in abdominal aortic aneurysms:
influence of diameter, asymmetry, and material anisotropy. J Biomech Eng. 2008; 130:021023.
[PubMed: 18412510]

Sakalihasan N, Limet R, Defawe OD. Abdominal aortic aneurysm. Lancet. 2005; 365:1577–1589.
[PubMed: 15866312]

Schmid H, Watton PN, Maurer MM, Wimmer J, Winkler P, Wang YK, Rohrle O, Itskov M. Impact of
transmural heterogeneities on arterial adaptation: Application to aneurysm formation. Biomech
Model Mechanobiol. 2010; 9:295–315. [PubMed: 19943177]

Schriefl AJ, Zeindlinger G, Pierce DM, Regitnig P, Holzapfel GA. Determination of the layer-specific
distributed collagen fiber orientations in human thoracic and abdominal aortas and common iliac
arteries. 2011 submitted.

Scotti CM, Jimenez J, Muluk SC, Finol EA. Wall stress and flow dynamics in abdominal aortic
aneurysms: finite element analysis vs. fluid-structure interaction. Comp Methods Biomech Biomed
Eng. 2008; 11:301–322.

Sheidaei A, Hunley SC, Zeinali-Davarani S, Raguin LG, Baek S. Simulation of abdominal aortic
aneurysm growth with updating hemodynamic loads using a realistic geometry. Med Eng Phys.
2011; 33:80–88. [PubMed: 20961796]

Humphrey and Holzapfel Page 14

J Biomech. Author manuscript; available in PMC 2013 March 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Shi ZD, Tarbell JM. Fluid flow mechanotransduction in vascular smooth muscle cells and fibroblasts.
Ann Biomed Eng. 2011; 39:1608–1619. [PubMed: 21479754]

Shimizu K, Mitchell RN, Libby P. Inflammation and cellular immune responses in abdominal aortic
aneurysms. Arterioscler Thromb Vasc Biol. 2006; 26:987–994. [PubMed: 16497993]

Sommer G, Gasser TC, Regitnig P, Auer M, Holzapfel GA. Dissection properties of the human aortic
media: an experimental study. J Biomech Eng. 2008; 130:021007. [PubMed: 18412494]

Speelman L, Bohra A, Bosboom EMH, Schurink GWH, van de Vosse FN, Makaorun MS, Vorp DA.
Effects of wall calcifications in patient-specific wall stress analyses of abdominal aortic
aneurysms. J Biomech Engr. 2007; 129:105–109.

Stålhand J, Klarbring A. Aorta in vivo parameter identification using an axial force constraint.
Biomech Model Mechanobiol. 2005; 3:191–199. [PubMed: 15776254]

Stenbaek J, Kalin B, Swedenborg J. Growth of thrombus may be a better predictor of rupture than
diameter in patients with abdominal aortic aneurysms. Eur J Vasc Endovasc Surg. 2000; 20:466–
469. [PubMed: 11112467]

Taber LA. A model of aortic growth based on fluid shear and fiber stresses. J Biomech Eng. 1998;
120:348–354. [PubMed: 10412402]

Thompson RW. Aneurysm treatments expand. Nat Med. 2005; 11:1279–1281. [PubMed: 16333264]
Tong J, Cohnert T, Regitnig P, Holzapfel GA. Effects of age on the elastic properties of the

intraluminal thrombus and the thrombus covered wall in abdominal aortic aneurysms: Biaxial
extension behavior and material modeling. Eur J Vasc Endovasc Surg. 2011 (in press).

Valentin A, Cardamone L, Baek S, Humphrey JD. Complementary vasoactivity and matrix turnover in
arterial adaptations to altered flow and pressure. J Roy Soc Interface. 2009; 6:293–306. [PubMed:
18647735]

Vallabhaneni SR, Gilling-Smith GL, How TV, Carter SD, Brennan JA, Harris PL. Heterogeneity of
tensile strength and matrix metalloproteinase activity in the wall of abdominal aortic aneurysms. J
Endovasc Ther. 2004; 11:494–502. [PubMed: 15298501]

Vande Geest JP, Sacks MS, Vorp DA. Age dependency of the biaxial biomechanical behavior of
human abdominal aorta. J Biomech Eng. 2004; 126:815–822. [PubMed: 15796340]

Vande Geest JP, Sacks MS, Vorp DA. The effects of aneurysm on the biaxial mechanical behavior of
human abdominal aorta. J Biomech. 2006a; 39:1324–1334. [PubMed: 15885699]

Vande Geest JP, Sacks MS, Vorp DA. A planar biaxial constitutive relation for the luminal layer of
intra-luminal thrombus in abdominal aortic aneurysms. J Biomech. 2006b; 39:2347–2354.
[PubMed: 16872617]

Vande Geest JP, Wang DHJ, Wisniewski S, Makaroun M, Vorp DA. Towards a noninvasive method
for determination of patient-specific wall strength distribution in abdominal aortic aneurysms. Ann
Biomed Eng. 2006c; 34:1098–1106. [PubMed: 16786395]

Volokh KY, Vorp DA. A model of growth and rupture of abdominal aortic aneurysm. J Biomech.
2008; 41:1015–1021. [PubMed: 18255074]

Vorp DA. Biomechanics of abdominal aortic aneurysm. J Biomech. 2007; 40:1887–1902. [PubMed:
17254589]

Wang DHJ, Makaroun MS, Webster MW, Vorp DA. Effect of intraluminal thrombus on wall stress in
patient-specific models of abdominal aortic aneurysms. J Vasc Surg. 2002; 36:598–604. [PubMed:
12218961]

Wassef M, Upchurch GR, Kuivaniemi H, Thompson RW, Tilon MD. Challenges and opportunities in
abdominal aortic research. J Vasc Surg. 2007; 45:192–198. [PubMed: 17210410]

Watton PN, Hill NA, Heil M. A mathematical model for the growth of the abdominal aortic aneurysm.
Biomech Model Mechanobiol. 2004; 3:98–113. [PubMed: 15452732]

Watton PN, Hill NA. Evolving mechanical properties of a model of abdominal aortic aneurysm.
Biomech Model Mechanobiol. 2009a; 8:25–42. [PubMed: 18058143]

Watton PN, Raberger NB, Holzapfel GA, Ventikos Y. Coupling the haemodynamic environment to
the evolution of cerebral aneurysm. J Biomech Engr. 2009b; 131:101003.

Wilson JS, Baek S, Humphrey JD. Importance of initial aortic properties on the evolving regional
anisotropy, stiffness, and wall thickness of human abdominal aortic aneurysms. 2011 submitted.

Humphrey and Holzapfel Page 15

J Biomech. Author manuscript; available in PMC 2013 March 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Wolinsky H, Glagov S. Comparison of abdominal and thoracic medial structure in mammals. Circ Res.
1969; 25:677–686. [PubMed: 5364644]

Wolinsky H. Response of the rat aortic media to hypertension. Circ Res. 1970; 26:507–522. [PubMed:
5435712]

Wolters BJBM, Rutten MCM, Schurink GWH, Kose U, de Hart J, van de Vosse FN. A patient-specific
computational model of fluid-structure interaction in abdominal aortic aneurysms. Med Engr
Phys. 2005; 27:871–883.

Zarins CK, Xu C, Glagov S. Atherosclerotic enlargement of the human abdominal aorta.
Atherosclerosis. 2001; 155:157–164. [PubMed: 11223437]

Zeinali-Davarani S, Sheidaei A, Baek S. A finite element model of stress-mediated vascular
adaptation: Application to abdominal aortic aneurysms. Comp Meth Biomech Biomed Engr.
2011a in press.

Zeinali-Davarani S, Raguin LG, Vorp DA, Baek S. Identification of in vivo material and geometric
properties of a human aorta: Towards patient-specific modeling of abdominal aortic aneurysms.
Biomech Model Mechanobiol. 2011b (in press).

Humphrey and Holzapfel Page 16

J Biomech. Author manuscript; available in PMC 2013 March 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Humphrey and Holzapfel Page 17

Ta
bl

e 
1

C
lin

ic
al

 d
at

a 
sh

ow
in

g 
ef

fe
ct

s o
f a

gi
ng

 o
n 

th
e 

ab
do

m
in

al
 a

or
ta

. N
ot

in
g 

th
at

 a
ne

ur
ys

m
s d

ev
el

op
 in

 a
ge

d,
 d

is
ea

se
d 

ao
rta

, t
he

se
 e

ff
ec

ts
 li

ke
ly

 in
flu

en
ce

gr
ea

tly
 a

ny
 su

bs
eq

ue
nt

 re
sp

on
se

 to
 in

ju
ry

 o
r i

ns
ul

t t
ha

t l
ea

ds
 to

 th
e 

de
ve

lo
pm

en
t o

f a
n 

an
eu

ry
sm

. I
t a

pp
ea

rs
 th

at
 th

e 
D

ia
m

et
er

 S
tra

in
 w

as
 d

ef
in

ed
 a

s (
d s

 –
d d

)/d
d w

he
re

 d
 d

en
ot

es
 lu

m
in

al
 d

ia
m

et
er

 a
nd

 in
di

ce
s s

 a
nd

 d
 d

en
ot

e 
sy

st
ol

ic
 a

nd
 d

ia
st

ol
ic

. T
he

 m
et

ric
 o

f s
tif

fn
es

s i
s t

he
 so

-c
al

le
d 

in
 v

iv
o 

pr
es

su
re

-s
tra

in
m

od
ul

us
: (

P s
 –

P d
)d

d/
(d

s –
 d

d)
, w

he
re

 P
 is

 lu
m

in
al

 p
re

ss
ur

e

M
ea

n 
A

ge
 (Y

ea
rs

)
H

ea
rt

 R
at

e
Sy

st
ol

ic
 P

re
ss

ur
e

D
ia

st
ol

ic
 P

re
ss

ur
e

Sy
st

ol
ic

 D
ia

m
et

er
D

ia
st

ol
ic

 D
ia

m
et

er
D

ia
m

et
er

 S
tr

ai
n

St
iff

ne
ss

 (k
Pa

)

25
/2

5
62

11
7

70
17

.0
15

.6
0.

09
4

69
/4

0

46
/--

62
13

4
79

18
.0

17
.4

0.
05

6
14

4 
/

60
/5

5
61

13
3

80
20

.2
19

.5
0.

03
0

22
0/

10
4

71
/7

1
62

14
3

77
21

.1
20

.6
0.

02
8

33
7/

14
0

N
ot

e:
 A

ge
 (y

ea
rs

) a
nd

 p
re

ss
ur

e 
– 

st
ra

in
 m

od
ul

us
 (i

.e
., 

st
iff

ne
ss

 in
 k

Pa
) a

re
 ta

ke
n 

fr
om

 tw
o 

re
po

rts
: L

än
ne

 e
t a

l. 
(1

99
2)

/M
ac

Sw
ee

ne
y 

et
 a

l. 
(1

99
2)

. A
ll 

ot
he

r d
at

a 
ar

e 
fr

om
 L

än
ne

 e
t a

l. 
(1

99
2)

. N
ot

e,
 to

o,
 th

at
M

ac
Sw

ee
ne

y 
et

 a
l. 

re
po

rt 
a 

st
iff

ne
ss

 o
f 3

13
 k

Pa
 fo

r A
A

A
s, 

w
hi

ch
 is

 n
ot

 v
er

y 
di

ff
er

en
t f

or
 th

e 
st

iff
ne

ss
 re

po
rte

d 
by

 L
än

ne
 e

t a
l. 

fo
r t

he
 o

ld
es

t g
ro

up
 o

f a
or

ta
s. 

H
ea

rt 
R

at
e 

in
 b

pm
, P

re
ss

ur
e 

in
 m

m
H

g,
 a

nd
D

ia
m

et
er

 in
 m

m
.

J Biomech. Author manuscript; available in PMC 2013 March 15.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Humphrey and Holzapfel Page 18

Table 2

Comparison of basic data for the normal thoracic and infrarenal abdominal aorta as well as AAAs. The
thoracic data are included for purposes of comparison only

Thoracic Aorta Infrarenal Aorta AAA References

In Vivo Luminal Diameter (cm) 1.6 – 1.7 1.2 – 1.5 >3 Vorp (2007)
Zarins et al. (2001)

In Vivo Wall Thickness (mm) 1.6 – 1.7 1.4 – 1.5 1.7 Zarins et al. (2001)
Raghavan et al. (2006)

% Intima/Media/Adventitia 6/76/18 20/47/33 - Iliopoulos et al. (2009)
Holzapfel et al. (2007)

# Elastic Lamellae+ 64 – 72 17 – 34 0 Wolinsky (1970)
Zarins et al. (2001)

GAGs (%) - 18 32 He and Roach (1994)

Smooth Muscle (%) - 23 2 He and Roach (1994)

Elastic Fibers (%) 22 – 33 23 – 30 2 He and Roach (1994)
Cattell et al. (1996)

Collagen (%) 18 – 31 36 – 45 64 – 84 He and Roach (1994)
Menashi et al. (1987)
Cattell et al. (1996)

Collagen I/III - 73/27 74/26 Menashi et al. (1987)

Axial Prestretch 1.2 1.1 – 1.3 - Holzapfel et al. (2010)

Circ Failure Stress (MPa) - - 0.5 – 0.8 Vallabhaneni et al. (2004) Di Martino et al. (2006)

Axial Failure Stress (MPa) - - 1.5 Raghavan et al. (2006)

Circ Failure Stretch - 1.5 (1-D)
1.25 (2-D)

1.5 Mohan & Melvin (1983) Di Martino et al. (2006)

Axial Failure Stretch - 1.5 (1-D)
1.25 (2-D)

1.3 Vallabhaneni et al. (2004)

+
The number of elastic lamellae varies around the circumference, with fewer lamellae on the posterior side closest the support of the spine (e.g.,

~20 on the posterior and 35 on the anterior surfaces of the abdominal aorta). By 1-D and 2-D in failure stretches, it is meant uniaxial and
equibiaxial stretching, respectively. Finally, it is important to note that dimensions are often reported without specification of the state (in vivo or
unloaded/fixed), a situation that must be corrected.
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