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1 Introduction

Experiments are necessary to study, understand, model, and further predict the mechanical alterations
caused by structural and functional changes in the pathological aorta. In clinical follow-up, several
noninvasive in vivo measurements can be performed to examine arterial stiffness and distensibility,
arterial pressure, intima-media thickness, and arterial diameter. Arterial stiffness has received partic-
ular attention in recent years because it can serve as a prognostic biomarker that represents changes in
the arterial wall and measures the cumulative influence of cardiovascular risk factors over time
(Laurent et al., 2006). Carotid-femoral pulse wave velocity and pulse transit time provide information
on structural stiffness, and the effectiveness of pulse wave velocity in clinical follow-up of patients has
been shown in various populations (Laurent et al., 2016; Townsend et al., 2015). However, pulse wave
velocity as a mechanical parameter does not consider the complexity of the mechanical properties of
arteries. The aorta exhibits highly nonlinear and anisotropic mechanical behavior, and different tech-
niques that have been developed to characterize the incremental elastic modulus in vivo and reveal only
a small part of the overall mechanical behavior of the arterial wall. Furthermore, these methods are
insufficient to model the response of the aortic wall to supraphysiological loads such as those applied
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by a stent graft (Perrin et al., 2015a, b, 2016) or to determine the strength of the tissue to evaluate the
risks of aneurysm rupture or dissections (Gasser et al., 2010; Vorp, 2007).

More comprehensive characterizations of the arterial wall, e.g., from the stress-free state to failure
under different combinations of multiaxial loadings, can only be carried out in vitro on excised
specimens. Due to the difficulties in obtaining intact and fresh human tissue, numerous in vitro
mechanical tests have been carried out on tissues derived from animal models attempting to reproduce
human pathologies, with mice models being the most popular in vascular biology (Fung, 1967, 2013;
Humphrey, 2013).

In this chapter, we first review the experiments conducted over more than five decades that have
enabled the development of theoretical and numerical models that are widely used in the community of
vascular biomechanics (Holzapfel et al., 2000; Humphrey, 2013). We then discuss the significance of
regional variations in the material properties of the aorta and review the studies using full-field
measurements to assess these variations. Finally, we point out the potential of optical coherence tomog-
raphy (OCT), which is widely used medically in ophthalmology, dermatology, and more recently, for
some cardiovascular investigations, to quantify three-dimensional (3D) local strains in the aorta.

2 Conventional experimental methods
2.1 Uniaxial tests

Given the difficulty of collecting intact pathological arteries, the simplest mechanical test that can be
performed at tissue scale and one of the most commonly used is the uniaxial test. The uniaxial test
measures the force exerted on a rectangular test piece in response to the elongation imposed on it (uni-
axial extension) or vice versa (uniaxial tension, which implies a force-controlled test instead of a
displacement-controlled test).

The axial stretch is usually measured through the displacements of the tensile machine jaws, assum-
ing a nearly homogeneous deformation in the center of the sample, as observed in the tests. It should be
noted that this stretch, together with the transverse stretch, can also be derived more accurately through
video-extensometer measurements between markers drawn on the sample (Garcia-Herrera et al.,
2012), using the incompressibility assumption to derive the through-thickness stretch. The engineering
stress is derived as the recorded force divided by the initial cross-sectional area.

Rectangular strips can be cut from the excised aortic segment with the circumferential or longitu-
dinal direction as the main axis of loading. In addition to stiffness of the material, the anisotropy of the
mechanical response can also be evaluated (O’Leary et al., 2014; Pierce et al., 2015; Sassani et al.,
2015; Teng et al., 2015; Vorp et al., 1996). In addition, one can obtain failure properties with the
dog-bone shaped samples, e.g., stress and strain at rupture and other material properties of the tissue
(Khanafer et al., 2011). It is more convenient to test samples to failure in uniaxial tests, due in large
part to the availability of test setups. These tissue characterization tests have been applied to study
numerous aortic pathologies (Humphrey, 2013), including aortic aneurysms, see, e.g., Sherifova
and Holzapfel (2019) and the references contained therein.

Another simple mechanical test that can be performed on aortic tissues is the ring-tensile test, which
is particularly suited to the naturally cylindrical shape of the arteries. Two hooks are inserted into an
arterial ring and then pulled apart. The force exerted on the ring is measured while it is elongated.
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These tests, used in pharmacology, are also useful to determine the active mechanical properties as-
sociated with the contraction of vascular smooth muscle cells in response to vasoconstrictor agents
(Cox, 1983) in the presence or absence of an “intact” endothelium. Although ring tests are very popular
for these pharmacological studies, they generate heterogeneous strain and stress fields in the ring near
the hooks, which has some disadvantages for characterizing the stress-strain behavior. Recently,
Haslach et al. (2018) and FitzGibbon and McGarry (2021) used the ring test to robustly and repeatedly
produce mode II crack initiation and propagation in aortic rings. In fact, the majority of arterial fracture
experiments rely on the mode I peel test (Sommer et al., 2008; Witzenburg et al., 2017) or lap shear tests
for mode II fracture (Sommer et al., 2016; Witzenburg et al., 2017). However, lap shear testing pro-
duces a mixed mode, while ring testing solves this problem (FitzGibbon and McGarry, 2021).

Uniaxial tests on the aorta have rarely been achieved in the radial direction (radial tension). Poker-
chip shape samples were cut with a circular punch and glued between two plates with a cyanoacrylate
adhesive (Kumar and Lopez-Pamies, 2021; Nolan and McGarry, 2016; Sommer et al., 2008). This
allowed the radial strength or even the compressibility modulus of the aorta to be characterized, but
this test remains very difficult to evaluate as it violates the Saint-Venant’s principle (stress distribution
is not uniform) due to the very low aspect ratio.

In summary, numerous uniaxial tests have been performed on aortas as the simplest test protocols
that provide access to information that cannot be obtained in vivo, such as the individual mechanical
behavior of the different layers of the wall (intima, media, and adventitia) and their failure properties.
However, uniaxial tests cannot produce the complex in vivo loading conditions that can be better ap-
proximated by multiaxial testing setups.

2.2 Multiaxial tests

Multiaxial tests are always preferred as the aorta is subject to a complex loading state in vivo, and these
tests provide a much broader coverage of the deformation state, which is particularly helpful to deter-
mine best-fit values of material parameters for a stored-energy function. Examples of such multiaxial
tests include, but are not limited to, planar biaxial extension, bulge inflation, and inflation extension,
discussed briefly further.

To better characterize the mechanical state of aortic tissue in vivo, one can perform planar biaxial
tensile tests, in which a square sample is simultaneously loaded in two orthogonal directions corre-
sponding with the material axes in the circumferential direction @ and the longitudinal direction
L. Samples are mounted in a variation of biaxial arrangements originally proposed by Sacks and
Sun (2003), in which usually evenly spaced barbless hooks are anchored to Kevlar suture lines on
the sides of the sample to provide uniform strain fields in the center of the sample and to avoid edge
effects. Typically, one performs multiratio cyclic stretch protocols—including equi-biaxial stretch,
proportional stretch, and strip biaxial stretch—so that the obtained dataset covers a variety of loading
conditions to which the artery may be exposed in vivo. Noting the preferred stretches (circumferential,
axial) by (4¢, 11), equi-biaxial stretching requires 1y=4,, proportional stretching requires Ag=pf1;,
where f typically takes values from 0.3 to 1.6, and strip-biaxial stretching includes 4y > 1 for different
fixed values of A; and A; > 1 for different fixed values of A,.

Despite its advantages over uniaxial testing, planar biaxial testing is not well suited for strength
assessment due to mounting techniques and the square shape of the specimen, which usually prevents
specimen failure in the gage area. Bulge inflation tests, which also mimic the loading conditions that
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aneurysms experience, are better suited for failure analysis. Dynamic and quasi-static bulge inflations
were performed on healthy descending aortas 40years ago (Mohan and Melvin, 1983), where the au-
thors reported that aortic tissue failure always occurs with a tear in the circumferential direction, similar
to healthy porcine aortic tissue (Marra et al., 2006). More recently, Kim et al. (2012), Romo et al.
(2014), and Sugita et al. (2012) performed such inflation tests to assess the equi-biaxial failure prop-
erties of the human ascending aorta under healthy and aneurysmal conditions. Bulge-inflation tests
alone can be useful to assess possible anisotropy, but require advanced inverse approaches to determine
the best-fit parameters in a strain-energy function, since the coverage of the (44, 4;) space is limited to
the combination of several positions together (Davis et al., 2015).

Given the complexity of its structure and its material heterogeneity, the mechanical properties de-
termined at tissue level are not sufficient to characterize the overall behavior of the aorta. Extension-
inflation tests can be used to analyze the mechanical behavior at the level of the vascular structure.
These more closely resemble the loading conditions encountered in vivo and preserve the integrity
of the aorta and its tubular structure. They typically consist of longitudinally stretching the artery until
it reaches an extension close to the in vivo conditions and then pressurizing it to physiological pressure
levels. Alternatively, simpler closed-end, free-extension conditions may be applied. From this, the
pressure-volume or pressure-diameter relationships and the corresponding longitudinal force values
can be determined (Gleason et al., 2004). These relationships can then be used to develop models
of mechanical behavior, particularly in the hyperelastic case (Ferruzzi et al., 2011). However, extend-
ing the samples to their in vivo extension levels requires a priori knowledge of the in vivo prestretch,
which is typically not available, particularly for human arteries (van Loon et al., 1977).

Nevertheless, the extension-inflation tests show a salient feature of the arteries: if the applied axial
prestretches are smaller or larger than the optimal (energetically favorable) prestretch, the axial reac-
tion force decreases or increases, respectively, with increasing pressure in the physiological range
(Schulze-Bauer et al., 2003). However, if the applied axial prestretch is equal to the optimal prestretch,
the axial reaction force during pressurization will remain constant over normal pressure ranges, i.e., the
artery does not perform axial work with changes in blood pressure during this axial stretch (Schulze-
Bauer et al., 2003). For arteries that are axially compressed rather than extended in vivo (Kamenskiy
et al., 2016; Langewouters et al., 1984; Schulze-Bauer et al., 2003), the determination of optimal axial
stretch by extension-inflation tests becomes difficult because the artery would buckle under compres-
sion (Schulze-Bauer et al., 2003).

Note that the tension inflation test has also become the standard test for mice aortas (Bellini et al.,
2017). Mice have emerged as the preferred animal models in modern cardiovascular research for many
reasons, including their short gestational period (~20days) and developmental period (~56 postnatal
days to biomechanically mature arteries), the wide availability of genetically modified mice, the ease of
surgical and pharmacological manipulation, rapid aging (within 2 years), and of course, the availability
of countless antibodies for biological assays (Bellini et al., 2017).

A common limitation to most of the techniques discussed earlier is the assumption of uniform stress
and strain distributions when samples are subjected to these loading scenarios, leading to the assump-
tion of uniform material properties. The existence and potential importance of nonuniform properties
are supported by advances in vascular mechanobiology (Humphrey, 2008), which imply that cells
should be expected to remodel and adapt to local variations in loading, leading to regional variations
in material properties. This limitation of uniformity does not result from computational or theoretical
limitations, but rather from the lack of more complex experimental setups required to quantify the local
variations in material properties.
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3 Full-field optical measurements
3.1 Introduction

Experimental setups that couple mechanical testing with live imaging or microscopy have been devel-
oped to elucidate the microstructural mechanisms behind the nonlinear character of the response (Avril
et al., 2010; Duprey et al., 2016; Genovese, 2009; Genovese et al., 2012; Kim and Baek, 2011; Romo
et al., 2014; Sutton et al., 2008; Zhang et al., 2002). In fact, recent studies have shown that centimeter-
sized aortic specimens, a typical size used in the aforementioned mechanical tests, exhibit a significant
level of heterogeneity (Davis et al., 2015, 2016). If the material is not sufficiently homogeneous, e.g., in
aortic aneurysms (Avril et al., 2010; Davis et al., 2015, 2016), those tests no longer produce a uniform
stress field in the central region of the specimens. Therefore, the macroscopic stresses and strains,
which are homogenized values, may not sufficiently approximate the local values, especially at the
sites of abrupt microstructural changes, such as calcification or fatty deposits of different sizes. Mo-
tivated by the need to characterize local conditions, our laboratory and others have developed methods
that can be used to obtain submillimeter-resolution strain fields to characterize the regional variations
in tissue mechanical properties (Avril et al., 2010; Davis et al., 2015, 2016).

3.2 Digital image correlation

Digital image correlation (DIC) is a noncontact method that can be used to determine the complete,
full-field surface displacements and strains for general material systems (Palanca et al., 2016). The
method was developed by Sutton and coworkers at the University of South Carolina in the early
1980s (Sutton et al., 1983) and further extended to 3D (stereoDIC) measurements (Sutton et al.,
2009). The procedure has found a variety of applications for both 2D and 3D deformation measure-
ments on the macroscale.

The mechanical test setups are typically coupled to a number of CCD cameras, at least two for a
stereo-DIC measurement (Fig. 1). Lenses of focal length of 35mm enable a field of view (FOV) of
about 40x40mm?> at a working distance of 300mm with a 1”7 type CCD array (size:
13.2 x 8.8mm?). The method can achieve spatial resolution in the order of 1/100th of the FOV for
the strain measurements (Reu et al., 2015). Extension tubes may also be used to increase the magni-
fication of the lens and hence, the spatial resolution (Genovese et al., 2021). A 1 x 1 mm? area (typical
for a test of a mouse aorta) can be sampled with a spatial resolution on the order of 10 pm. Thus, bio-
mechanical variations occurring at spatial dimensions of around 10 pm can be resolved within the im-
aged range of 1 x 1 mm?.

The noncontact nature of DIC offers a major benefit to soft tissues by minimizing the effects of
amplification and/or modification of the material response. Furthermore, when applied as a full-field
measurement technique, it enables to delineate the local variations in deformation and enables the com-
parisons with the averaged global deformations, which is crucial when studying inhomogeneous ma-
terials such as vascular tissues (Davis et al., 2015; Genovese et al., 2012; Romo et al., 2014). Another
advantage is that it can be applied to specimens with any surface shape (curved or planar) and offers the
possibility to make accurate measurements on cylindrical structures such as blood vessels. It can be
used to measure strains on specimens subjected to out-of-plane bending or twisting, which has been
reported for aortas (Weiss et al., 2020). Last but not least, the technique can achieve a point-to-point
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FIG. 1

(a) Picture of a stereo-DIC setup with four cameras allowing a 360 degrees view of an aortic sample: A=sample,

B =square acrylic bath, C=camera mounted on a kinematic stage, D =three-axis stage. (b) Undeformed

cylindrical shape of a sample measured with the stereo-DIC setup. (c) Map of the maximum principal strain

measured with the stereo-DIC setup.

Courtesy of Genovese, K., Badel, P., Cavinato, C., Pierrat, B., Bersi, M., Avril, S., Humphrey, J., 2021. Multi-view digital image correlation
systems for in vitro testing of arteries from mice to humans. Exp. Mech. 61, 1455-1472.

strain accuracy of up to 0.001 and a full-field average strain accuracy on the order of 50 x 10, allow-
ing both small and large deformation responses to be studied in a single specimen.

Finally, for biaxial testing, it has become standard with DIC to measure by tracking at least several
randomized markers placed on the surface of the vessel and the lengths between the two markers in
each direction (Pena et al., 2018). Recently, 3D DIC measurements have been coupled with stretch-
controlled biaxial testing (Deplano et al., 2016), and the results showed that 3D DIC allows accurate
assessment of displacements while improving the accuracy of stress-strain curves in biaxial testing.

Following the pioneering work by Sutton et al. (2008) and Zhang et al. (2002), full-field planar
biaxial tests (Deplano et al., 2016; Pena et al., 2018), full-field bulge inflation (Duprey et al., 2016;
Romo et al., 2014), and full-field inflation-extension (Avril et al., 2010; Genovese, 2009; Genovese
etal., 2012; Kim and Baek, 2011) were performed using DIC to characterize the mechanical and struc-
tural properties of aortic tissues. It has been observed that speckle patterns are easier to paint on the
intimal face than on the adventitial surface. It is recommended to create them with a fine-tipped air
brush and Indian black ink (Genovese et al., 2011). Particular attention must be paid to the quality
of the speckle patterns to get about three dots per correlation window. An LED illumination system
ensures homogeneous illumination, and the use of polarization filters can avoid specular reflection
on the surface of specimens that can often cause DIC artifacts (Kim et al., 2012).
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Images of a painted speckle taken with a conventional camera are not always needed for DIC ap-
plications. One can make use of other imaging modalities such as OCT. It allows reaching micrometric
scales and has shown rapid development, including recent real-time acquisitions (Yabushita et al.,
2002). The technique allows visualization of tissue microstructure at different subsurface levels at high
resolution with cross-sectional imaging under near-infrared light (Boppart et al., 1999). It has been
applied to characterize soft and hard human tissues such as blood vessels (Yabushita et al., 2002), re-
spiratory tract (Pitris et al., 1998), gastrointestinal tissues (Izatt et al., 1996), and cartilage (Herrmann
et al., 1999). It has also been used for biomaterial applications such as dental materials, porous 3D
scaffolds for tissue engineering, and hydrogels, among others (Huang et al., 2008; Real et al., 2013;
Williamson et al., 2011; Yang et al., 2007). It can be combined with mechanical testing devices to
characterize the mechanical response of the aortic tissues through elastography and noncontact optical
methods (Rogowska et al., 2004). For example, Di Giuseppe et al. (2021) performed stepwise radial
tensile tests on descending thoracic aortas in healthy pigs and on ascending thoracic aortic aneurysms in
humans and acquired 3D volumes (i.e., image stack) from a region of interest after each loading step.
Maximum intensity projection was applied to the stack to obtain a single representative 2D image for
each step, and the images were processed by DIC to obtain displacement and strain fields showing
localizations. A major benefit of OCT in DIC applications is that it is label-free, meaning that it relies
on random patterns emerging from tissue microstructure rather than requiring an artificial speckle
pattern.

3.3 From DIC to DVC

Due to the complex anisotropic structure of the aorta and the nonlinearity of the mechanical response,
the strain gradients can vary significantly not only at the surface but also through the thickness of the
tissue. In this context, a full-field 3D deformation measurement that can penetrate the tissue is required
to unravel the nonuniformity. Digital volume correlation (DVC) goes beyond the surface information
provided by stereo-DIC methods by using volumetric image data, e.g., 3D image volume consisting of
several 2D cross-sectional images. To achieve this, a correct correlation between the reconstructed vol-
umes is required (Gillard et al., 2014; Keyes et al., 2016). This can be achieved with local correlation
algorithms (Acosta Santamaria et al., 2018; Fu et al., 2013; Keyes et al., 2016; Liu and Morgan, 2007).

In the next section, we continue with the first reports of combined OCT-DVC on aortic tissues
(Acosta Santamaria et al., 2018; Santamaria et al., 2020) before turning to our recent findings on crack
propagation.

4 Applications of 0OCT-DVC
4.1 Uniaxial extension with stepwise stress relaxation

In this section, we summarize our results obtained using OCT-DVC to characterize the aorta in uniaxial
extension, which we combined with optical clearing agents (Acosta Santamaria et al., 2018; Santamaria
et al., 2020). The experimental setup shown in Fig. 2 consists of an OCT scanner, an immersion load
cell with a control panel, and manually operated micrometers to apply controlled displacements



98 Chapter 5 Novel experimental methods to characterize the mechanical
properties

FIG. 2

(A) Experimental overview of quasi-static uniaxial testing of porcine thoracic aorta samples. Samples are held at
prescribed stretches during OCT volume acquisition. (B) Typical 3D image sequence acquisition of a full-
thickness OCT measurement over an aortic sample.

connected to sample holders placed in a tissue bath container; see Acosta Santamaria et al. (2018) and
Santamaria et al. (2020) for detailed specifications.

Circumferentially oriented uniaxial test samples (58 x 10mm?) prepared from porcine aortas were
clamped using grips spaced 35.1 mm apart in the reference configuration. They were preconditioned
and then subjected to nine stepwise stress-relaxation ramps. At each loading step, the samples were
extended 0.6mm (0.3 mm from each side) and allowed to relax for 30 min, after which equilibrium
was reached. The criterion for complete equilibrium was a relaxation rate <100Pa/min. Next, a pre-
defined volume was imaged, see Fig. 2B, with a voxel size of 5 x 5 x 2.45 um? (X, Y, Z) and an FOV of
2x4x2.5mm> (X, Y, Z) in 8min, resulting in a relaxation time of 38 min. At the end of the test, an
engineering strain of about 28% was achieved. During the experiments, the OCT illumination tube was
in full contact with the immersion bath, and the lens was focused on the luminal surface, i.e., the intima.

The volumes captured with the OCT were saved in TIFF format, imported as a virtual stack into
Imagel software, rescaled, then converted to 8 bits to digitize the intensity levels, and finally, exported
as RAW images to be read by DaVis (LaVision) to derive the displacement fields using DVC. To
achieve the maximum cross-correlation coefficient (considering the gray-level distributions) when de-
riving the displacement fields, the subvolume discretization and the multipass approach were used in
the software. The detailed discussion of the implemented correlation parameters can be found in our
previous work (Acosta Santamaria et al., 2018; Santamaria et al., 2020). After the 3D displacement
fields in each region were obtained, they were approximated by tricubic functions implemented in
MatLab (Santamaria et al., 2020), and the Green-Lagrange strain components were derived (Fig. 3).

The results show fairly homogeneous depth-resolved strains with minimal shear strains introduced
during loading (Fig. 3). We were able to measure media swelling inducing transverse tensile strain. To
the best of our knowledge, this was the first time that such a manifestation of chemoelastic effects in the
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FIG. 3

Local distribution of Green-Lagrange strains £5 obtained using OCT-DVC during an uniaxial extension test at global
axial strain £5,=7% visualized with contour plots (numbers are in %).

aorta could be quantified thanks to the OCT-DVC method (Santamaria et al., 2020). Such effects could
play an essential role in arterial mechanobiology in vivo, and we are currently working to characterize
them under more physiological conditions, avoiding the effects of the osmotic solution used as a clear-
ing agent (Acosta Santamaria et al., 2018; Santamaria et al., 2020).

4.2 Crack propagation

In this section, we report previously unpublished results that highlight the applicability of the
OCT-DVC method in quantifying and examining transmural deformations to aid in the characteriza-
tion of mechanical events before aortic dissection. Aortic dissection is a local pathological event that
can be triggered by trauma to the vessel intima or hemorrhage from the vasa vasorum resulting in in-
tramural blood pooling (Sherifova and Holzapfel, 2019). Regardless of etiology, the initial insult can
propagate and eventually lead to complete vessel failure and rupture, which occurs at the local scale and
is often associated with complex processes in failure of interlamellar bridging fibers (Pal et al., 2014).

To reveal complex local intramural deformations in crack propagation in the aortic wall, we applied
quasi-static uniaxial loading to circumferentially oriented porcine aortic samples (70 x 10mm?) with
an initial intimal-medial insult. Before the experiment, the samples were immersed in an 80% concen-
tration solution of propylene glycol to optically clear the tissue and improve OCT imaging depth and
placed in the experimental apparatus shown in Fig. 2. The samples were clamped with grips S0mm
apart in the reference configuration. The arms to which each grip was mounted were moved apart
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FIG. 4

Sequential volumetric OCT images of the porcine thoracic aorta with medial wall defect and under uniaxial tension
showing the maximum global axial strain £, at different steps.

through micrometers in a stepwise fashion (0.4 mm extension from each side at each step) and held at
this stretch for 38 min (30 min relaxation+8 min during which the OCT volumetric images shown in
Fig. 4 were acquired). Nine extension steps were applied, giving a maximum displacement of 3.6 mm
on each side and a maximum global axial strain of E,=14%.

The voxel size of OCT images was 6 x 6 x 2.45 pm3 (X,Y,Z),and the FOV was 2 x3 x 2.5 mm? X,
Y, Z). The displacement fields were derived using DVC with DaVis. The subvolume discretization and
the multipass approach in the software were the same as in our previous work (Acosta Santamaria et al.,
2018). After obtaining the 3D displacement fields, they were approximated by tricubic functions imple-
mented in MatLab (Santamaria et al., 2020), and the Green-Lagrange strain components were derived
(see Figs. 5 and 6).

Visually, volumetric images at each loading step show that the incremental loading leads to a prop-
agation of the initial insult in the circumferential direction or the direction of the applied extension
(Fig. 4). The intact aortic wall below the insult bears all of the tension allied to the vessel, which,
interestingly, results in a noticeable change in the optical reflectance of the aortic wall observed as
increased signal intensity (whitening) of the intact portion of the wall beneath the insult (Fig. 4). This
is probably due to a change of optical properties in the tissue due to the large tensile strains occurring in
this region.

Green-Lagrange strains demonstrated the complex and heterogeneous intramural strain distribution
in the aorta as the initial luminal defect propagates, see Fig. 5. The large local tensile radial strains (E~,)
in Fig. 5 surround the crack tip, which drives the crack in the circumferential direction, most likely due
to failure of radially oriented bridging fibers between the elastic lamellae. This experimental setup does
not resolve the microfibrils; however, the experimental protocol could be combined with microscopic
techniques including multiphoton second harmonic generation or confocal reflectance microscopy to
visualize the crack propagation at the fiber level (Lane et al., 2018; Sang et al., 2021). Shear
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FIG. 5

Local distribution of normal Green-Lagrange strain components (Ey, £}, £,) obtained with OCT-DVC at three
different global strains (£5,) visualized with contour plots (numbers are in %).

deformations have been proposed to play an essential role in the failure mechanisms under uniaxial
loading (Helfenstein-Didier et al., 2018; Sherifova et al., 2019). The quantification of such deforma-
tions is depicted for the first time in Fig. 6, where a concentration of local out-of-plane shear strains
(Eiz) with nonnegligible values can be seen around the crack tip.

In summary, we have visualized and quantified the intramural strain distributions in the aortic wall
under similar, albeit simplified, mechanical conditions as in aortic dissection by combining OCT and
DVC. The results underscore the complexity and heterogeneity of the evolving intramural strains upon
crack propagation, as evidenced by the significant increase in shear and radial strain magnitudes and
their variations.

Despite these achievements, low penetration (0.5mm without clearing agent), time of image
acquisition, and possible artifacts caused by local refractive index changes are still limitations of
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FIG. 6

Local distribution of shear Green-Lagrange strain components (ELy, E, E’yz) obtained with OCT/DVC at
E,=14.4% visualized with contour plots (numbers are in %).

OCT (Liba et al., 2016; Wang, 2002) that must be overcome to popularize the OCT-DVC technique in
aorta biomechanics.

5 Parameter identification

To identify the material parameters of a model corresponding to a particular aorta, the data from the
experiments using full-field methods must be compared with the model by solving an inverse problem.
With conventional uniaxial or biaxial tests at the macroscopic scale, the experimental data can be di-
rectly translated into terms of stress-strain relationships. Therefore, it is sufficient to optimize the pa-
rameters of the constitutive model by minimizing the difference between the experimentally obtained
stresses and the stresses computed by the model at the different deformation levels. For this purpose,
numerical nonlinear fitting methods such as the least squares method are used.

For more complex tests, however, there are two possibilities. If simplification of hypotheses can be
made to generate analytical equations of the mechanical problem, then these equations can be solved
numerically through optimization, as explained previously. This is the case, e.g., with the inflation-
extension test (Holzapfel et al., 2000). The same approach can also be used in the case of pressure-
diameter data obtained in vivo (Masson et al., 2008; Stalhand et al., 2004). If the geometry or loading
is too complex to express the analytical equations of the mechanical problem, a finite element model
coupled with an inverse method can be used.

Interestingly, a new approach for the in vitro biaxial characterization of human arteries was recently
proposed, which allows identification of the material constants in two-fiber and four-fiber family
models even in the case of heterogeneous strain and stress distributions in arterial segments (Bersi
et al., 2016, 2019; Davis et al., 2015, 2016). We recently applied this approach to the point-by-point
characterization of the biomechanical properties of heterogeneous aortic lesions of a murine dissecting
aneurysm model with complex morphologies (Bersi et al., 2020). The data were obtained through
in vitro extension-inflation experiments coupled with full-field multimodal measurements of wall
strain and thickness not only along and around the lesion but also through the wall thickness. More
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specifically, to obtain multiaxial mechanical properties, adventitial surface deformations were mea-
sured by tracking motions of a speckle pattern using a custom panoramic DIC technique described
in Genovese et al. (2012) during deformations throughout the wall and the thrombus, which were de-
rived from OCT-DVC (Bersi et al., 2020). Results revealed dramatic regional variations in material
stiffness and strain energy, reflecting local changes in constituent area fractions obtained from histol-
ogy, while emphasizing the complexity of lesion morphology and damage within the dissected wall.

6 Conclusions and future directions

Recent developments in mechanobiology underline the importance of local variations, i.e., nonunifor-
mities of the elastic properties of the arteries, motivating shifting the experimental focus to their quan-
tification. Although we have focused here on our most recent findings using the OCT-DVC modality
for such characterizations, alternative methods may include MRI (Nederveen et al., 2014) or micro-CT
(Brunet et al., 2021), and there are many possible directions for further developments.

To start with, all characterizations reported here were performed under quasi-static conditions. DIC
is suitable for both quasi-static and high-speed measurements at rates up to 20,000 frames/s, allowing
quantitative measurements to be performed even in the aortas subject to transient environmental and/or
loading changes. However, to obtain volumetric data under dynamic loading conditions for the appli-
cation of DVC, the modalities need to be further improved to reduce imaging time. One must be aware
and consider that the application of such methods with sufficient resolution will inevitably lead to
tissue-scale data acquisition and processing.

Another critical direction is related to the uncertainty in the data. Given the density of results from
new techniques such as OCT-DVC, it is possible to obtain probabilistic distributions of the mechanical
response of an aorta. A major challenge of computational soft tissue biomechanics is to transform this a
priori probability distribution into a range of uncertainty in the predictions using Bayesian inference
(Zeraatpisheh et al., 2021) or to leverage all these data into data-driven constitutive models, e.g.,
through deep learning (Holzapfel et al., 2021).

Last but not least, the aorta is classified as an “elastic” artery that contains large amounts of elastin,
in contrast to “muscular” arteries, which are small and highly viscoelastic vessels located at the periph-
ery of the circulatory system. Therefore, experimental efforts have focused on characterizing elastic
properties (Holzapfel et al., 2000), although there is increasing interest in the viscoelastic properties
under relaxation or cyclic loading (Franchini et al., 2021; Kratzberg et al., 2009; Zou and Zhang,
2011). Therefore, the multiscale characterization and modeling of dissipative phenomena are crucial
for a better understanding of disease progression and associated catastrophic events and require further
experimental investigations.
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