Evaluating the Mechanical Behavior of Arterial Tissue
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ABSTRACT—In this study, digital image correlation (DiC) was
adopted to examine the mechanical behavior of arterial tissue
from bovine aorta. Rectangular sections comprised of the in-
timal and medial layers were excised from the descending
aorta and loaded in displacement control uniaxial tension up
to 40 percent elongation. Specimens of silicon rubber sheet
were also prepared and served as a benchmark material in
the application of DIC for the evaluation of large strains; the
elastomer was loaded to 50 percent elongation. The arterial
specimens exhibited a non-linear hyperelastic stress—strain
response and the stiffness increased with percent elongation.
Using a bilinear model to describe the uniaxial behavior, the
average minor and major elastic modulii were 19248 KPa and
912440 KPa, respectively. Poisson’s ratio of the arterial sec-
tions increased with the magnitude of axial strain; the average
Poisson’s ratio was 0.17+0.02. Although the correlation co-
efficient obtained from image correlation decreased with the
percent elongation, a correlation coefficient greater than 0.8
was achieved for the tissue experiments and exceeded that
obtained in the evaluation of the elastomer. Based on results
from this study, DIC may serve as a valuable method for the
determination of mechanical properties of arteries and other
soft tissues.
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Introduction

The mechanical properties of arterial tissues contribute to
our understanding of normal and pathological physiology,
govern the design of prosthetic devices for the circulatory sys-
tem, and help guide the development of non-invasive surgical
techniques. Roy! was among the first to recognize the im-
portance of arterial mechanics and constructed an apparatus
to inflate arteries in vitro under known pressure. Compliance
of the artery was calculated from the volume versus pressure
curve. Pressure-diameter testing has remained a popular ap-
proach, but modern imaging techniques have been adopted
to monitor changes in vessel geometrz' and volume that
are associated with internal pressures.2~* Examples of other
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methods for measuring mechanical properties of arterial tis-
sues include the use of photo cells combined with a scanning
laser,’ sono-micrometers,® differential transformers,’ pasted
wire strain gages,? and electrolytic transducers.” Many of the
techniques employed for evaluating arterial mechanics have
been reviewed by Hayashi.!? Although these techniques have
been applied both in vitro and in vivo they are either limited
to small strains, require contact with the tissue, or can only
measure strain in a single axis.

Non-contact methods are preferred for evaluating the me-
chanical properties of soft tissue because there is no change
in stiffness resulting from the presence of a sensor. Imaging
techniques are, therefore, very suitable candidates. Arterial
tissues are hydrated, smooth, and generally devoid of distin-
guishing features that can be used as natural markers. How-
ever, displacements can be measured by applying artificial
markers to the tissue in its relaxed state and monitoring the
position of the markers during mechanical loading. For ex-
ample, Zhou and Fung!! and Humphrey et al. 12 introduced a
four-point grid on the surface of tissue samples using a per-
manent ink marker to evaluate the non-linear elastic behavior
of blood vessels. An inherent assumption in this approach is
that the mechanical response is uniform and homogeneous
between the marker points. Arterial tissue is composed of
layers of elastin and collagen and there is a high degree of
non-linearity in response to large strain.!3 Local variations in
the anisotropy and inhomogeneity of arterial tissues have not
been examined in detail, partly due to the limitations of most
experimental techniques that have been adopted for analysis.

In the current study, digital image correlation (DIC) was
adopted to determine the strain distribution in sections of
bovine aorta subjected to uniaxial tension. The primary ob-
jective of this study was to evaluate the potential to use DIC
for studying the mechanical behavior of soft tissue under a
large range of strain, and to establish a suitable method for
tissue preparation that is applicable for DIC. This analysis
serves as an incremental step in using DIC to examine the
mechanical behavior of soft tissues and in studying the ef-
fect of chemical and mechanical treatments on the change in
properties of these materials.

Background

Digital image correlation is a non-contact optical method
of displacement measurement that requires only two digi-
tal images for the evaluation of displacements. In contrast
to point measurement techniques, DIC can provide the com-
plete in-plane displacement distribution over a selected finite
area of observation. The primary merits of DIC over other
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methods are that the optical arrangement is simple, either
coherent or incoherent light can be used 1o illuminate the
ahject’s surface, and that the full-field deformation can he
oblained over a large measurement range. For these reasons,
DIC is viewed as a robust, flexible, and “easy 10 apply”" mii-
curement technique. It has been adopted o examine the defor-
mation of structures,'*~1® mechanical behuvior of engineer-
ing materials,!” " and plastic deformation of metals 1+

Interaction between the incident light and the surface of
an object results in a high contrast “speckle’” image with ran-
dom, high-frequency variation in light intensity. The distri-
bution in light intensity F(x, v) at each point and the sur-
rounding neighborhood is unigue. With deformation of the
abject, each position of the surface (v, ¥) is assumed (o €x-
isLat @ new location (1, ¥"). The light intensity distribution
at the new location should be consistent with the original
distribution with only minor deviation, The in-plane surface
displacement can be dete rmined by finding the position of the
light intensity distribution F*(x*, v* ) which most closely re-
cembles the original distribution Fix, ). Digital images at
the light intensity distribution can be acquired conveniently
hefore and after deformation using a video camera of digital
camera. The “speckle” distribution can then be represented
by the grayscale intensity distribution. A search is performed
to find the location on the deformed image with grayscale
distribution that is most consistent with that on the original
image representing the undeformed or reference state of the
abject. The surface displacements arc then determined by
comparing the positions of the grayscale distribution of the
deformed image with respect to that of the original image,

The location of F*(x*, ¥*) can be obtained by caleulat-
ing the correlation coefficient over the neighborhaod of the
delormed image and finding the position with the muximum
correlation coefficient. The carrelation coefficient (C) can be
expressed as!®
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where I and F* are the grayscale matrices of the subset at
position (x, ¥) in the undeformed image and (x*, ¥} in the
deformed image, respectively. The symbol {) ineq (1) im-
plies the mean value of the elements in the matrix. Once the
location with the maximum correlation coclficient is deter-
mined. the displacement between these two images can be
determined according to
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The corresponding engineering strain can be obtained from
the first derivative of the displacements s
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The in-plane Lagrangian strain companents can aten be ob-
tuined from the displacements ignoring out-of plane delor-
mation according to
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The position of (x%, y") may not lie un mteger pixel dis
tance from the original position. Theretore, interpalation o
the grayseale between integer pixel locations 15 practiced in
DI 10 increase the accuracy of measurement. The most com
mon methods of interpolation in DIC are bilinear and biculne
interpolations, and reports have indicated that bicubic is more
aceurate than bilinear, ™

Materials and NMethods
Specimen Preparation

The aorta and descending artery (1otal length from aortic
arch of approximately 20 cm) werc obtained within hatf an
hour postmortem from (wo sepirate Cows (Fig. Lay) The
arteries were maintained in an cthylene plycol tefr-ucehe
acid (EGTA) enhanced passive physiologic solution except
during transport, dissection, and resting. Each artery wiis cl
axially between the thoracic ostia and laid flat, intimal side
up. Several rectangular sections were excised from the de-
scending portion af each sorta (Fig, 1(a)). The transverse
and axial lengths were 20 mm and 100 mm. respectively
The adventitial and part of the medial layer of the specimens
were removed using a mictotome blade, yielding specimens
comprised of the intimal and miedial layers (Fig. 1{b)) witia
uniform thickness of 2 mm. After sectioning, the Specimens
were flat with minimal curvatare, Since the intimal surface 15
very siooth and wel, some unigue procedures were reguired
to generate random speckles on the surface to facilitate image
correlation, The specimens were removed from the EGTA
solution just prior (o testng, and excess moisture was ab-
cnrhed from the surface using paper cloth, A very thin coal
of quick-drying hlack enamel (RUST-OLEUM) paint wis
sprayed onto the intimal surface using an aerosol can. The
distance between the nozzle and specimen was maintained at
0.5 m. at least, to generate a fine mist of enamel that resulted
‘11 a uniform distribution of small paint dots. Using this sim-
ple procedure, a high-contrast speckle patiern was deposited
on the specimen’s surface, necessary for image corrclauon
(Fig. 2(a)). Although the enamel paint contains solvents thitt
may affect the properties of the tissue, the potential influenee
was ignored due 1o the small coating thickness and short pe
rivd of testing time. In addition, the speckles were nearly dry
on contact with the tissue, which [urther limited potential
effects from the solvent.

To validate results obtained using DIC in evaluating prop-
erties of the bovine artery, benchmark tests were performed
with # silicon rubber sheet (40 Durometer). Rectangular set-
tions were obtained from the rubber sheet (1.6 mm thick!
with dimensions of 25.4 x 85 mm®. A speckle pattern Wi
pencrated on the surface of the rubber specimens using the
same spraying methods emplaoyed for the tissue.
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