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The biomechanical factors that result from the haemodynamic load on the cardiovascular system are a common denominator of several
vascular pathologies. Thickening and calcification of the aortic valve will lead to reduced opening and the development of left ventricular
outflow obstruction, referred to as aortic valve stenosis. The most common pathology of the aorta is the formation of an aneurysm, mor-
phologically defined as a progressive dilatation of a vessel segment by more than 50% of its normal diameter. The aortic valve is exposed to
both haemodynamic forces and structural leaflet deformation as it opens and closes with each heartbeat to assure unidirectional flow from
the left ventricle to the aorta. The arterial pressure is translated into tension-dominated mechanical wall stress in the aorta. In addition, stress
and strain are related through the aortic stiffness. Furthermore, blood flow over the valvular and vascular endothelial layer induces wall shear
stress. Several pathophysiological processes of aortic valve stenosis and aortic aneurysms, such as macromolecule transport, gene expression
alterations, cell death pathways, calcification, inflammation, and neoangiogenesis directly depend on biomechanical factors.
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This article is part of the Spotlight Issue on: Biomechanical Factors in Cardiovascular Disease.

1. Introduction

1.1 ‘Nothing makes sense in biology
except in light of evolution’1

The evolution of species was associated with a more and more orga-
nized circulatory system. Simple diffusion of extracellular liquid
evolved through flow driven by an archaic heart, to a highly organized
system in mammals, including blood flow related to the specific meta-
bolic demand of an organ. The latter was made possible by heart
pumping ability and regulated by peripheral resistances, which together
generated the arterial blood pressure. Therefore, blood velocity
(kinetic energy), heart frequency (pulsatility), and blood pressure (po-
tential energy) are the three fundamental physical components of the
haemodynamic load in arterial wall biology. In this evolutionist view,
haemodynamics is a fundamental organizing principle selected for diver-
sification and adaptation to life. Nevertheless, haemodynamics is also a
common organizing principle in cardiovascular pathologies, such as
aortic wall and aortic valve diseases. In fact, haemodynamic is the
highest common denominator of vascular pathologies, whatever their
atheromatous or non-atheromatous aetiologies. The present review

will focus on the biomechanical factors involved in the development
of aortic valve stenosis and aortic aneurysms.

1.2 The aorta and the aortic valve
The aorta is the first arterial segment of the body, directly connected to
the heart. A unidirectional flow of the blood ejected from the left ven-
tricle into the aorta is maintained through the aortic valve, which opens
and closes with each heartbeat. The aortic valve consists of three leaflets
(called cusps), corresponding to the physiological dilatations of the
aortic root, which are referred to as the sinuses of Valsalva. The left
and right cusps correspond to the aortic departure of the left and
right coronary artery, whereas the posterior aortic valve leaflet is re-
ferred to as the non-coronary cusp. In addition to this common tricuspid
anatomy of the aortic valve, a congenital bicuspid valve is found in ap-
proximately 0.5–2% of the general population giving rise to differential
biomechanical forces both on the valve and the aortic wall. Each aortic
valve leaflet is histologically composed of three layers, with the fibrosa
towards the aortic surface, the ventricularis near the left ventricle, and
the spongiosa in between these layers.
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The aorta is the largest artery in the body with a diameter of
�3 cm at its origin (ascending aorta), �2.5 cm in the descending
portion (thoracic aorta), and 1.8–2 cm in the abdomen (abdominal
aorta). Like other arterial segments, the aortic wall consists of three
layers; the intima composed of a thin layer of endothelial cells, suben-
dothelial connective tissue, and an internal elastic lamina; the tunica
media of the aorta is much thicker than that of peripheral arteries,
composed of several layers of packed smooth muscle cells and extra-
cellular matrix (ECM); the adventitia is composed of connective tissue
enfolding small vessels (vasa vasorum) and nerves (nervi vascularis).

As the valve opens during cardiac systole, the blood flows through
the aortic valve into the aorta for distribution to the peripheral organs
through its multiple branches. In addition to this conduit function, the
aorta also accomplishes a buffering function through its (visco)-elastic
properties (compliance). The aorta can distend at each systole to
allow the reception of the blood stroke volume and this elastic
energy is expended during the diastole when the aortic tube
recoils, and the blood flow continues to the periphery.

As a teleonomic consequence of evolutionary haemodynamics
in mammals, particularly of blood pressure, the wall of conductance
arteries must withstand haemodynamic load (the content) within
the arterial system (the container). As a consequence, a pressure gra-
dient exists between the arterial circulation and the interstitial pres-
sure in the adventitia, generating a transmural water flow radially
outwards through the arterial wall. This hydraulic conductance from
the lumen to the adventitia conveys substances that can be retained,
modified, and activated during their mass transport through the wall.
The three major biomechanical factors impact convection, namely
pressure, flow, and pulsatility. The wall structural predominant mod-
ulators of convection are endothelial impermeability, elastic lamina in-
tegrity, and the physico-chemical properties of the molecules (mass,
charge, hydrophilic properties, affinity for wall components).2 The
most studied convection process in humans is the convection of
low density lipoprotein through the arterial wall in atherosclerosis.3

In this context, the preferential localization of atheroma in the arterial
bifurcation4 may be due to the lack of the washing effect of laminar
longitudinal flow, and a local recirculation with concentration of
plasma substances adjacent to the luminal surface and an increased
radial mass transport.

2. Basics continuum mechanical
definitions
Mechanical loads on cardiovascular tissue cause stresses and strains
(Table 1). Stress is defined as force per area and according to its dir-
ection, normal and shear stresses can be distinguished (Figure 1A). The
actual stress components depend on the coordinate system, i.e. how
the area is related with respect to the force acting on the area
element. When area elements are considered such that the shear
stress vanishes, the structure is only loaded by normal stresses,
which are called principal stresses.

Strain is a quantity that records change in length (normal strain) and
angle (shear strain) during the deformation of a tissue (Table 1).
Similar to stress, also the strain can be considered within the principal
coordinate system, such that only normal strains appear (Figure 1B).
The stiffness defines the tissue’s mechanical properties, and relates
stress and strain, which are always associated with a specific length
scale (Figure 1C). Only for simple geometries, an analytically stress

analysis is possible and, for more complicated (and clinically relevant)
cases, numerical schemas such as the finite element method (FEM) are
required (Table 1).

Like other viscous fluids, also blood induces shear stresses accord-
ing to the spatial velocity gradient, i.e. the shear rate. The fluid’s
viscosity relates shear stress and shear rate. When flowing over a
wall, blood flow causes wall shear stress (WSS), which is sensed by
the endothelial layer, for example. Blood flow can be predicted
with computational flow dynamics (CFD) simulations that frequently
use the FEM. CFD simulations depend, to a large extent, on the
boundary conditions that are prescribed at the boundaries of the ana-
lysed flow domain. Vascular structures such as the aortic wall and the
valve interfere with the blood flow and vice versa. Biomechanical
simulations that account for that coupling are called fluid structure
interaction simulations (FSI; Table 1).

One major objective of biomechanics in the biology of aortic wall
and aortic valve diseases is to study the force transmission from the
macroscopic to the cellular and extracellular levels. At the macro-
scopic scale, the tissue can be regarded as a continuum, which consti-
tution depends on the underlying histology. For example, the
organization of ECM, cells, proteins, etc. defines a mathematical
model, which in turn computes the macroscopic valve and wall
stress. Since such a mathematical model characterizes the constitution
of the tissue, it is also called a constitutive formulation. Finally, the
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Table 1. Terminology of aortic wall and aortic valve
biomechanics

Stress Force per area

Normal stress Stress perpendicular to the area

Shear stress Stress parallel to the area

Wall shear stress (WSS) Stress induced by blood flowing
over the valve or the luminal
side of the vascular wall

Laminar shear stress Shear stress caused by a
streamlined flow

Oscillatory shear stress Shear stress caused by oscillatory
flow

Strain Deformation measure

Normal strain Relative changes in length of a
line

Shear strain Relative changes in angle of a
square

Isochoric (isovolumetric) Constant volume

Isotropic Uniform in all directions

Vortical structures (VS) Spatial region, within which the
fluid is at rotational (vortical)
motion

Finite element method (FEM) Numerical concept to solve
structural or fluid-mechanical
problems

Computational flow dynamics (CFD) Numerical method to compute
fluid flow from given initial
conditions

Fluid structure interaction (FSI) Method to prescribe the
mechanical interaction
between fluid and solid
domains
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stress state has to satisfy the continuum mechanical governing equa-
tions and being in equilibrium with the external loadings, which
renders an (initial) boundary value problem to be solved.

3. The biomechanics of the
aortic valve
The aortic valve is exposed to both haemodynamic forces and struc-
tural leaflet deformation as it opens and closes with every heartbeat.
Thickening and calcification of the aortic valve will lead to reduced
opening and the development of left ventricular outflow obstruction,
referred to as aortic stenosis.5 The histological changes in aortic sten-
osis are characterized by dystrophic calcification, inflammatory cell in-
filtration, and heterotopic bone formation.5,6

As the valve opens during cardiac systole, the blood flows through
the aortic valve with a peak velocity of 1.35+0.35 m/s7 (Figure 2A).
However, in calcified aortic valves the blood velocity, and hence
the pressure gradient between the aorta and the left ventricle in
systole, is higher. When the maximal systolic blood velocity exceeds
4 m/s (corresponding to a mean pressure gradient .40 mmHg), a
severe aortic stenosis has devolved (Figure 2B).

The aortic valve closes at the end of systole, mainly due to a low-
ering of the axial pressure difference, although also the pooling of
blood into the aortic sinuses may be involved in the diastolic
closing phase.7 The aortic valve is exposed to laminar shear stress
on ventricular side when the blood flows past the leaflets during
systole (Figure 3A), and to oscillatory shear stress on the aortic side
when blood pools into the sinuses during diastole (Figure 3B). The dia-
stolic coronary flow partially induces laminar shear stress over the left
and right cusps, whereas the flow over the non-coronary cusp may be
solely oscillatory (Figure 3C). Interestingly, an echocardiographic study
of �200 patients identified the non-coronary cusp as firstly affected
by thickening,8 suggesting that lower laminar shear stress, in the
absence of diastolic coronary flow, may accelerate valvular thickening.

In addition to shear stress, the leaflets are subjected to axial stress,
when the valve is closed during diastole, resulting in a transverse pres-
sure gradient over the valve (Figure 3B). The aortic cusps are longer in
both circumferential and radial direction during diastole compared
with systole (Figure 3B). The loss of cusp stretch during valvular calci-
fication may prevent a complete leaflet coaptation resulting in a regur-
gitant flow from the aorta to the left ventricle during diastole,7 and a

considerable proportion of aortic stenosis patients have concomitant
aortic regurgitation.9

The strain of the aortic valve during the heart cycle is both as a
result of the axial pressure, the bending forces, and of changes in
length (Figure 3). During the heart cycle, there is a reversal of the
curvature of the aortic cusps leading to a regional bending strain. In
accordance with the above-mentioned relation between stiffness
and strain, the increased stiffness in early aortic valve sclerosis
would hence lead to a decreased strain, which has also been demon-
strated using FEM.10 In the latter study, it was, however, modelled that
commisural fusion associated with rheumatic valve disease and bicus-
pid valves will result in increased valve maximal curvatures both in
parallel and perpendicular to the valve matrix fibre orientation.10

Taken together, aortic valve disease may hence be associated with
both decreased and increased bending strain.

Early valve lesions in aortic stenosis preferentially occur on the
aortic side of the valvular leaflets. The reason for this propensity of
the fibrosa to valvular lesions may be related to the above-mentioned
differences in terms of both haemodynamic and biomechanical forces
between the ventricular and the aortic side of the valve leaflets. In
addition, the valve morphology is different on the aortic and ventricu-
lar side of the valve. Whereas the fibrosa layer close to the aortic
surface consists mainly of collagen fibres in circumferential direction,
the ventricularis layer is mainly composed of elastin, and ex vivo studies
of separated valvular layers have revealed that the fibrosa is stiffer
compared with the ventricularis layer.11

The congenital bicuspid valve differs from the common tricuspid
valve not only through the number of cusps, but also in terms of the
ring geometry (oval vs. circular). The geometry of bicuspid valves
leads to unsteady shear stresses even under physiological flow and pres-
sure conditions, which may play a role in the accelerated calcification
associated with bicuspid valve anatomy.12 Importantly, the alterations
of systolic blood flow associated with bicuspid valve geometry may be
responsible for the development of aneurysms in the aortic root.13

The localization of the congenital cusp fusion may affect both valve
calcification and aortic root dilatation.14 Although the latter observa-
tion may result from differential biomechanical profiles, it cannot be
excluded that the observed associations are linked through
common genetic predispositions to disease.14 The notion of a bio-
mechanical association between bicuspid valve anatomy and aortic
root dilatation has received support from measurements of the
cusp opening angle (COA), which were recently introduced based

Figure 1. Basic continuum mechanical definitions. (A) Stress is defined as force per area and can be split into shear and normal stresses, respectively.
(B) Definition of strain by relating the deformed to the undeformed configuration. (C) Stress and strains always correspond to a length scale. Left and
right images show stress at the macroscopic and microscopic length scale, respectively. The specific length scales are indicated by the scaling bars.
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Figure 2. Haemodynamic differences between a normal (left ) and a stenotic (right ) aortic valve. (A) and (B) shows the velocity and (C) and (D) the
vorticity of blood flow based on an axisymmetric CFD simulation. Note the perturbed flow pattern and the jet-like flow in the stenotic valve. (Illus-
tration by J. Biasetti)

Figure 3. Wall shear stress (dotted arrows) and strain (solid arrows) in the aortic valve during systole (A) and diastole (B and C). During systole, the
ventricular side of the valve is subjected to laminar shear stress, whereas on the aortic side the systolic shear stress is mainly oscillatory (A).
The bending strain is illustrated with a curved arrow (A). In diastole, axial strain results from the diastolic pressure gradient and tensile strain from
the elongation of the valve leaflets (B). At this time, the aortic side is subjected to oscillatory shear as the blood pools into the aortic sinuses,
and to laminar shear by the diastolic coronary flow (C). (A) and (B) adapted from ref.7
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on MRI analysis, showing that a reduced COA in bicuspid compared
with tricuspid valves corresponded with aortic root dilatation.15 In
addition, computational assessment has shown alterations of wall-
shear stress in the bicuspid fibrosa, which were associated with
increased calcification.16 Finally, bicuspid and tricuspid stenotic
valves exhibit differential mRNA levels despite similar degree of sten-
osis severity in terms of both inflammatory gene expression17 and the
nuclear enzyme Poly(ADP-ribose) polymerase 1 (PARP-1).18 In the
latter context, it is interesting that PARP-1 inhibition protects
against low shear stress-induced inflammation,19 suggesting that
changes in shear stress related to valve anatomy may alter cellular
responses in terms of gene expression.

4. The biomechanics of the aorta

4.1 Wall stress and strain as a consequence
of the blood pressure
The aorta can be regarded as an inflated tube-like structure, where
the arterial pressure is translated into tension-dominated mechanical

wall stress. Specifically, circumferential and axial stresses are the dom-
inating principal stresses in the aorta (Figure 4). Due to inflation, the
wall deforms isochorically, i.e. the tissue volume is kept constant.20

Consequently, extension in circumferential and axial directions leads
to thinning of the wall.

With increasing aortic diameter, the normal wall becomes propor-
tionally thicker. This is realized by an increased number of medial la-
mellar units (MLU), which keeps the tension carried by a single MLU
in the normal wall constant at about 2+ 0.4 N/m.21 At mean arterial
pressure, the circumferential wall stress in the ascending aorta is
92.51+ 6.35 kPa.22 The aorta is dynamically pressurized, such that
wall stress and strain oscillate with the cardiac cycle.

The stiffness of the aorta increases progressively with strain, i.e. the
same aorta will be stiffer at hypertensive loading than at normal arter-
ial pressure. Consequently, for a meaningful comparison of the aortic
stiffness, it is important to match the strain levels. Like other vessels
also the normal aorta is anisotropic,23 i.e. its stiffness along the cir-
cumferential and longitudinal directions differ. Aortic anisotropy
seems to disappear with aneurysmal disease, which could be a
direct consequence of the less organized collagen.24

Figure 4. (A) Circumferential and longitudinal stresses are the dominating principal stresses in the aortic wall. (B) Wall shear stress (WSS) as a
consequence of blood flow over the endothelial layer.
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4.2 Wall shear stress and strain as a
consequence of the blood flow
Blood flow within the aorta (Figure 4) is highly unsteady and the
assumptions for a Poiseuille flow are not satisfied. During a major
part of the cardiac cycle, blood flows downwards, but at late diastole
reversal flow is seen. Whereas a non-Newtonian description of blood
may be required for resolving local blood flow features, a Newtonian
model appears adequate when predicting WSS in large arteries such
as the aorta.25 The Newtonian model is the simplest constitutive
model for blood and assumes that the shear stress produced by the
viscous blood is linear with respect to the shear rate. WSS in the
normal thoracic aorta ranges from 2.2 to 3.5 dyn/cm2,26 and increases
by several folds during exercise.27

Analysing the complex flow pattern in the aorta solely based on
velocity information is difficult. For example, a reliable detection of
vortical structures (VS), i.e. spatial region, within which the blood is
at rotational (vortical) motion, is not possible. It is emphasized that
VS dynamics closely determine WSS distribution and WSS peaks
can be the direct consequence of VS impingement.

4.3 Aortic aneurysms
Because of its continuous haemodynamic adjustments (exposure to
pulsatile flow), the aorta is particularly prone to injury and disease
resulting from mechanical trauma. Typically, histologic changes
occur with age in the media. These include: cystic medial necrosis,
defined as pooling of mucoid material; elastin fragmentation, charac-
terized by disruption of elastin lamellae; fibrosis, defined as an in-
crease in collagen at the expense of smooth muscle cells; and
medionecrosis, defined as areas with apparent loss of nuclei.28

These changes show a striking correlation with age and their location
suggests that they appear as a consequence of injury and repair caused
by haemodynamic events.

The most common pathology of the aorta is the formation of an
aneurysm, morphologically defined as a progressive dilatation of a
vessel segment by more than 50% of its normal diameter. In contrast,
despite common pathology and aetiologies, dissections are due to
acute intraparietal rupture. Whereas abdominal aortic aneurysms
(AAA) mainly originate in atherosclerotic segments, the aneurysm
of the ascending aorta is not related to lipid accumulation but
rather to the degradation of the vascular wall components due to
either intrinsic defects of the cell components or to pathological
haemodynamic conditions.

Dilation of the ascending aorta preferentially occurs at the outer
curvature of the vessel, which has the maximum axial stress.29 Inter-
estingly, whereas the thoracic aortic aneurysms associated with
Marfan mutations preferentially develop in sinuses of Valsalva in
response to physiological diastolic vortices, aneurysms in response
to the altered systolic flow associated with bicuspid valves develop
in the aortic root.13

The impact of biomechanical factors on the evolution of AAA was
demonstrated by the original observations of Vollmar et al.30 In this
remarkable study, the authors reported an increased frequency of
aneurysm of the abdominal aorta in patients with above-knee ampu-
tations compared with paired controls (5.5 vs. 1.1%), and that the side
of unilateral amputation provoked an axial shifting of the infrarenal
aorta, favouring aneurysmal development.

Aortic dissection is the consequence of a tear on the luminal side of
the arterial wall. The tear is usually transverse, involves more than half

the vessel circumference, and occurs mainly at proximal sites of the
aorta (65% 1–3 cm after the origin of the coronary arteries, 10%
after the origin of the left subclavian artery) which explains why dis-
sections are rare in the abdominal aorta.31 Entry of flowing blood
through the tear separates the media in two layers. The inner layer
is composed of the intima and the portion of the media that contains
the internal elastic lamina, whereas the external layer consists of the
external elastic lamina and the adventitia. Progression of the dissec-
tion can either lead to reentry of the blood in the true lumen or com-
plete aortic wall rupture (fatal).

4.4 Intraluminal thrombus
The intraluminal thrombus (ILT) is a neo-tissue generated at the
blood/wall interface by recirculation as described above in AAA. ILT
is biologically active, with spatio-temporal dynamics, including
renewal (platelet activation, red blood cell, neutrophil and possible
bacterial trapping, fibrin formation, fibrinolysis initiation) at the
blood luminal interface and progressive degradation toward the
abluminal layer.2 Since the ILT is a highly porous biomaterial,32

radial convection, and activation of blood–borne macromolecules,
particles and cells are highly active through the ILT towards the arter-
ial wall.2 Pathogenic mediators, generated at the blood/ILT interface,
are thus radially conveyed towards the media and the adventitia in
AAA.33 In particular, active proteases and oxidative activities con-
vected from the ILT participate to the degradation of the wall, as
will be further outlined below.

VS are much more dominant in the aneurysmatic than the normal
aorta, which could have direct implications for ILT formation. Specif-
ically, strong VS provide biomechanical and biochemical conditions
that favour platelet activation, i.e. a first step of ILT formation.34

The ILT weakens35 and thinnens36 the underlying aneurysm wall.
While this clearly increases the risk for aneurysm rupture, the ILT
can carry mechanical stress,37 and hence also protects the wall
from stress.38 These two competing effects need to be carefully eval-
uated in the individual patient, which is possible with a biomechanical
rupture risk assessment.39

5. Cellular responses to
biomechanical factors

5.1 Endothelial cells
The interface between the blood and the aortic wall and valve is
represented by endothelial cells, which hence are the first to be
exposed to the shear stress generated by the blood flow. Flow
shear stress experienced by the endothelial cells is associated with
changes in gene expression patterns through positive and negative
shear stress responsive elements in their promoter regions.40 For
example, whereas laminar shear stress appears to have protective
effects in terms of increased superoxide dismutase and endothelial
nitric oxide (NO) synthase expression in cultured human endothelial
cells, oscillatory shear stress did not induce these protective genes in
the same study,41 suggesting that changes in shear stress may contrib-
ute to alterations of endothelial cell function. However, as outlined
above, the endothelium-blood flow interaction is lost once an ILT is
formed. Based on this assumption, it has been suggested that
endothelium-dependent responses to shear stress may not be
involved in AAA progression.42 Nevertheless, shear stress-induced
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platelet aggregation may contribute to ILT growth and hence play a
continued role in aneurysm progression and rupture.2

Interestingly, laminar shear stress induces differential responses in
porcine endothelial cells derived from the aortic wall compared
with those derived from the aortic valve. Whereas aortic endothelial
cells align parallel to flow, aortic valve endothelial cells align perpen-
dicular to flow.43 The latter observation was associated with differ-
ences in signalling pathways, and suggests important differences in
the endothelial response to biomechanical factors between the
aorta and the aortic valve.

As outlined above, the endothelialized aortic valve leaflets are
exposed to differential biomechanical factors on the aortic and the
ventricular side, which is also reflected in differential gene expression,
with higher levels of calcification-associated gene expression on the
aortic side, whereas inflammation-associated gene expression
appears to dominate on the ventricular side.44 For example, the
bone morphogenic protein (BMP) -4 is preferentially expressed on
the aortic side of porcine valves,44 and is down-regulated by shear
stress similar to that exerted on the valve’s ventricular side.45 In add-
ition, ex vivo exposure of the aortic side of porcine aortic valves to
non-physiologic pulsatile shear stress up-regulates ICAM-1,
VCAM-1, BMP-4, and TGF-b expressions as determined by immuno-
histochemistry, whereas the oscillatory shear stress normally encoun-
tered by this valvular surface (Figure 3C) did not alter proinflammatory
gene expression.46

In addition to mediators of inflammation and calcification, also the
release of endothelium-derived vasoactive factors may be involved in
the biomechanics of the aortic valve. For example, either endothelial
denudation or inhibition of NO synthesis increased the elastic
modulus of pocine aortic valves using biaxial micromechanical
testing, suggesting that the endothelium may be involved in the regu-
lation of valvular stiffness.47

5.2 Valvular interstitial cells
The valvular interstitial cell, which is the dominating cell type in aortic
valves, represents a highly plastic cell population with dynamic pheno-
typic features. The development of an activated myofibroblast pheno-
type in the valve interstitium appears to be a key process in aortic
valve stenosis.5,7,48 In addition, valvular interstitial cells may develop
towards an osteoblastic phenotype taking part in active heterotopic
bone formation within the valvular leaflet.48 Recently, epigenetic
alterations were implicated in valvular interstitial cell polarization. It
has been shown that calcified regions of stenotic human valves
exhibit less methylation of the 5-lipoxygenase promoter compared
with non-calcified valve tissue.49 In the latter study, treatment with
a hypomethylator in addition decreased promoter methylation and
increased 5-lipoxygenase transcription and leukotriene production,49

which may participate in the pathological processes of aortic sten-
osis.17 In addition, several genes encoding osteogenic proteins asso-
ciated with heterotopic bone formation in aortic valves5,50 are
regulated by GC-rich promoters sensitive to methylation/hypomethy-
lation. Interestingly, osteopontin gene methylation is decreased in re-
sponse to shear stress in murine bone marrow-derived progenitor
cells, associated with increased osteopontin expression.51 Although
the implications for aortic stenosis pathophysiology remain to be
established, those results provide a first suggestion of mechanically
induced osteogenic differentiation through epigenetic alterations.

It should, however, be considered that valvular interstitial cells may
be protected from shear stress by the endothelial layers. These cells

are in contrast exposed to the valve’s changes in stress and strain
during the cardiac cycle. Whereas the opening and closing of the
aortic valve imposes changes in strain on the valvular insterstitial
cells under physiologic conditions, increased valvular stiffness would
imply reduced strain, as outlined above. In this context, it is interesting
that porcine aortic valve interstitial cells decrease mRNA expression
levels of several proinflammatory genes, such as VCAM-1 and MCP-1,
in response to physiologic cyclic strain compared with static condi-
tions.52 As stated above, aortic stenosis in bicuspid valves is,
however, associated with an increased bending strain, and in this
context cyclic strain has also been associated with matrix metallopro-
teinase (MMP53,54) and osteogenic gene expression in human aortic
smooth muscle and aortic valve interstitial cells.55

Finally, also the stiffness of the valve per se may influence the valvu-
lar interstitial cell phenotype, as demonstrated by studies of cells cul-
tured on different matrices, in which substrates simulating the stiffer
fibrosa layer (see above) are associated with an activated VIC pheno-
type and calcification.56

5.3 Vascular smooth muscle cells
In the aortic wall, vascular smooth muscle cells respond to biomech-
anical factors both directly through the exposure to cyclic stretch in
response to the pulsatile pressure, and indirectly through mediators
convected through the aortic wall with the transmural interstitial
flow. In addition, under normal conditions, endothelium-derived vaso-
active factors released in response to shear stress act on the aortic
smooth muscle cells, although this interaction may be lost with the
development of the ILT in the context of AAA, as outlined above.

The two dominating smooth muscle cell driven processes in aortic
aneurysms are increased vascular smooth muscle cell apoptosis and
alterations in ECM turn over.2 The direct effects of cyclic stretching
of vascular smooth muscle cells on collagen production were
described almost 40 years ago.57 In addition, increased strain
up-regulates MMPs in vascular smooth muscle cells,58 suggesting
that local increases in mechanical strain may lead to enhanced
matrix degradation by smooth muscle cells.

6. Biomechanical factors and
cardiovascular calcification
Vascular and valvular calcification show similarities in their molecular
mechanisms in terms of the involvement of both a dystrophic calcifi-
cation and osteogenic mediators.48 The process of medial calcification
in aortic aneurysm is associated with a switch to a pro-calcifying vas-
cular smooth muscle cell phenotype.2 Likewise, in valvular calcifica-
tion, interstitial cells develop into an osteoblastic phenotype.48

However, calcification may be protective in the evolution of AAA
through the greater resistance of calcified tissue to proteolysis,2

which is in contrast to calcification as the main driver of aortic
valve stenosis.

In aortic aneurysms, calcifications are usually localized in the outer
part of the media and delimit the external side of the aneurysmal dila-
tation.2 Histological examination of aortic valves has revealed two dif-
ferent patterns of calcification, arising in the coaptation area of the
aortic cusps and/or the radially from the cusp attachment to the
centre of the valve59 (Figure 5). These areas correspond to sites
where the greatest flexion stress (and hence strain) occurs, suggesting
that these biomechanical factors may be directly involved in valve
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calcification. In support of the latter notion, porcine valves subjected
to elevated cyclic stretch in the presence of osteogenic media and
TGFb develop calcifications, which is dependent on BMP signalling
and also the degree of stretch.60 Since either cyclic stretch or osteo-
genic stimulation alone did not induce calcification,60 the latter find-
ings suggest that valvular calcification occurs through a synergy
between biomechanical factors and osteogenic/proinflammatory
signalling.

7. Convection in pathology

7.1 Convection in aneurysms
The convection of plasma enzyme precursors (zymogens and pro-
forms) through the arterial wall is enhanced in aneurysmal pathology,
due in part to the degradation of elastin. For example, plasma pro-
thrombin13 and plasminogen61 are convected and activated on
smooth muscle cell in aneurysms of the ascending aorta, participating
to the degradation of the arterial wall. In addition, the convection of
inflammatory mediators (such as leukotriene B4) derived from neutro-
phils in the luminal side of the ILT may further enhance the inflamma-
tory circuits within AAA.33

7.2 Convection in the aortic valve
The transverse pressure gradient exerted on the closed aortic valve
during diastole may allow for convection to occur also through the
valve. Since valve tissue lack the internal elastic lamina, the pressure
difference over the valvular leaflet could act as driving force for the
convection of macromolecules. In support of the latter notion, it
has been observed that intravenous injection of horseradish peroxid-
ase (HRT) in rats results in leaky spots on the aortic side of the valve
and a spread of HRT both through diffusion in parallel to the endothe-
lial layer and through convection towards the ventricular side of the
leaflets.62 In analogy to aneurysm disease, macromolecules such as
proteases may hence be convected from the aortic towards the ven-
tricular side of the leaflet. These enzymatic activities may participate in
the valvular remodelling associated with early aortic valve sclerosis,
leading to a stiffer valve. As a result, the reduced opening of the
valve may, together with an increased ejection time, increase the
axial pressure on the valve from the ventricular side, and it can be
speculated that convection may change direction as the systolic

forces towards the aorta will exceed the diastolic pressure on the
closed valve. In support of the latter notion, the example depicted
in Figure 2 has an about four to six times higher pressure gradient
across the leaflet as a result of the reduced opening.

8. Immunological activation in
response to biomechanical factors
Inflammatory cell components are consistently found in aortic2,33 and
aortic valve pathologies,5,6,17,48 but the cause–effect relationship
between the presence of inflammatory cell infiltrates and the patho-
logic condition in these structure remains a source of debate. For
example, although it is generally accepted that infiltrated leucocytes
contribute to the progression of AAA, extensive immune-histo-
morphometric studies have failed to demonstrate a direct correlation
between inflammatory cell count and the extent of either maximal an-
eurysm diameter or clinical presentation.63 Immune cells may hence
rather enter in the pathogenic process of AAA in response to struc-
tural changes (disappearance of smooth muscle cells, degradation of
ECM fibres) that are primarily driven by biomechanical factors.

Cellular infiltrates in the fragmented media/adventitia transition of
AAA consist of lymphocytes (CD20+ B- and CD3+ T-lymphocytes)
and phagocytic leucocytes (CD45+CD68+ macrophages). Interesting-
ly, these cells are typically present in areas devoid of smooth muscle
cells but are never detected in the media of healthy arteries. The cir-
cumferential distribution along the elastin sheets suggests that lymph-
oid and myeloid cell infiltrates follow the weakening of the wall due to
the disappearance of smooth muscle cells and the degradation of
ECM. Indeed, the arterial media is an immune-privileged tissue
because the survival and activation of leucocytes are actively inhibited
by healthy smooth muscle cells, largely through consumption of
tryptophan.64

An alternative explanation for the circumferential distribution of
leucocyte aggregates in AAA is the tissue pressure gradient. Leuco-
cyte extravasation takes place at sites of low intravascular pressure,
such as post-capillary venules and high endothelial venules. In the
case of the aortic wall, the pressure around the venule is increasingly
higher from the adventitia to the intima, suggesting that leucocytes,
like anadromous fishes, must migrate against the pressure gradient
to access the most luminal layers. This may explain why lymphoid
aortic infiltrates appear in packets distributed along the isopressure
lines of the arterial wall circumference, suggesting that these cells
cannot centripetally migrate beyond a given pressure level.

9. Angiogenesis in response
to biomechanical factors
Microvessels are abundant in the medial layer of histologic sections
from AAA, suggesting an active neoangiogenesis in aneurysm forma-
tion. In contrast to small-sized arteries with stenotic lesions, in
which luminal and adventitial microvessels connect at sites of an oblit-
erated medial layer,65 no direct transmural vascular connection
between inner and outer microvessels has yet been demonstrated
in AAA. Furthermore, the microvessels at opposite sides of the aneur-
ysmal aortic wall may have a different origin since they differ in both
anatomic structure and reactivity.66

The most accepted origin of the microvessels found in the outer
medial layers is an inward vascularization arising from the adventitial

Figure 5. Patterns of calcification of human aortic valve cusps,
along the coaptation area (A) and radially from the valve insertion
(B). Adapted from ref.59
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vasa vasorum. The angiogenic triggers involved in this process are
likely to be transported radially from the lumen through the media.
For example, lipid mediators generated in the intima induce medial
smooth muscle cell production of VEGF-A,67 which can radially
reach the adventitial vasa vasorum. In addition, products of elastin
degradation may act as angiogenic triggers through upregulation of
MT1-MMP leading to sprouting and tube formation of endothelial
cells68 Finally, vasa vasorum may also originate from the luminal endo-
thelium,65,66 but this has not been explored in large size arteries such
as the aorta.

Interestingly, in ruptured aneurysms, microvessels are detected also
in the central medial layers, at the rupture edges only, where their
presence could be either a trigger or a consequence of wall dissec-
tion.69 It is possible that at smaller scale when compared with
aortic dissections, luminal microtears could let some blood compo-
nents enter the vessel wall from the luminal side. The recanalization
of such micro-intramural thrombi would offer one possible explan-
ation as to the lack of pericytes in luminal microvessels, suggesting
another origin than by sprouting of pre-existing vessels. In support
of the latter notion, carotid artery ligation in mice induces CD31+

neovessels confined to the luminal organizing thrombus and not con-
nected to the outer arterial layers.70

This type of angiogenesis, possibly driven by the production of
VEFG by the monocyte macrophages that colonize the organizing
thrombus,71 is known to favour the recanalization of the intramural
thrombus and, when successful, may contribute to the re-entry of
blood flow in the true lumen in some cases of human aortic
dissection.

10. Summary and conclusion
The evolution of an organized and regulated circulatory system led to
biomechanical loads on cardiovascular tissues. The formation of aortic
valve stenosis and aortic aneurysms is a multifactorial and predomin-
antly degenerative process, resulting from a complex interplay
between haemodynamic factors and the adaptive biological processes
elicited. The latter constitute the basis for the remodelling that takes
place throughout the entire lifetime in order to maintain the integrity
and the function of tissues faced to the cyclic mechanical stress. The
stress and strain exerted on the aorta and the aortic valve induce
changes directly sensed by the structural cells, and also alter the
ECM, both contributing to structural alterations. Associated patholo-
gies, such as aortic aneurysms and aortic stenosis, may result from
either an enhanced intrinsic propensity of the arterial wall to dilate
in response to normal biomechanics (Marfan, bicuspid valve), or as
a result of pathologic biomechanical load in a given arterial
segment. Several disease-specific pathophysiological processes direct-
ly depend on biomechanical factors, such as macromolecule trans-
port, gene expression alterations, cell death pathways, calcification,
inflammation, and neoangiogenesis. In conclusion, it is important to
take into account biomechanical factors when studying the patho-
physiology of aortic wall and aortic valve diseases.
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