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Abstract. Computational modeling of arterial mechanics continues to progress, even to the point of allowing the
study of complex regions such as the aortic arch. Nevertheless, most prior studies assign homogeneous and
isotropic material properties and constant wall thickness even when implementing patient-specific luminal geom-
etries obtained from medical imaging. These assumptions are not due to computational limitations, but rather to
the lack of spatially dense sets of experimental data that describe regional variations in mechanical properties
and wall thickness in such complex arterial regions. In this work, we addressed technical challenges associated
with in vitro measurement of overall geometry, full-field surface deformations, and regional wall thickness of the
porcine aortic arch in its native anatomical configuration. Specifically, we combined two digital image correlation-
based approaches, standard and panoramic, to track surface geometry and finite deformations during pressuri-
zation, with a 360-deg fringe projection system to contour the outer and inner geometry. The latter provided, for
the first time, information on heterogeneous distributions of wall thickness of the arch and associated branches in
the unloaded state. Results showed that mechanical responses vary significantly with orientation and location
(e.g., less extensible in the circumferential direction and with increasing distance from the heart) and that the
arch exhibits a nearly linear increase in pressure-induced strain up to 40%, consistent with other findings on
proximal porcine aortas. Thickness measurements revealed strong regional differences, thus emphasizing the
need to include nonuniform thicknesses in theoretical and computational studies of complex arterial geometries.
© 2015 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JB0O.20.4.046005]
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1 Introduction

Biomechanics of the aortic arch has increasingly become the
subject of experimental and computational investigations given
its important roles in cardiovascular disease.'™ Computational
fluid—structure interaction (FSI) models are among the most
effective tools for investigating interactions among the geom-
etry, mechanical properties, and hemodynamics of such a com-
plex vascular structure. In particular, the aortic arch has a
nonplanar curvature, it branches and tapers along its long
axis, and it undergoes cyclic multiaxial loading resulting in dis-
tension, bending, extension, and possibly torsion. Recent
advances in medical imaging and computational methods
have enabled a shift from rigid-wall (e.g., Ref. 9) to deform-
able-wall' models, thus allowing one to consider the effects
of the wall mechanics on blood flow and pressure and con-
versely the effects of the hemodynamics on wall mechanics.
Although sophisticated, these models remain limited by the
lack of information on regionally varying mechanical properties
and wall thickness, which cannot be obtained from standard test-
ing protocols.

Experiments designed to characterize the passive mechanical
behavior of the thoracic aorta include standard uniaxial,>'!~!#
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biaxial,'>">'° and inflation tests.’® In addition, a human arch

has been tested in its natural configuration (without branches)
to determine its global response to bending, axial stretching,
and pressurization within standard test rigs.> Although biaxial
tests remain the most popular, they are not without limitations.
Planar biaxial tests require “flattening” the aortic sample, which
likely introduces complex stresses given that these thick,
anatomically curved specimens do not collapse when cut.
Similarly, biaxial inflation and extension tests require “straight-
ening” the specimen, which again likely introduces complex
stresses associated with bending. Although both of these stan-
dard biaxial tests can capture the anisotropy, common assump-
tions include material homogeneity and constancy of thickness
over the central area of testing (usually not smaller than
20 x 20 mm? to limit edge effects). Such low spatial resolution
contrasts with modern mechanobiological concepts, in which
cells tend to offset complexities in geometry or loading with
material heterogeneities, whether induced by changes in
material properties or thickness, or both.?!

This paper melds multiple advanced optical techniques to
address the challenge in vitro of measuring regional variations
in surface strain and wall thickness of the aortic arch in its native
configuration at high spatial resolution. Growing interest in the
potential offered by dense sets of experimental data obtainable

1083-3668/2015/$25.00 © 2015 SPIE

April 2015 « Vol. 20(4)


http://dx.doi.org/10.1117/1.JBO.20.4.046005
http://dx.doi.org/10.1117/1.JBO.20.4.046005
http://dx.doi.org/10.1117/1.JBO.20.4.046005
http://dx.doi.org/10.1117/1.JBO.20.4.046005
http://dx.doi.org/10.1117/1.JBO.20.4.046005
http://dx.doi.org/10.1117/1.JBO.20.4.046005
mailto:katia.genovese@unibas.it
mailto:katia.genovese@unibas.it
mailto:katia.genovese@unibas.it
mailto:katia.genovese@unibas.it

Genovese and Humphrey: Multimodal optical measurement in vitro of surface deformations. ..

with full-field optical methods is revealed by the recent increase
in studies using digital image correlation,?? fringe projection
(FP),” or optical coherence elastography>* to quantify regional
variations in the mechanical properties of biological tissues.”>>
The purpose of the present work was twofold: first, to combine
standard and panoramic-digital image correlation (i.e., DIC and
p-DIC) to measure in vitro the geometry and full-surface defor-
mation of a pressurized porcine aortic arch in a near native con-
figuration and second, to use a panoramic-fringe projection (p-
FP) method to measure, over 360 deg, any regional variations in
wall thickness in the unloaded state. These coupled sets of geo-
metrical and mechanical data promise to enable greater insight
into the interplay between structure and function of the aortic
arch by providing data sufficient for modern inverse-based
methods for nonlinear material characterization.

2 Materials and Methods

Following a series of pilot experiments, a representative normal
porcine aortic arch (male pig, 8 months of age, and ~90 kg body
mass) was obtained fresh from a local abattoir, rinsed with phos-
phate buffered solution (PBS), and tested within a few hours.
Specifically, to preserve the native shape of the arch [Fig. 1(a)],
from the sinotubular junction (proximal end) to the ligamentum
arteriosum (distal end), custom computer aided design (CAD)
designed polyvinyl chloride (PVC) plugs (Young’s modulus
E ~ 3 MPa and Poisson’s ratio v = 0.36) were used to occlude
the distal lumen and the lumens of the brachiocephalic trunk and
left subclavian artery [Fig. 1(b)]; a circumferential slot in the
plugs allowed precise positioning of ligatures that held each
plug in place during testing [Fig. 1(c)]. The proximal lumen
was connected to a steel cannula through a custom-sized poly-
tetrafluoroethylene (PTFE or Teflon) adapter to allow pressuri-
zation of the entire arch and branches [Fig. 1(c)]. Just prior to
testing, a random pattern was created on the outer (adventitial)
surface using a fine-tipped airbrush and black and white Indian

¥
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Proximal diameter d ,=25 mm
Distal diameter d,=21mm
Inner curvature radius R,;=21 mm
Outer curvaiure radius R ,.=43 mm

PTFE adapter

(b)

ink. The tissue was moistened continually via a saline spray dur-
ing preparation and it was immersed in PBS for 1 h at room
temperature after the random pattern was applied. This equili-
bration period allowed the specimen to rehydrate prior to data
collection.

2.1 Full-Surface DIC Measurement of Geometry

and Deformation

The combined use of standard DIC and p-DIC to capture the full
geometry and surface deformation of noncylindrical samples is
described elsewhere, together with a detailed report on its met-
rological performance.”® Briefly, the p-DIC method uses a 45-
deg concave conical mirror to image the lateral surface of a sam-
ple that is placed within the mirror and viewed from above with
a single camera (Fig. 2). Using a series of translation/tilting and
rotation mounts, the camera can be aligned and then moved with
high accuracy through a series of evenly spaced angular posi-
tions to obtain multiple inclined views of the sample within the
mirror. In this way, stereo (i.e., three-dimensional) measure-
ments are obtained via principles of computer vision: on the
upper portion of the sample by imaging directly from above
via standard DIC and on the lateral surface via reflections
from the conical mirror using principles of p-DIC. The requisite
random pattern on the surface (Fig. 3, left) allows the matching
of image pairs and effectively point-to-point deformation
tracking using custom codes written in MATLAB. The two
reconstructed portions of the sample (standard and p-DIC)
are automatically merged in a single reference system defined
by a calibration dot pattern affixed to the upper portion of
the conical mirror.

Once placed within the conical mirror, the proximal end of
the cannulated aortic arch was connected to a syringe and pres-
sure transducer and subjected to eight preconditioning loading/
unloading cycles from 0 to 80 mmHg at a rate of ~1 mmHg/s.

|

PTFE

adapter@

cannula

Fig. 1 (a) The porcine aortic arch tested in this study in its unloaded configuration and (b) after cannu-
lation and preparation for testing within the panoramic-digital image correlation (p-DIC) apparatus.
(c) Also shown is a schematic drawing of the cannulated sample with the distal end and supra-aortic
vessels occluded with custom polyvinyl chloride (PVC) plugs, having circumferential slots, and the proxi-
mal end connected to a steel cannula via a custom polytetrafluoroethylene (PTFE) adapter. The speci-

men was pressurized through the steel cannula.
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Fig. 2 Schematic drawing of the panoramic-DIC system. The cannu-
lated aortic arch is placed within a conical mirror and imaged from
above with a camera mounted on a four-axis stage. The cannula
is connected below to a syringe and a pressure transducer through
a three-way stopcock.

Then, the sample was tested over the physiological range of O to
120 mmHg in steps of 20 mmHg, with a pause of 3 min between
steps to allow tissue recovery and subsequent image acquisition.
Pilot studies revealed that viscoelastic effects were negligible
when using this protocol. Data were collected with a spatial res-
olution of ~0.5x 0.5 mm? and a measurement accuracy of
1072 mm?,*® which characterized the geometry of the whole
aortic arch throughout pressurization (Fig. 3). Figure 4 illus-
trates the procedure used to reduce the raw data to extract
full-field deformation maps. First, an optimization-based pro-
cedure coded in MATLAB (using the fmincon function) deter-
mined the parameters of the coordinate transformation
(components of the rotation matrix and translation vector)
that mapped original data points p(x, y, z) into a “toroidal” coor-
dinate system (x’y’z’), where the geometry best-fit a torus hav-
ing R and r( as major and minor radii (set as design variables),
respectively. Hence, data points p(x’,y’,z") were expressed in
toroidal coordinates p(r,0, ¢), where

x" = (R+ cos 6)cos ¢,
"= (R + cos 0) sin ¢,
"= rsin 0. €))

IS

Finally, each data point was mapped onto a ‘“planar”
Cartesian coordinate system having the poloidal angle 8, toroi-
dal angle ¢, and radius r as coordinate axes. Such a mapping of
a closed surface onto a planar one allows straightforward, robust
data fitting using nonuniform rational B-splines (NURBS) in the
Rhinoceros CAD environment. Before smoothing, the original
data ranging within 0 < @ < 27 were considered twice over the
domain —z < 6 < 37 to avoid border effects (only the original
data are shown in Fig. 4 for purposes of clarity). By selecting a
proper choice of horizontal and vertical spans and stiffness for
the NURBS, it was possible to iteratively exclude effects of

Fig. 3 (a and b) lllustrative images of the specimen as imaged in the p-DIC system plus three views of
the corresponding reconstructed geometries at two pressure levels: top row P = 0 mmHg and bottom

row P =100 mmHg.
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Fig. 4 Schema of the p-DIC data processing procedure for the aortic arch. An optimization-based pro-
cedure finds the coordinate transformation that allows the (a) data to best fit a (b) torus; then, the (c) toroi-
dal coordinates p(r, 9, ¢) are mapped into (d) a Cartesian coordinate system representation having 9, ¢,

and r as axes coordinates.

outliers and to achieve active control of the fidelity of the final
smoothed data. Once the planar shape was smoothed, it was
possible to disregard the original evenly spaced data points
coming from regular DIC grids and to remesh the NURBS
with an optimal mesh generated with standard finite element
software. Finally, the invertible relationships [Eq. (1)] allowed
the planar mesh to be mapped back to corresponding counter-
parts in the toroidal and then the original Cartesian coordinate
systems. Displacement maps expressed in planar coordinates
[e.g., p.(0, @, u) for the u component of displacement and sim-
ilarly for the other components] could be smoothed similarly to
obtain each deformed configuration from the undeformed
reference.

If a fine triangular mesh is used to discretize the overall
geometry, the components Eg:, E,,, and E; of the surface
Green strain tensor E can be obtained easily by assuming a
homogenous strain field within each triangular subdomain
(n = 13765 facets, ~0.15 mm? average area) with respect to
n local (&,n) coordinate systems by following a procedure
described elsewhere.*° Specifically, if the axes of each local sys-
tem are defined to be parallel to the toroidal and poloidal direc-
tions of the best fitting torus, E¢; and E,, roughly correspond to
axial and circumferential strains. Finally, by solving the eigen-
value problem for E, it is possible to compute the principal
strains, E; and E, (Fig. 5) and principal directions (Fig. 6)
“pointwise” over the entire surface of the sample. This pro-
cedure allows one to capture regional deformations with a
spatial density consistent with the resolution of the DIC
measurement.

Full-field experimental data can be exploited in many ways.
Dense sets of data enable inverse material characterization to
extract regionally varying mechanical properties (see
Ref. 28). The data can also be averaged over quadrilateral
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patches at different sites of interest to highlight regional
differences in strain magnitude and direction, including princi-
pal values and directions. For example, Fig. 7 shows principal
strains as a function of pressure for six patches. These patches
(each with e > 130 elements, depending on location) were
defined by starting with quadrilateral meshes having sides par-
allel to the poloidal and toroidal directions, which resemble
square patches having borders aligned with the circumferential
and axial directions of common biaxial tests. Note the variations
in mechanical response along the circumferential direction and
with increasing distance from the heart. Figure 8 summarizes
these results by clustering patches from Fig. 7 into two groups,
proximally and distally located. All differences, if not otherwise
indicated, were statistically significant based on a one-parameter
analysis of variance (with p < 0.05) performed using the
MATLARB statistical toolbox.

Finally, quantification of the entire geometry at multiple
pressures can be used to calculate global metrics of arterial stiff-
ness (e.g., pressure-strain modulus £, or distensibility D), thus
enabling a comparison with in vivo measurements. A recent
review of data from uniaxial, biaxial, and extension—distension
tests on human aorta shows the utility of extracting the associ-
ated values of material stiffness and other relevant clinical met-
rics to be used in FSI and fluid-solid-growth simulations.!

2.2 360-deg FP Measurement of Wall Thickness

The complexity of the geometry and composition of the wall
for curved and bifurcating vessels have long presented a chal-
lenge for experimentalists.***? Figure 9 shows the representative
aortic arch studied herein cut along the plane of symmetry with
wall thickness overlaid as a color map obtained by manually
processing the digital images in a two-dimensional CAD

April 2015 « Vol. 20(4)
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Fig. 5 Dorsal and ventral views of principal strains for the aortic arch at P = 40, 60, 80, 100 mmHg.

software package. Note the thickening of the wall at the flow
divider. Common methods of measuring thickness** would be
inadequate in cases of such strong gradients in thickness due
to insufficient accuracy and spatial resolution, not to mention
reproducibility. Hence, we developed and present a novel
p-FP method to measure the distribution of the wall thickness
over the entire specimen. FP?* is a well-established optical
technique that enables high-resolution, noncontact, full-field
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(i.e., pixel-by-pixel) reconstructions of complex objects at
video frame rates.

A standard FP profilometry system consists of a projection
unit [typically a commercial liquid crystal display (LCD) pro-
jector], an image acquisition unit, and a data processing unit.
When a computer-generated sinusoidal fringe pattern is pro-
jected onto the surface of the object at a given angle 6 with
respect to the viewing direction (Fig. 10), fringes arise that relate

April 2015 « Vol. 20(4)
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Fig. 6 Dorsal and ventral views of principal directions (thin lines) for strain for the aortic arch at
P = 80 mmHg with the primary directions denoted by superimposed thick lines.
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Fig. 7 Pressure—strain curves at different locations; plotted values are averaged over the region of inter-
est that is shown as a dark patch.
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Fig. 8 Summary of the principal strain—pressure experimental data.
Proximal and distal regions of interest from Fig. 7 were clustered
in two groups, averaged, and compared statistically by group
(NS = not statistically significant).

(assuming the projected light is collimated and the diffused light
is observed from infinity) the height A(x,y) at a given point
p(x,y,z) with respect to a reference plane (here the xy plane,
with the z axis coincident with the camera axis, i.e., # = z) and
the light phase ¢(x, y), namely

ey
C2nfsin® k(. ), 2)

h(x,y)
where f is the frequency of the sinusoidal fringe pattern and k is
a calibration factor. The phase ¢(x,y) of the modulated fringe
pattern acquired by the camera can be obtained via different
fringe analysis strategies.”> In this work, we utilized a phase-
shifting method, where four synthetic sinusoidal fringe patterns
with a relative phase shift z/2 were sequentially projected onto
the object surface. Image processing (see Ref. 23) yielded a
wrapped phase distribution (with a sawtooth-like gray-scale pat-
tern; central panel in Fig. 11) and after unwrapping, a continu-
ous phase distribution that was proportional to variations in
height over the object surface [see Eq. (2)]. To profile an object
over 360 deg, we adopted the common strategy of placing the
sample on a turntable and repeating the measurement at evenly
spaced angles of revolution.**

s
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Videoprojector

Camera
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Fig. 10 Picture of the 360-deg fringe projection (FP) system used to
retrieve the outer and inner topology of the aortic arch.

Figure 10 shows our p-FP (i.e., 360 deg) set-up. After com-
pleting all mechanical testing in the DIC/p-DIC system (Fig. 2),
the PVC caps that occluded the distal outlet and two supra-aortic
branches were removed by cutting the sample with a scalpel
along the ligatures. The sample was then fixed to a cylindrical
calibration post (38.1 mm diameter) and filled with a monocom-
ponent polyurethane (PU) spray foam to cast the inner cavity

[mm]

Fig. 9 Contrast-enhanced picture of the specimen cut along the plane of symmetry with overlaid
color maps showing the large variability of wall thickness (mean value =1.99 mm, standard

deviation = 0.68 mm).
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(Fig. 11). This material was preferred over other commonly used
casting resins because it is lightweight, it hardens within 10
minutes with no sensible exothermic reaction, and its excess
can be easily removed with a cutter. The sample was protected
from dehydration during the curing period by wrapping it in
saline-soaked gauze. Next, the surface was gently dried with
a cloth to prevent water drops from creating light spikes that
could compromise the p-FP measurement. A series of four com-
puter-generated sinusoidal patterns were then projected onto
the surface using a 800 x 600 pixel? commercial LCD projector.
Both the sample and a CMOS camera (B/W, 8 bit,
2352 x 1728 pixel®, 30 fps equipped with a 28 to 105 mm
lens) were mounted on multiaxis stages for fine positioning
and adjustment within the light path. The sample was then
rotated around a vertical axis at 30 deg steps using an ultrapre-
cision rotation mount (0.001-deg resolution; Fig. 10) and at each
angular position, sets of four images were captured to create the
phase map (Fig. 11, central panel) and hence the shape [through
Eq. (2)] of the imaged portion (Fig. 11, right panel). Following a
full rotation, with the sample still in place, the arterial wall was

cut with a scalpel into two halves along the plane of symmetry
(Fig. 9), thus leaving the inner cast for a second series of mea-
surements (Fig. 11, lower panel). Corresponding portions of
the outer and inner geometries (Fig. 11, right column) were
thus reconstructed relative to the same reference system.
Alignment of the axis of revolution necessary to merge the
shape patches into a full 360-deg shape was achieved by match-
ing a dot pattern on a target plane before and after a known rota-
tion (see Ref. 34).

The phase-to-height conversion was possible only after the
factor k [Eq. (2)] was evaluated through a common calibra-
tion procedure.*>* The current p-FP system had a sensitivity
of k=3.45 mm/rad and a nominal height resolution of
0.044 mm. The reconstruction of the calibration cylinder
placed at the base of the sample (visible in Figs. 10 and 11)
revealed an accuracy in shape reconstruction on the order of
10~2 mm (calculated as the standard deviation of the measured
radius with respect to the nominal radius of the post). Since p-
FP is a full-field technique, its spatial resolution can be chosen
down to the camera resolution of 0.036 mm/pixel. Herein,

Fig. 11 Typical image captured at 30-deg steps for the 360-deg FP measurement (a)—(c) before and
(d)—(f) after removing the (a, d) aortic wall, with (b, ) corresponding wrapped phase maps and (c, f) recon-

structed shapes.

Fig. 12 The two reconstructed inner (bulk) and outer (semitransparent) geometries with some notewor-

thy sections highlighted to show the wall profile.
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Fig. 13 Distribution of measured wall thickness (invalid measurement areas caused by shadows or foam

voids are shown in light gray).

however, image data were sampled with a 10 pixel spacing to
save computational time.

Figure 12 shows two reconstructed inner and outer geom-
etries with noteworthy cross-sections highlighted to emphasize
the large variability in wall thickness, especially in regions of
branching (missing portions of the geometry occur where the
surface was covered by a shadow). A full map of the thickness
distribution was obtained by pulling each of the over 24,000
measured points p;, of the inner surface toward the outer surface
in the normal direction to find the corresponding p,, points.
The Euclidean distance between each point-pair is a measure
of the local wall thickness ¢ (Fig. 13).

3 Discussion

This study sought to illustrate how three different optical tech-
niques can be combined to obtain a detailed geometrical model
of complex regions of the vasculature, such as the aortic arch,
together with information on regionally varying strains and
thicknesses sufficient for inverse characterizations of the under-
lying nonlinear and possibly anisotropic material properties. As
an illustrative example, a normal porcine aortic arch was tested
first in a combined standard and p-DIC device to obtain a full-
surface deformation map over a physiological range of pressure.
Then, the outer and inner surfaces were quantified with a p-FP
system to create a wall thickness map. Regionally varying
mechanical and geometrical properties, extracted from the
same sample, promise to improve our ability to better quantify
regional wall mechanics.

Although this work focused primarily on illustrating the
combined capabilities offered by multiple optical approaches,
some relevant biomechanical information can be extracted
from the results. It is important to note, however, that although
the entire procedure can be applied to the human aortic arch, the
mechanical behavior of the proximal aorta can differ signifi-
cantly between humans and pigs.!” Thus, the present results
should not be extended directly to the human. Nevertheless,
because of the paucity of experimental data on porcine aortic
arch, data from uniaxial and biaxial tests on the ascending
and proximal descending thoracic aortas from pigs and humans
were used as references for comparison and discussion.

Comparing undeformed and deformed geometries (Fig. 3)
and observing the heterogeneous strain maps (Fig. 5) confirmed
the expected increase in arterial stiffness with increasing
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distance from the heart. The maximum registered strain of
50% occurred in the proximal segment of the inner curvature
in the axial direction (Fig. 5) where large deformations and
rigid body motions have been observed in vivo due to the down-
ward movement of the aortic root during the cardiac cycle.>’
Plots of strain distributions (Fig. 5) suggested further that the
arch tissue exhibited higher stiffness in the circumferential
than in the axial direction with an anisotropic ratio, AR (defined
as the ratio of the first and the second principal strains) ranging
from 1.0 to 2.2, with a mean value of 1.5 4+ 0.3 (at 80 mmHg).
This value of the degree of anisotropy is consistent with most
experimental reports on the human and porcine proximal
aorta,'>1317:1920 with few exceptions of reported near isotropy
[see Ref. 3 for human aortic arch and Ref. 15 for the human
ascending aorta].

Strains along the axial and circumferential directions were
close to the principal values E; and E,, respectively, over
most of the surface of the main vessel (data not shown),
hence explaining the near absence of shear strains in square
specimens subjected to biaxial tests when cut along axial and
circumferential directions. Consistently, the direction of princi-
pal strain aligned with the axial and circumferential directions
away from the branches (Fig. 6). Interestingly, in regions of
major branches, the least extensible direction formed concentric
lines around the branches, also consistent with prior reports. 33
In addition, the direction associated with E, ran along the apical
ridge in regions between the supra-aortic branches (Fig. 9), pre-
sumably consistent with strongly aligned bundles of collagen
fibers [see Refs. 32 and 40 for similar results in other arterial
regions] and consistent with results numerically predicted
based on either stress- or strain-based remodeling theories.**

When the strain data were averaged over quadrilateral
patches in different locations (far from the ligatures to exclude
effects of a near rigid boundary condition imposed by the PVC
plugs and the PTFE adapter—see E, plots in Fig. 5), the asso-
ciated results (Fig. 7) suggested that the tissue was stiffer (albeit
thinner) on the outer curvature than on the inner curvature [see
Refs. 16 and 41 for data on the human ascending aorta] and that
the dorsal side was less stiff (albeit thicker) than the ventral side
[unlike in Ref. 19 for the porcine ascending aorta]. Further aver-
aging of strains from proximal and distal segments (Fig. 8) again
revealed significant anisotropy and marked stiffening with
increasing distance from the heart.

April 2015 « Vol. 20(4)
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Interestingly, the pressure-Green strain curves in Fig. 7 were
nearly linear over the physiological range of pressure (strain up to
40%), consistent with studies reporting biaxial data on proximal
porcine aortas.'"'>!71 This quasilinear behavior, not observed
for aged human ascending aortic tissue,'>!” has been suggested
to be due to the relative young age of pigs at the time of slaughter
(6 to 9 months, relative to a normal lifespan of 15 to 20 years) and
the higher elastin: collagen ratio.'*!” Stephens and Grande-
Allen*? suggest that aortic root tissue in a 6-month old pig is com-
parable to a 17- to 19-year old human. The distensibility D and
pressure-strain modulus £, for the proximal and distal portions of
the aortic arch tested in this study (Dp, = 25.8 - 107 kPa™!,
Dy =19.2-103 kPa™', E,,,x=38.7kPa, E,qy = 52.1 kPa)
were indeed comparable with those obtained for human ascend-
ing aortas in 10- to 20-year-olds.’!

The p-FP method for measuring regional thickness was used
here for the first time; although the optical approach is appro-
priate and robust, the casting protocol for obtaining the inner
geometry needs to be refined. For example, the PU foam had
a high porosity, and large voids were present at the base of
the sample where the resin could not attach to the PTFE adapter
(Fig. 11). Possible solutions are: (1) to prevent the rapid expan-
sion of the foam during the first few minutes of the curing proc-
ess by occluding the openings and (2) to use a different material
for the lower cannula adapter. Moreover, the invalid areas
reported in grey in Fig. 13 were due to shadows close to and
between the supra-aortic vessels. Such “data voids” are not
inherent to the technique and can be eliminated by fixing the
sample to an adjustable mount that properly orients it with
respect to the incoming light to avoid shadows. Nevertheless,
Fig. 13 reveals considerable regional variations in the wall
thickness ranging from 0.45 to 3.86 mm, with a mean of
2.17 £0.63 mm. Hence, important features were captured,
such as the expected thickening at the inner curvature,'#!*
the curving ridge at the flow divider,*? the nonuniform thickness
of the branches along their circumference, and their gradual
thinning with increasing distance from the arch (compare
Fig. 13 to Fig. 9). The possibility of mapping wall thickness
in vessels from large animals or humans (i.e., with thick
walls) will enable advances in understanding the interplay
among geometry, composition, mechanical behavior, and
applied loads as needed to improve our understanding of the
mechanobiology.?! In particular, regions of branching are struc-
turally complex, with strong anisotropy and high variability in
thickness.*? Although particularly important from the perspec-
tives of both wall mechanics and hemodynamics (because of
aneurysms and atherosclerosis often occur at or near branches),
prior mechanical studies have typically been oversimplified by
assumptions of homogeneous and isotropic material properties
and constant thickness (see Ref. 3), which can render the asso-
ciated results questionable based on our expectations of mecha-
nobiological control. Similar assumptions in other areas of
complexity, such as abdominal aortic aneurysms, likely lead
to similar concerns.**

Our overall approach was illustrated for a porcine aortic arch,
but it is suitable in principle for studying the human arch due to
similarities in shape and size between the two species. It is pos-
sible, however, that specific differences in geometry, size, and
location of the branches could affect the extent of the surface
measured with DIC resulting from hidden regions, shadows,
and undercuts. A proper choice of the size of the conical mirror
and the adoption of adjustable custom-designed adapters for
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sample cannulation should overcome most geometrical limita-
tions. Although the proposed experimental protocol represents
a new approach to more realistically reproduce in vivo loading
conditions for the aortic arch, particularly relative to common
biaxial and inflation tests, some important limitations remain.
First, realistic in vivo boundary conditions (e.g., tethering of sur-
rounding tissues) are still challenging to reproduce in an in vitro
test-rig*® despite being important for eventual FSI simulations.*®
Second, in contrast to common elastographic modalities (e.g.,
ultrasound, magnetic resonance, or optical coherence tomogra-
phy based; Ref. 24), our DIC-based approach only allows sur-
face, not volumetric, strain mapping. To address the complete
mechanical behavior of such a complex arterial geometry, com-
plementary measurements should be performed to inform 3-D
finite element models, including those for inverse material
characterization.

4 Conclusion

This work aimed to explore and illustrate the potential offered
by a multimodal optical approach to measure regionally varying
thickness and surface deformations of the aortic arch in its native
geometry in vitro. Such measurements, which to our knowledge
have not been reported previously, could enable a new class of
high fidelity inverse methods for material characterization that
yield regional information. Such information, in turn, could en-
able a deeper understanding of aortic arch biomechanics via
sophisticated fluid—solid interaction and fluid-solid-growth
studies, which could help in the design of improved clinical
interventions and/or improved biomimetic graft-patches for
aortic arch reconstruction.
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