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Abstract—The arterial wall is characterised by a complex
microstructure that impacts the mechanical properties of
the vascular tissue. The main components consist of col-
lagen and elastin fibres, proteoglycans, Vascular Smooth
Muscle Cells (VSMCs) and ground matrix. While VSMCs
play a key role in the active mechanical response of arter-
ies, collagen and elastin determine the passive mechanics.
Several experimental methods have been designed to in-
vestigate the role of these structural proteins in determin-
ing the passive mechanics of the arterial wall. Microscopy
imaging of load-free or fixed samples provides useful in-
formation on the structure-function coupling of the vas-
cular tissue, and mechanical testing provides information
on the mechanical role of collagen and elastin networks.
However, when these techniques are used separately, they
fail to provide a full picture of the arterial micromechanics.
More recently, advances in imaging techniques have al-
lowed combining both methods, thus dynamically imaging
the sample while loaded in a pseudo-physiological way,
and overcoming the limitation of using either of the two
methods separately. The present review aims at describing
the techniques currently available to researchers for the in-
vestigation of the arterial wall micromechanics. This review
also aims to elucidate the current understanding of arterial
mechanics and identify some research gaps.

Index Terms—Arterial mechanics, arterial microstruc-
ture, arterial stiffness, collagen, elastin.

[. INTRODUCTION

ARDIOVASCULAR diseases are the leading cause of

death in the world [1]. In 2014, the total number of deaths
related to cardiovascular diseases was 778,000 in the United
States alone, representing ~30% of the total number of deaths
[2]. Similar statistical data were estimated in England and Wales
in 2013, with cardiovascular diseases being the second leading
cause of death (28%) when considering all cancers together
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(29%) [3]. These data clearly point to the urgent need in identify-
ing effective solutions to reduce the mortality of cardiovascular
pathologies such as aneurysms, hypertension, atherosclerosis,
and stroke. Most of the deaths related to cardiovascular diseases
are classified as heart pathologies (~614,000 in the USA in
2014), but arteries, determining the impedance against which the
heart pumps, play a key role in the cardiac risk factor. For this
reason, understanding arterial function and how it is impaired
with pathologies is of crucial importance to reduce mortality. It
is commonly accepted that arterial function is strictly correlated
to the arterial wall internal structure; therefore, understanding
the role of the arterial wall components and its micromechanics
has been and still is a fundamental goal for research.

A. Collagen and Elastin

Collagen and elastin are two major constituents of the arterial
wall. Indeed, they contribute to 50-75% of the total dry weight
of the arterial wall, which corresponds to 15-22% of the total
hydrated weight. [4], [5]. Moreover, they are the major passive
mechanical components of soft tissues; their molecular structure
is consequently fundamental in characterising the mechanical
behaviour of tissues.

Elastin is a protein that constitutes 90% of the elastic fibre. It
is characterised by a very slow turnover (i.e. generation of new
physiological tissues), and for this reason, the fragmentation
that takes place in the elastin network due to ageing or patholo-
gies has a dramatic chronic effect on the properties of tissues.
Alternative splicing of RNA transcript allows the secretion
of different forms of tissue function-specific tropoelastin. The
crosslinking of tropoelastin by means of enzymes leads to the
synthesis of the elastin core of the elastic fibre that also includes
proteoglycans [6]-[9]. Elastin presents a helical structure at the
microscopic levels, and this is thought to be one of the reasons
behind its elastic properties [10]. At a molecular level, plausible
mechanisms explaining elastin elasticity are entropy changes
providing elastic recoiling force as seen in the classical theory
of rubber elasticity and the highly dynamic behaviour of the
hydrophobic domain of elastin [11].

Collagen, on the other hand, defines a wide family of proteins,
characterised by repeating -Gly-X-Y- sequences and a triple
right-handed helical structure constituted by three left-handed
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helical polypeptide chains. Collagen types differ for their struc-
tures and consequently for their biological function. In the
arterial wall, three types of collagen are present: type I and
III, belonging to the fibril sub-family, and type IV, that forms
network-like structures. The degree of collagen crosslinking is
a key determinant of the mechanical properties of collagenous
tissues, and its alteration dramatically changes arterial behaviour
in pathology and ageing [7].

Collagen and elastin present significantly different mechani-
cal properties which reflect the different functions they have in
the arterial wall [12]. The modulus of elasticity of collagen is ap-
proximately 400 times greater than that of elastin: 100-130 MPa
and 200-500 kPa, respectively [4], [10], [13]. It is commonly
accepted [10], [14], [15] that, given their elastic moduli, collagen
and elastin play different mechanical roles for the arterial wall,
with elastin providing compliance, and collagen limiting the wall
stretch and preventing mechanical rupture of the tissue. While
the intrinsic mechanical properties of these structural proteins
are important in determining the wall mechanical properties,
their spatial arrangements are also crucial; indeed, both isolated
collagen and elastin fibres maximum strain is lower than that of
the arterial tissue in-vivo [14].

B. Arterial Structure

The arterial wall presents a three-layered structure: the in-
nermost layer is the intima, the middle is the media, and the
outermost is the adventitia. Each layer is characterised by dif-
ferent structural features and a different composition that is
strictly related to its function. Therefore, given that different
arteries play different roles in the cardiovascular system, the
composition, structure and relative dimension of the arterial
layers vary in different locations in the arterial tree [16]-[18].
The description provided in this paper refers to large arteries,
typically the aorta.

The intima is composed of two sublayers; the innermost one
is composed mainly of Endothelial Cells (ECs), a thin basement
membrane, a proteoglycan-rich matrix, and few collagen fibres
[19]. It constitutes the lumen and thus has the function to
directly interface with blood, but it plays a negligible role in
determining the elastic properties of the arterial wall [10]. The
outermost sublayer is composed mainly of elastin fibres and
individual Vascular Smooth Muscle Cells (VSMCs) [19]-[21].
Experimental results have proven that, at least in healthy arteries,
due to its limited thickness, the intima has a negligible effect on
arterial wall mechanics [22].

The media is highly rich in elastin and organised in concentric
structural units, namely Medial Lamellar Units (MLUSs) that
repeat through its whole thickness (Figure 1). Each MLU is
composed of an elastic lamella and an inter-lamellar space.
The elastic lamellae are composed of circumferentially oriented
elastin (71% of the total medial elastin), present small fenestra-
tions in the elastin regular sheet-like structure [19], [23], [24],
and show an undulated pattern in both the circumferential and
longitudinal direction in the unloaded condition [15], [25], [26].
Elastic lamellae develop mainly in the circumferential direction
but show branching and radial connections between adjacent
MLUs [27], [28]. Fenestrations in the elastic lamellae allow
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Fig. 1. Schematic cross-sectional representation of the arterial media.
Medial Lamellar Units (MLU) are composed by the alternation of the
sheet-like elastic lamellae and inter-lamellar spaces. The inter-lamellar
space is characterised by a complex structure of Vascular Smooth
Muscle Cells (VSMCs), collagen fibres, Elastin Struts (ES), and Inter-
lamellar Elastin Fibres (IEFs).

cell signalling between different MLUs [23]. The internal and
external elastic laminae (IEL and EEL, respectively) separate
the media from the intima and adventitia, respectively. These
elastin structures present larger fenestration than the elastic
lamellae, thus a less regular shape [24]. On the other hand,
the inter-lamellar space has a complex internal structure made
by two families of elastin fibres, VSMCs, collagen, and mu-
copolysaccharide gel. In particular, inter-lamellar elastin fibres
(IEFs) (27% of the total elastin content) form a connection
between the elastic lamellae and the VSMCs [19], [29], having a
tilt angle with respect to the circumferential direction around 19
degrees (circumferential-radial plane) and a circumferential ori-
entation in the longitudinal-circumferential plane [29]. VSMCs
are characterized by elongated elliptic nuclei sharing the same
tilt angle of IEFs and seem to interact with both collagen fibrils
and elastin lamellae [19], [29], [30]. Elastin struts (ES) (2%
of the total elastin content) form a connection between adjacent
elastin lamellae. VSMCs are surrounded by wavy collagen fibres
that represent the principal component, in terms of volumetric
fraction, of the inter-lamellar space [19], [28], [31]. Taking the
circumferential direction as (0°) and the longitudinal as (90°),
collagen orientation changes through the thickness of the media
with an almost completely circumferential direction in the inner
media and a ~10° orientation in the outer media [32]. Also,
elastin orientation changes through the media thickness, being
circumferential in the central portion and assuming a more
longitudinal orientation near IEL and especially the EEL [20],
[33].

The adventitia is the outermost layer of the arterial wall, is
relatively acellular and mainly constituted by collagen [34]. The
internal part of adventitia (30-40% of its thickness) has a layered
structure and is characterised by a similar volume fraction of col-
lagen and elastin (~30%). The outer part of the adventitia has a
higher content of collagen (~35%) and a lower content of elastin
(~20%). Adventitial collagen is organised in crimped bundles
of fibres in the unloaded artery, and its waviness is frequently
quantified as the ratio between the fibre endpoint distance and
the fibre length (approx. 0.8 in the unloaded configuration)
[34]. The orientation of fibres in the arterial adventitia has
been investigated using different microscopy techniques, such as
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polarised light microscopy [35], [36], Diffusion Tensor Imaging
(DTI) [37], [38], and Confocal Laser Scanning Microscopy
[34], [39], [40]. However, the wavy structure of collagen fibres
complicates the angle estimation. A wider angular distribution
of collagen fibres was reported in the adventitia compared to the
media. In fact, both longitudinally (0°), circumferentially (90°),
and diagonally (335-45) running collagen fibres have been
detected in animal models [34], [38]-[41] and in human models
[42]. In the inner adventitia, each layer is characterised by a
single preferential orientation of collagen fibres, while elastin
is organised in two families of fibres: the first sharing the same
orientation as collagen fibres, and a second principal orientation.
Therefore, elastin present a broader orientation spectrum than
collagen [40], [43]. A change in the directionality of collagen
fibres through the thickness of the adventitia has been identified
by several authors; circumferential-diagonal in the inner portion,
and longitudinal with a higher spread in the angular distribution
towards the outer part of the artery [32], [41].

C. The Role of Collagen and Elastin in
Arterial Wall Mechanics

The mechanical behaviour of arteries is generally classified
into passive and active response. Passive response refers to arte-
rial components whose behaviour cannot be modulated (i.e. the
extracellular matrix constituted mainly of proteins). Conversely,
active mechanics refers to the behaviour conferred to the arterial
wall by active components (i.e. VSMCs) that affect the vascular
tone through their activation. It is commonly accepted that
collagen and elastin are the major determinants of the passive
mechanical behaviour of arteries [4], [10], [14]. In fact, they
constitute a large portion of the dry weight of arteries, and other
wall components, such as VSMCs, have negligible values of
passive stiffness compared to those of collagen and elastin [4],
[10], [15]. However, the contraction of VSMCs can significantly
alter the stress distribution across the wall and, therefore, the
distribution of stresses between collagen and elastin, so that, in-
vivo, passive and active responses are strongly interrelated [44].
Nevertheless, understanding the role of collagen and elastin on
the passive mechanical properties of the arterial wall is of great
interest as it provides a solid basis for studying more complex
active mechanisms characterising the arterial wall in-vivo.

In a review on arterial mechanics describing the different
roles that elastin and collagen play in arterial function, Burton
[10] states “elastic fibres, with their great range of extensibility
before elastic limit is reached, have the function of producing
maintenance against the normal blood pressure fluctuation. The
collagenous fibres, because of the architecture of the wall, are
stretched only at higher than normal pressures and have a protec-
tive supporting role”. This view is commonly accepted by other
researchers [15]. The aim of this review is to identify the more
relevant techniques reported in the literature to investigate the
role of these structural proteins in the mechanical behaviour of
arteries and the state of the knowledge on this scope. As already
stated, the alteration of the arterial microstructure is essential
to understand cardiovascular pathologies and consequent alter-
ation of arterial function and mechanics. Several researchers
have defined the pathologic remodelling process that happens in

the arterial wall as an attempt to maintain homeostasis in terms
of wall stress [45]-[48]. Since collagen and elastin are the main
structural constituent of arteries, they play a crucial role in stress
distribution through the wall thickness, and the remodelling
process inevitably alters their organisation and content in the
arterial wall. For this reason, it is crucial to identify solid methods
to study the structure-related arterial mechanics.

[I. ARTERIAL WALL MECHANICS

The arterial wall has been defined as “an incompressible
nonlinearly elastic orthotropic material subjected to finite de-
formation” [49]. The first major implication of this definition is
that stresses and strains must be defined with reference to the
stress-free state [49]. Until 1983 the stress-free configuration had
been identified as the no-load case; the configuration in which
both the internal pressure and the axial stretch are released.
In 1983, two different studies introduced new concepts on the
behaviour of the arterial wall [50], [51]; the authors observed
that, when cut radially, an arterial ring opens and assumes
the shape of a circular arch. The cut-open configuration was
identified as the stress-free configuration. This finding implies
that the arterial wall in the unloaded configuration (zero internal
pressure and no axial stretch) present residual strains and stresses
due to the deformation, or closing, of the open circular arch
in the arterial ring [52]. Several studies have proven that the
physiological residual stresses are crucial in guaranteeing an
almost uniform distribution of stress through the thickness of the
arterial wall [52]-[54]. Blood pressure generates circumferential
tensile stress that has its maximum at the inner radius and de-
creases monotonically towards the external radius. Oppositely,
residual stresses are compressive in the inner portion of the
arterial wall and tensile on the external one, compensating the
stress gradient and guaranteeing a homogeneous distribution of
stresses [45]-[48], [54].

The cut-open configuration is quantitatively described
through the opening angle (OA), which is the angle between the
two ends with reference to Greenwald [49]. The angle is defined
by the extremes of the radially cut vessel ring and the middle
point of the circular arch. While more recent experimental
results have shown that residual stresses are still present in the
cut-open configuration [49], [55], results in the porcine aorta
showed that a multi-layered free-stress state definition does not
introduce a significant change in the stress and strain estima-
tion [56]. Recently, Holzapfel ef al. [57] developed a complete
layer-specific mathematical description of the residual stresses
in arteries where not only the circumferential residual stresses
but also the axial and radial ones were considered. Empirical
results show the bending of the media in the axial direction,
and constitutive modelling has demonstrated that this residual
deformation furtherly homogenises the distribution of stresses
in the arterial media [58].

The arterial wall can be considered as orthotropic because
most arteries are subjected to negligible torsion in-vivo, thus
expected to present very low values of shear strains. An ex-
ception can be found in the ascending aorta that, due to its
proximity to the left ventricle, is subjected to higher and cycli-
cal longitudinal stretches and twist along the vessel main axis
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Fig. 2. The non-linear stress-strain relationship of the swine ascending

(red lines as shown online; grey lines as shown in print) and thoracic
aorta (black lines). Continuous and dashed lines indicate arterial strips
tested in the circumferential and axial direction, respectively. At low
levels of strain, the relationship is almost linear and elastin bears the
entire load. At strain values of 0.40 and 0.25-0.30 for ascending and
thoracic aorta, respectively, the stiffening process related to collagen
recruiting starts. The last portion of the graph is dominated by the elastic
behaviour of stiff collagen fibres. Moreover, the stress-strain relationship
in the thoracic aorta (black lines) shows a stiffer response than in the
ascending aorta (grey lines), thus showing the progressing increase in
arteria stiffness moving from the heart to the periphery.

[59]. All relevant strains are oriented along the three axes of a
cylindrical reference system centred on the vessel longitudinal
axis [14]. Defining biological soft tissues as an elastic material
is in principle incorrect; in fact, these tissues show softening
when a cyclic load is applied, rate-dependent behaviour, and an
area of hysteresis between the loading and unloading curves in
the stress-strain relationship; a response that is so typical of a
viscoelastic material. However, it has been observed that after a
finite number of cycles, called preconditioning, the stress-strain
relationships becomes repeatable, thus showing what has been
defined as a pseudoelastic behaviour; meaning that two different
elastic relationships can be identified through the loading and
unloading curves [60]-[64]. Because the arterial wall experi-
ences the highest stresses during systole of the cardiac cycle,
the majority of studies concentrate on the loading curve after
appropriate preconditioning.

The non-linear elastic relationship of the arterial wall (Fig-
ure 2) has been repeatedly demonstrated and is commonly
accepted [4], [10], [26], [65]. The stress-strain relationship can
be described as formed by two distinct portions connected by a
transition region. At the onset of cardiac ejection in-vivo, or be-
ginning applying load in-vitro, large strain variations are caused
by small variations of stress, and that is why this first region of
the stress-strain relationship persuasively indicates a low level
of stiffness. At high levels of stress, instead, large changes in
the stress level produce small strain variations, thus the artery
exhibit high levels of stiffness. In the central transition region, a
gradual stiffening is observed that graphically translates into an
elbow in the stress-strain curve. A similar trend can be observed
in the pressure-diameter curve. Since pressure and diameter are

more evidently related to the vascular physiology than stresses
and strains, often P-D graphs are preferred over stress-strain
ones. Consequently, a set of indexes of the wall elasticity, such
as distensibility (Ds = AV/[V AP]) and compliance (Cs =
AV/AP), has been defined as a function of pressure and diameter
[26], [66], [67] (where V is volume and P is pressure).

Arterial anisotropicity has been shown in a number of exper-
imental works; in the physiological range of pressure, arteries
show a higher stiffness in the circumferential direction than in the
longitudinal one due to preferential fibres orientation (Figure 2)
[64], [68], [69]. Also, the stress-strain curves show a higher
dispersion in the longitudinal direction, indicating more vari-
able mechanical properties. Since there is a strong relationship
between structure and function in arteries, mechanical properties
change significantly between different positions in the arterial
tree; in general, a stiffening can be observed moving from prox-
imal to distant regions [55], [70]. Moreover, considering a given
location in the arterial tree, arterial mechanical properties, as
well as geometrical features, change in different circumferential
positions. For example, the posterior region of the pig aorta is
the thinnest and stiffest, while the anterior is the thickest, but
most compliant. These differences do not translate in different
behaviour into terms of the pressure-diameter relationship since
the stiffest region is also the thinnest, and vice-versa [71].

[ll. INVESTIGATING THE ROLE OF COLLAGEN AND ELASTIN IN
THE MECHANICAL RESPONSE OF ARTERIES

Collagen and elastin, being the main microstructural compo-
nents of the arterial wall, are the main determinants of the passive
mechanical behaviour of arteries. Several studies have tried to
identify the role of these proteins on the mechanical response of
vessels. The authors have identified four major methodologies
used to achieve this goal: 1) microscopy 2) mechanical testing, 3)
dynamic microscopy, and 4) mechanical testing and structure-
based constitutive model formulation of the arterial wall me-
chanics. In the first case, arteries are fixed at different levels of
transmural pressure and wall architecture is observed through
microscopy techniques to obtain insight on the role of elastin
and collagen on the wall mechanics. Mechanical testing, coupled
with selective enzymatic digestion or wall composition analysis,
represents a valid alternative to determine the contribution of
collagen and elastin to the mechanical response of arteries.
The third case represents a direct evolution of the first two,
where mechanical testing and “live” microscopy are combined
to obtain an almost continuous relation between mechanical be-
haviour and wall structure. Finally, structure-based constitutive
models allow investigating the changes in model parameters
between physiological and pathological conditions. Since these
parameters are structurally motivated, their changes may provide
valuable information on the alteration of the structural elements
that they describe.

A. Microscopy

Microscopy, together with pure mechanical testing, is one
of the oldest methods to correlate arterial mechanics to arterial



260

IEEE REVIEWS IN BIOMEDICAL ENGINEERING, VOL. 14, 2021

microstructure and can consist in the simple microscopic ob-
servation of the unstretched arterial wall or fixed at different
transmural pressures. The structural changes that are observed
at different steps of loading can then be correlated to the previ-
ously described mechanical behaviour of arteries. The range of
microscopy techniques that have been used in this filed is quite
wide: light microscopy [15], [35], [65], electron microscopy
[15], [24], X-ray diffraction [71], Small Angle Light Scattering
(SALS) [72], Optical Polarisation Tractography (OPT) [21],
Confocal Laser Scanning Microscopy (CLSM) [34], [73], Scan-
ning Acoustic Microscopy (SAM) [74], and Atomic Force Mi-
croscopy (AFM) [75]. In 1964, Wolinsky and Glagov performed
apioneering study on the structural reasons behind the static me-
chanical properties of the aortic media using light and electron
microscopy. The abdominal aorta of New Zealand white rabbits
was excised, cannulated in an in-vitro experimental set-up, and
fixed at different levels of luminal pressure or axial stretch. It
was observed that elastic lamellae present a wavy structure in
both longitudinal and circumferential direction at 0 mmHg and
no longitudinal stretch, as also confirmed in other studies [25],
[73]. Lamellar waviness decreased in the direction of the applied
stretch, while it remained unchanged in the other direction.
Lamellar straightening was also accompanied by a decrease
in inter-lamellar thickness. In the circumferential direction, the
elastic lamellae showed straightening between 0 and 80-100
mmHg, while an almost constant structural organisation was
observed in the range 100-200 mmHg. The inter-lamellar elastin
fibrils network showed a low level of alignment at 0 mmHg.
Increasing the intraluminal pressure, the degree of alignment
increased, reaching a plateau at 80-100 mmHg. On the other
hand, collagen fibres were present in the form of bundles with
no consistent arrangement for pressures below 80 mmHg. When
the pressure was raised to 100-150 mmHg, collagen showed a
circumferential orientation, and it was organised in separated fi-
bres uniformly distributed. Similar results were found by Sokolis
et al. [65] when performing histology on arteries that were fixed
at increasing levels of axial stretch. These results prove that
the straightening and alignment process of elastin and collagen
in the media takes place in two different ranges of pressure,
namely from 0 to 80-100 mmHg and from 100 to 150 mmHg
for elastin and collagen, respectively. This explains the biphasic
stress-strain or pressure-diameter curves of arteries with elastin
responsible for the first highly compliant portion of the curve
and collagen causing the gradual stiffening at high levels of
pressure. These findings confirm the widely accepted theory that
elastin is the major mechanical component of the arterial wall at
physiological pressures, while collagen protects the wall in case
of high non-physiological level of pressure.

Light microscopy, coupled with fractal analysis, has also
been used to study the effect of ageing and fatigue on the artic
medial elastin network of different animal species. It was shown
that elastin is subjected to fatiguing and network alignment
decreased with the number of heartbeats, thus affecting the stress
distribution in the arterial wall and load-bearing of elastin and
collagen [9].

Other microscopy techniques, such as X-ray diffraction,
SALS, polarised light microscopy and, OPT, do not allow the

direct visualisation of protein arrangement in the arterial wall but
provide information on their orientation. A second major limi-
tation of these methods consists in the incapability of discerning
between collagen and elastin fibres, thus providing global in-
formation on fibres orientation in the wall. In an experimental
study on the bovine carotid artery, Bigi et al. [71] fixed arterial
rings at different levels of circumferential stretch and analysed
fibres orientation via X-ray diffraction. An alignment towards
the direction of the load was observed. Similar results were
obtained using SALS; fibres present a preferential circumfer-
ential orientation in the media, while the adventitia also shows
a second longitudinally oriented family. Increasing the level of
circumferential stretch a higher level of alignment was found in
the media, but it was not present in the adventitia [72]. Timmins
et al. [20] used Multi-photon Microscopy to study the effect
of biaxial mechanical testing on collagen and elastin orienta-
tion and alignment in a specific cross-over region of the inner
media where fibres shifts from the axial to the circumferential
direction when moving radially from the intima deep into the
media. Interestingly, fibres alignment increased only when axial
loading was applied. On the contrary, circumferential stretching
produced a decrease in fibres alignment, possibly suggesting the
reorientation of non-circumferentially oriented fibres towards
the load direction. Canham et al. [35] analysed fibres orientation
in human coronary arteries fixed at 120 mmHg using polarised
light microscopy. While in the coronary media, the orientation
information is mainly related to VSMCs, in the adventitia, it
refers mainly to collagen. The authors reported a preferential
circumferential direction of fibres in the adventitia but with a
significant degree of dispersion towards the longitudinal direc-
tion. Moreover, the dispersion is also observed in the radial
direction, and according to Canham et al. [35], this could be
justified by a certain degree of fibre waviness. This observation
gives a structural justification to the anisotropic behaviour of the
arterial wall, which is stiffer in the circumferential direction, and
prove that the stiffening phenomenon that is observed is due to
structural protein unfolding and alignment in the load direction.
Moreover, these findings seem to demonstrate that the media
is the major determinant of the shape of the pressure-diameter
curve of the arterial wall since no change in the alignment was
shown in the adventitia by Gaul et al. [72] and collagen waviness
was observed by Canham et al. at 120 mmHg. Given the fact
that the adventitia is mainly collagenous while the media has a
high elastin content, the theory on the different role of collagen
and elastin in the arterial mechanics described by Burton [10] is
furtherly confirmed.

SAM and AFM reside on the borderline between microscopy
and mechanical testing, since providing both topological and
mechanical information on the scanned substrate. SAM is a par-
ticular microscopy technique that exploits ultrahigh frequency
acoustic waves to investigate the microscopic mechanical fea-
tures of a specimen. Indeed, the topographical information is
obtained by the wave speed that is dependent on the tissue stiff-
ness. The sound frequency determines both the spatial resolution
and the penetration depth of the stiffness mapping: the higher
the frequency, the higher the spatial resolution and the lower
the penetration depth. Graham et al. [74] studied the effect
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of ageing on the mechanical properties of the ovine ascending
aorta at a microstructural level using SAM. It was shown that
the wave speed (stiffness) increased in old animals. Moreover,
the stiffness mapping allowed localising medial structures such
as elastic lamellae and VSMCs rich interlamellar region. The
age-related stiffening was proven to be related to an increase in
the collagen content in the inter-lamellar space. Again, collagen
is proven to provide high stiffness to the arterial wall, and
alteration in its physiological concentration in the media alter the
mechanical behaviour of arteries significantly [74], [76]-[78].

AFM exploits the motion of a cantilever over the surface of
the sample to derive information on topological and mechanical
features at the nanoscale level [79]. A study on the internal
mammary artery showed a significant correlation between high
and low levels of regional Pulse Wave Velocity (PWV) and the
stiffness, thickness, and D-period of adventitial collagen fibres
[75].

B. Mechanical Testing

One of the simplest methods to investigate the role of collagen
and elastin in the passive mechanical response of the arterial
wall consists of comparing the stress-strain curves with the
wall composition. Cox performed a series of studies to find a
correlation between the mechanical properties of arteries and
their collagen to elastin ratio [4], [80]-[82]. Interestingly, the
collagen to elastin ratio was shown to be a good predictor of the
mechanical response of arteries at a given location in the arterial
tree (ageing and hypertension), but it was not when comparing
different arterial sites. This means that the relative quantities
of collagen and elastin are not sufficient to describe the arterial
mechanical properties, and microstructural organisation, distri-
bution through the wall thickness and different compositions of
structural proteins are crucial for arterial mechanics. Further,
using simple models of arterial mechanics where elastin and
collagen act as springs in parallel, Cox provided a first estimation
of the load-bearing percent of collagen fibres with increasing
luminal pressure, and mathematically described the gradual dis-
entanglement of collagen fibres with increasing circumferential
strain [4]. Approaching the issue from a different perspective,
Berry et al. [83] estimated the pressure-radius relationships
the rat aorta would have if it was constituted only of elastin,
exhibiting a constant elastic modulus independently of pressure.
Comparing experimental results and modelled relationships,
they showed that below 75 mmHg the pressure response of the
artery is due to elastin alone.

As indicated above, when dealing with soft tissues, the defi-
nition of the stress-free configuration is of crucial importance.
The unloaded arterial rings present residual strains that guaran-
tee more uniform distribution of stresses in the physiological
loading condition. The structural proteins that constitute the
arterial wall and their geometrical arrangement are responsible
for the existing of residual stresses and strains in the arterial
wall, and, for this reason, their role has been investigated.
Ageing and pathologies may alter proteins concentration and
their structural organisation, thus producing an alteration of the
stress distribution through the wall thickness that may result

fatal in the case of aortic aneurysms. Vassoughi et al. [84] were
the first to notice that a single radial cut was not sufficient to
reveal the stress-free configuration of arteries, as performing a
further circumferential cut produced two layers with different
OAs, thus indicating that residual stresses are still present in the
cut-open configuration. Greenwald et al. [49] further studied
the distribution of residual stresses across the thickness of the
arterial wall and found that exterior machining of the bovine
carotid produced an increase in the opening angle. In contrast,
interior machining removed elastic layers form the inner portion
of the wall, thus decreasing the opening angle. Moreover, the
effect of elastase treatment, collagenase treatment and VSMCs
removal on the opening angle of the rat aorta was investigated:
only elastase produced a significant reduction in the opening
angle. This result was additionally confirmed by Fonck et al.
[26]. The similarities between the effect of elastase treatment
and interior machining led the authors to the conclusion that
the latter caused a gradual removal of medial layers, which
are rich in elastin, thus producing a similar effect to direct
elastin fragmentation. Moreover, collagen has been described
as wavy and relaxed in the unloaded configuration, so the inde-
pendence of the opening angle from the collagenase treatment
is structurally well motivated. Pefia e al. [55] further clarified
the distribution of the residual stresses through the thickness
of the arterial wall. Arterial layers were physically separated
to assess the layer-specific OAs. A higher OA was identified
for the intima in both proximal and distal porcine aortic rings.
Furthermore, Shahid ez al. [85] studied the effect of the releasing
of the residual stresses on the alignment of fibres in the media.
In the intact vessel, a decrease in the alignment of fibres was
observed with increasing radius. On the other hand, such a trend
was not observed in cut open samples. A higher degree of fibres
alignment in the inner media has been reported by several authors
already cited in the previous paragraphs. When the sample is cut
open, the residual stresses are released, thus is reasonable that a
lower level of alignment is found through the whole wall.

As for the opening angle, several works have exploited col-
lagenase and elastase treatment to study the contribution of
collagen and elastin networks to the mechanical behaviour of
the arterial wall. The efficacy and selectivity of these enzymatic
treatments have also been proven [26], [64]. Clearly, the first
attempt of these works is to understand the role of collagen
and elastin in the non-linear stress-strain or pressure-diameter
relationship of the arterial wall. In 1957, Roach and Burton were
the first to use the selective digestion of elastin and collagen
to explain the non-linear mechanical behaviour of the human
iliac artery undergoing circumferential uniaxial testing, showing
elastin determines the stress-strain behaviour at low pressure
while collagen becomes dominant at high pressures [86]. In
1983, Dobrin et al. [87] conducted a similar study perform-
ing biaxial mechanical testing of the dog carotid artery and
showed that elastase caused a change in the stress-diameter
curve over the whole range of diameters, while collagenase
caused a difference with respect to the untreated samples only
for pressure levels above 60 mmHg. These results have been
confirmed in several other papers [26], [64], [88] and suggest
that at low pressure the load is borne entirely by elastin, while
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collagen contributes to arterial mechanics only at high levels
of arterial pressure. Similar results have been obtained when
collagen was removed with autoclave treatment, and differences
in elastin tissue stiffness were identified between aortic proximal
and distal sites, with the latter being stiffer. Moreover, at high
levels of pressure collagen becomes the major determinant of
the stress-strain relationship, even though the percentage of
load-bearing remains significantly lower with respect to elastin
in the physiological range of pressure [§9]. However, it is worth
noting that, given the complex structural organisation of the
arterial wall and the interaction between structural proteins and
VSMCs, the removal of one component of the arterial wall
affects the structural arrangements of the others, so that, for
example, the behaviour of collagen in the intact wall and in the
elastase treated wall might differ [90].

Relevant findings are also related to the anisotropicity of
untreated and treated tissues. Elastase treated samples maintain
the anisotropic mechanical behaviour of untreated arteries, while
collagenase treated samples show an almost isotropic behaviour
[64], [91]. These results suggest that the elastin network has
an almost isotropic behaviour, while collagen is responsible for
the anisotropic behaviour of the arterial wall. On the contrary,
the biaxial experiment performed by Dobrin ef al. [87] showed
that the removal of elastin produced a constant decrease of
60% in the axial level of stress independently on the axial and
circumferential level of load. On the other hand, the decrease
of the circumferential stress level was dependent on both the
increasing longitudinal and circumferential load levels. These
findings seem to suggest an anisotropic behaviour of the elastin
network, but Wolinksy et al. [15] showed that elastic lamellae
are completely straight in the axial direction at the physiological
level of longitudinal stretch (used in the biaxial test of Dobrin)
and that complete straightening in the circumferential direction
is reached only at 80 mmHg. For this reason, the stiffening of
elastin in the circumferential direction reported by Dobrin et
al. can be explained even assuming an isotropic behaviour for
elastin as reported in different studies. The removal of collagen,
instead, had no significant effect on the longitudinal level of
stress, while it had a significant effect on the circumferential
stress at high levels of pressure. According to this result, collagen
does not respond to axial loading. On the contrary, Gundiah et al.
[91] showed that collagen plays a role also in the axial direction.
The mainly circumferential orientation of collagen fibres in the
arterial wall seems to explain the results of Dobrin ef al. [87].
However, microscopy images have proven the existence of lon-
gitudinally directed collagen fibres, especially in the adventitia,
that may affect the wall mechanics in the longitudinal direction,
as reported by Gundiah et al. [91]. Additional work has proved
that elastin supports almost the entire compressive load also in
the radial direction [92].

Similar results have been found using a different solution
that consists in physically separate the three arterial layers and
test them under uniaxial or biaxial stretch. A higher level of
anisotropicity was detected in the media with respect to the
intima and adventitia (Figure 3), especially in the proximal
region of the porcine aorta. Moreover, all the layers showed
a pronounced non-linearity, even though the stiffening in the

media was more gradual than in the other two layers, and
the level of stiffness was lower [22], [55]. While the higher
linearity detected in the media is coherent with the high content
of elastin in this layer, the high anisotropicity found in the
media is structurally justified by the higher level of alignment of
collagen fibres in this layer compared to the adventitia. Indeed,
the stress-strain relationships of the media in the work of Pefa et
al. showed higher linearity in the longitudinal direction, along
which few collagen fibres are aligned, than in the circumfer-
ential one. Interestingly, Butcher [21] reported also an increase
in arterial stiffness with ageing, and it is commonly accepted
that ageing is associated with fragmentation of elastin, increase
of collagen crosslinking and content [7], [8], [74], [93]-[96].
Other studied have reported an increase in arterial stiffness and
anisotropy with increasing age [94], [97], [98]. As expected,
elastase treatment and ageing produce similar changes in the
mechanical behaviour of the arterial wall since in both cases
a more collagenous tissue is obtained. However, it is worth
noting that the mechanisms behind the two processes differ sig-
nificantly; while collagen concentration increases with ageing
due to collagen synthesis, elastase produced only an increase
in collagen relative quantity due to the removal of elastin.
As mentioned above, removing elastin might also affect the
structural organisation of other components of the extracellular
matrix.

Finally, Weisbecker et al. [64] focused their study on the
role of collagen and elastin on the viscoelastic behaviour of
the arterial wall and observed that elastase treated samples
showed softening with increasing number of load cycles, while
collagenase treated samples did not exhibit any softening. These
results suggest that elastin fibres show an almost perfect elastic
behaviour independently on the presence of collagen fibres. In
contrast, the collagen network seems to be dependent on the
presence of elastin to maintain its microstructural organisation.
Elastin and collagen networks are usually considered as acting
in parallel [41], [99]-[101], but these findings indicate a more
complex interaction between the two structural proteins. In
agreement, residual deformations have been found in creep ex-
periments on elastase treated samples, while load caused plastic
deformation in untreated arteries and collagenase treated arteries
did not differ significantly [102].

C. Dynamic Microscopy

From a structural point of view, arteries have been defined as
a composite material consisting of fibres, elastin, and collagen,
embedded in a compliant and viscoelastic matrix, made of
ground substance and cells. As already stated, the matrix role
in arterial mechanics is negligible with respect to collagen and
elastin fibres. Therefore, to determine the properties of the com-
posite material, it is sufficient to know the mechanical properties
of the fibres, their spatial orientation, and concentration. The
coupling of “live” microscopy and mechanical testing of the ar-
terial wall allows studying the effect of changes in spatial orien-
tation and concentration of Extracellular Matrix (ECM) proteins
on arterial wall mechanics. The main evolution with respect to
simple microscopy consists in the fact that mechanical testing
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Stress-strain relationships of the intact wall (3A), intima (3B), media (3C) and adventitia (3D) of a swine thoracic aorta subjected to uniaxial

testing. Medial strips exhibit gradual stiffening with increasing strain level and marked anisotropic behaviour (3C). On the other hand, the highly
collagenous adventitial tissue shows a clear non-linear and isotropic mechanical behaviour (3D). The mechanical behaviour of the intact wall
combines the properties of the medial and adventitial layers: at low strain level and in the physiological pressure range (0.07—-0.09 MPa), the arterial
wall is stiffer in the circumferential than axial direction, reflecting the behaviour of the media. At high strain levels, the arterial wall is more isotropic
due to the recruitment of collagen fibres in the adventitia. Due to the different composition and microstructure of the three arterial layers, mechanical
testing of isolated arterial layers allows identifying the role collagen and elastin play in arterial mechanics.

and imaging are performed simultaneously, and the microscopy
techniques are non-destructive. Therefore, an almost continuous
structural-mechanical information can be obtained on the same
artery with increasing load level. Multi-Photon Microscopy
(MPM) is the most widely adopted microscopy technique to
perform this type of study. This technique exploits non-linear
imaging to visualise elastin (Two-Photon Fluorescence-TPF)
and collagen fibres (Second Harmonic Generation-SHG) up
to 200 pum deep in the arterial wall without the necessity of
tissue staining. MPM can be combined with mechanical test-
ing of different level of complexity. Uniaxial or ring tests are
quite simple to perform but have a poor mimicking power of
the in-vivo loading condition and fibres spatial arrangement is
affected. Planar biaxial tensile devices are closer to the phys-
iological loading condition, but the flattening of the arterial
sample and the consequently introduced initial strains are still
non-physiological. In inflation tests, the degree of complexity
is furtherly increased, especially when a longitudinal stretch
is applied simultaneously, but they are more physiologically
motivated [103]. Moreover, the amount of tissue that has to be

used in the last case is higher, and this may result in a problem
when human arteries are tested.

Applying a uniaxial load in different directions on rabbit
carotid artery strips, Krasny ez al. [31] identified different levels
of wall stiffness when circumferential, longitudinal and diagonal
loads were applied, as well as different behaviours of collagen
and elastin in both media and adventitia. More specifically, the
highest stiffness was reported for the circumferential direction,
while the most compliant was the longitudinal one. All the stress-
strain relationships showed high non-linearity, independently
on the direction of load. The first highly compliant part of the
stress-strain curve observed in all the directions was structurally
explained, as expected, by the increase in alignment in medial
elastin observed independently of the loading direction. More-
over, a certain degree of realignment and uncrimping of collagen
fibres in the media or adventitia was observed in all the investi-
gated directions of application of the uniaxial load, justifying the
stiffening that happens at high stretches for all the samples. MPM
images showed a circumferentially oriented wavy collagen in the
media, while a highly crimped longitudinally oriented collagen
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Fig. 4. Schematic representation of a typical set-up for dynamic mi-
croscopy under biaxial testing. The arterial wall sample is mounted
on a device for tensile testing of relatively small dimensions in order
to allow its positioning under a microscope lens. The sample is then
stretched eccentrically in both the x and y direction so that the region
of interest remains in a fixed position with respect to the lens. The force
F, and F2 can be controlled independently so that both equbiaxial and
non-equibiaxial test can be performed.

was observed in the adventitia. A possible explanation for the
different timing of the stiffening phase can be found in the
different levels of waviness in the different arterial layers. Me-
dial circumferentially oriented collagen fibres may be recruited
sooner than adventitial longitudinally oriented collagen due to its
lower degree of waviness. However, it is crucial to consider that
the flattening of the arterial sample introduces tensile strains in
the inner part of the artery, while compressive strains are caused
in the external one. This may introduce artefacts in the crimping
level of collagen in the media and adventitia. An alternative
explanation for the anisotropic behaviour can be that adventitial
collagen realigns along the loading direction in all the loading
configurations. On the other hand, a longitudinal load increased
the crimping of the medial collagen, while circumferential and
diagonal ones induced uncrimping. Therefore, medial collagen
seems to be ineffective in the longitudinal direction, justifying
the lower arterial stiffness in this direction.

Chow et al. [88] performed equibiaxial and non-equibiaxial
tensile tests on squared porcine thoracic aorta samples, coupled
with simultaneous CLSM imaging. With equibiaxial strain, ad-
ventitial collagen showed a realignment from the circumferential
direction towards the longitudinal one with increasing strain,
while medial collagen aligned in the circumferential direction.
In the case of a higher load in the circumferential direction,
circumferential realignment was also observed in the adventitia.
No significant change was observed in medial elastin in both
cases. Also in this case, the straightening process of collagen
in the adventitia was observed at higher strains than in the
media, confirming that this difference might play a role in the
anisotropic response of arteries. Again, the flattening of the
sample might introduce artefacts in collagen waviness. Figure 4
shows a schematic representation of a typical biaxial load dy-
namic microscopy experiment.

Two works have been identified in which the arterial segment
was subjected to pressurisation only (i.e. without axial stretch)
[104], [105]. Sugita et al. [105] reported a higher level of
crimping of collagen with respect to elastin in the mouse and
rabbit media, in agreement with the subsequent recruitment
of elastin and collagen at low and high pressure, respectively.
Two families of circumferentially oriented collagen fibres where
identified and they were associated with VSMCs and elastic
lamellae, respectively. Elastic lamellae associated with collagen
fibres showed a delayed uncrimping starting at 80-100 mmHg
with respect to VSMC:s related fibres (40 mmHg). These results
point out that some collagen fibres seem to be recruited even
at very low-pressure values, while those fibres running tangen-
tially to elastic lamellae in the circumferential direction start
the uncrimping process at physiological pressures and continue
to straighten at supra-physiological pressures. Cavinato et al.
performed membrane inflation test on porcine and human aortic
samples to observe collagen alteration in the adventitia [42].
While fibres preferential diagonal orientation was unchanged,
the orientation spectrum showed an increase in alignment at
high levels of pressure. Moreover, collagen was shown to be
still partially crimped at physiological levels of systolic pressure,
and complete straightening was reached at 200 mmHg. While
the physiological meaning of this experiment is controversial,
it showed that adventitial collagen bears a minor portion of the
load in all the physiological range of pressures.

Tension-inflation tests are the most suitable option to sim-
ulate the in-vivo arterial condition but require a higher level
of complexity of the experimental procedure. Moreover, the
limited penetration power of MPM (100-200 pum in the arterial
tissue) limits the investigation to the adventitial structure only
since the microscope lens can approach the sample only on
the adventitial side. Chen et al. [40], [43] studied load-induced
microstructural changes in the porcine coronary. It was showed
that with increasing pressure (0-140 mmHg) collagen fibres
tend to realign from a diagonal (approx. 60° with respect to the
circumferential direction) direction towards the circumferential
direction (approx. 40°), thus giving a possible explanation to the
anisotropic behaviour of arteries. Adventitial elastin showed an
even higher realignment towards the circumferential direction.
Moreover, at the physiological stretch of 1.5 and 1.3 for the
circumferential and longitudinal directions respectively most
of the adventitial collagen fibres were still crimped, suggesting
that the portion of load borne by collagen is still limited. Good
correspondence was also found between collagen straightening
at A, = 1.5 and Ay = 1.8, and the stiffening in the longitudinal
and circumferential stress-strain relationship. Similar results on
the collagen orientation were obtained in other works on the
rabbit carotid artery [39], [106]. Schriefl e al. [107] introduced
a technique for the optical clearing of soft biological tissues
to allow for the imaging of whole organs independently on
their thickness. While overcoming the limitation of the low
penetration power of MPM, this technique presents the major
drawback of requiring the fixation of the tissue, so that dynamic
imaging cannot be performed, and the tissue can only be im-
aged at the circumferential and axial stretch imposed during
fixation.
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comparison between experimental and fitted stress-strain relationship in the circumferential and axial direction. Due to the stiffer behaviour in the
circumferential direction, the model estimated the fibres angle at 32° with respect to the circumferential direction. Panel 5B, decomposition of the
circumferential and axial stress-strain relationship in isotropic (coinciding in the two directions) and anisotropic (fibres) components. The fibrous
component shows a stiffer mechanical response in the circumferential direction.

D. Structure-Based Constitutive Models

Different constitutive models have been formulated to de-
scribe the passive non-linear stress-strain relationship of the
arterial tissue through strain energy functions (SEFs) [13], [108],
[109], and two main schools of thought can be identified: poly-
nomial [110] and exponential [63] SEFs. While first models
aimed only at mathematically describing the passive behaviour
of the arterial wall, Holzapfel et al. [108], [111] introduced a
formulation where model parameters bear a connection to the
structural composition of the arterial wall. In particular, the
proposed biphasic formulation, discussed in section 3.1 above,
accounted for the presence of an isotropic matrix reinforced by
two families of fibres oriented symmetrically with respect to the
circumferential direction of the vessel conferring the anisotropic
and exponential features to the wall tissue. Considering the
empirical findings describing collagen-free arterial tissue as
almost isotropic [64], [91], the model parameters characterising
the isotropic part of the SEF have been related to elastin, while
the anisotropic exponential component to collagen fibres [111].
The advantage of this formulation relies on the relatively limited
number of unknown parameters (1 parameter for the isotropic
part and 4 for the anisotropic part). These parameters need to
be fitted on the biaxial experimental data so that the lower the
number of parameters, the higher the confidence in their esti-
mation. Some examples of different applications of Holzapfel’s
model can be found in these works: the regional layer-specific
differences in mechanical properties of the porcine aorta [55],
nonatherosclerotic thickening of the human coronary wall [112]
and human thoracic and abdominal aorta [113]. Figure 5 shows
an example of mathematical modelling of the circumferential
and axial stress-strain relationship of the swine thoracic aorta
using the Holzapfel’s strain energy function.

More recently, new SEFs have been introduced to more
closely describe the contribution of elastin and collagen to the
passive arterial mechanics, including structural proteins volume

fractions and stiffness, and collagen fibres orientation and their
recruitment through probability functions [100], [101], [109].
While the structural information conveyed by these models
is higher compared to simpler models, the number of model
parameters necessarily increases while the accuracy of their
determination decreases. For example, in the model proposed by
Zulliger et al. [109], the elastin SEFis fejastinCelastin (11 — 3)%,
where the elastin volume fraction fj.ti, €nd the elastin stiffness
parameter Cejastin are multiplied, leading to an infinite number of
combinations of the two parameters providing the same overall
result. Therefore, the application of more complex constitutive
models and SEFs requires the assumption of some model param-
eters based on empirical observations (e.g. collagen and elastin
volume fractions).

In general, the fitting of the parameters constituting
structurally motivated SEFs might provide useful information
on the role of elastin and collagen on arterial mechanics.
However, the choice of the model necessarily influences the
obtained results. For example, Lillie ez al. [89] fitted a structural
based SEF on experimental stress-stretch data of pig aorta and
identified a higher stiffness parameter for elastin in the distal
portion than in the proximal one, possibly implying different
properties of the elastin networks in different regions of the
arterial tree. On the contrary, Pefia and colleagues [55] explained
distal stiffening of the porcine aortic wall with increasing
collagen constants using Holzapfel’s model, while isotropic
constants were unaltered in different regions. Rezakhaniha et
al. [114] furtherly complicated the modelling of the arterial wall
mechanics introducing an anisotropic component for the elastin
network and showed a more accurate fitting of the experimental
data from the rabbit carotid artery when compared to isotropic
elastin SEF proposed by Zulliger, thus highlighting that elastin
may have different elastic behaviours in the longitudinal and
circumferential direction.

Interestingly, Fonck et al. [26] applied SEF to stress-strain
relationship obtained from control arteries and arteries subjected
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to enzymatic digestion. A change in collagen parameters was
observed between elastase treated samples and control ones;
more specifically, the strain-recruitment of collagen was altered.
In agreement with the works [90], these results suggested a more
complex interaction between collagen and elastin compared to
the classical view of two constituents acting in parallel.

V. CONCLUSION

Structural proteins are present with different concentrations in
all three anatomical layers of the arterial wall and the role of each
constituent may differ according to its location within the wall
thickness. The convoluted structure and the local and regional
heterogeneity of arteries make distinguishing the role of collagen
and elastin in arterial wall mechanics a complex goal to achieve.
Indeed, structural proteins are present in different concentrations
in all the three anatomical layers of the arterial wall. Several
methods have been applied to achieve this goal, which have
been described in this review, together with their results.

Arterial structure, composition and mechanics vary not only
atdifferent regions along the arterial tree, but also in different an-
imals [16]. Therefore, comparing results from different species
must be done with caution. Additionally, the arterial wall is not a
static tissue, is subjected to continuous remodelling with ageing
and pathologies in what is thought to be an adaptation process
to the changing levels and distribution of stresses throughout the
wall thickness [115].

Static microscopy has been used since the 1950s to study
arterial mechanics and provided adequate information on the
structural alteration of tissue under load. However, the available
results this far lack the temporal effect/changes since the sample
has to be fixed at a given distending pressure or longitudinal
load. Mechanical testing coupled with enzymatic digestion or
composition analysis has had limited success as it does not
provide direct visualisation of fibres. More recently, advances
in microscopy techniques have allowed for fibres imaging and
mechanical testing simultaneously, thus providing continuous
information on both the response to loading and internal struc-
tural changes of a given arterial specimen. Clearly, this last
method exploits the major advantages of the earlier proposed
techniques and, in the authors’ opinion, it provides the best tech-
nique to study arterial micromechanics. Furthermore, structural
mathematical models based on constitutive equations provide
information on the contribution of collagen and elastin to the
mechanical behaviour of arteries, however, as with most com-
putational techniques, the choice of the model parameters, which
are often assumed, will inevitably influence the obtained results.

The results from all the cited methods have proven the com-
monly accepted theory that the biphasic shape of the stress-strain
relationship of the arterial wall is caused by delayed recruitment
of collagen with respect to elastin. Further, the structural reasons
behind arterial anisotropicity have been widely investigated.
Mechanical testing and enzymatic digestion have shown that
collagen confers the anisotropic behaviour to the arterial wall,
while elastin has an isotropic response. Also, static and dynamic
microscopy have shown a different role of medial and adventitial
collagen, with the first playing a role only in the circumferential

direction and straightening at high physiological strains, and
the latter having a role in both directions and uncrimping at
supra-physiological pressures. Indeed, adventitial collagen has
a more spread distribution of fibres orientation than medial
collagen and seems to be ineffective at physiological pressures,
while medial elastin is highly circumferentially oriented. It is
of note that some dynamic microscopy results may be biased
by the un-physiological loading condition applied in the ex-
periment and, therefore, more work is still necessary to fully
understand the role of layer-specific collagen recruitment on
arterial anisotropy.

Elastin has been shown to give pseudo-elastic properties to
the arterial wall, while collagen network alone showed a highly
viscoelastic behaviour. Collectively, elastin and collagen seem
to have a complex interconnection, with the first being crucial
to give elastic-like properties to the latter. Indeed, several works
reported fragmentation of the arterial wall elastin network in
case of aneurysms [116]. The loss of the elastin network stability
leads to a plastic enlargement of the artery that is consistent with
the experimental findings described above.

Overall, advances in microscopy have allowed obtaining
reliable methods for the investigation of collagen and elastin
micromechanics within the arterial wall; in particular, simultane-
ous mechanical testing and microscopy imaging is a promising
approach. Notwithstanding, to the authors’ best knowledge,
human arterial samples have been tested to date only in a handful
of studies [42], [117]. Clearly, the availability of human donor
arteries is limited, but further studies need to be conducted in this
direction since inter-mammals differences may lead to wrong
interpretations of human arterial mechanics. This may even be
even more critical in case a pathological model is studied to draw
conclusions on the alteration of arterial micromechanics.
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