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Abstract Purpose: Atherosclerotic is a specific form of vascular disease showed to be in
charge of the 30% of mortalities in the United States alone. Many studies so far have been re-
ported on the linear and nonlinear mechanical properties of the human and animal coronary
arteries. However, the Quasilinear Viscoelastic (QLV) mechanical behavior of the healthy
and atherosclerotic human coronary arteries have not been well quantified in spite of the
time-dependent mechanical behavior of the arterial walls. This study was aimed to set up a
new relaxation viscoelastic tests to characterize the QLV parameters of the healthy and
atherosclerotic human coronary arteries.
Methods: Ten healthy and atherosclerotic human coronary arteries were subjected to relaxa-
tion test and the QLV parameters were calculated by comparing the QLV model to that of
stress-relaxation data.
Results: The findings showed the highest stress in the atherosclerotic coronary samples (292.02
� 18.14 kPa) (Mean � SD) which is found to be higher than that of the healthy ones (18.12 �
2.88 kPa) (p < 0.05). In addition, the stress-relaxation diagrams showed that the healthy cor-
onary arteries can reach to a balance in slightly a lower time (1400 � 24.15 sec) compared to
the atherosclerotic ones (1800 � 38.12 sec) (p < 0.05).
Conclusions: These data might provide a deep understanding not only for the viscoelastic time
dependent mechanical behavior of the healthy and atherosclerotic human coronary arteries
but also for the biomechanical experts in different fields of research including, tissue engi-
neering, intervention and bypass surgery and stenting.
ª 2017 Association for Research into Arterial Structure and Physiology. Published by Elsevier
B.V. All rights reserved.
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Introduction

Atherosclerosis is a typical source of heart attacks, strokes,
and peripheral vascular disease which is ranked as the first
cause of death in the United States with more than 800,000
deaths in 2005.1 The main function of arteries is to carry
the blood from the heart all the way through the body by
help of a thin layer of cells, namely the endothelium.
Endothelium is in charge of providing a smooth condition to
pave the way for the blood to flow in the body.2,3 However,
atherosclerosis can subject these cells into a substantial
alteration by different side factors, such as high blood
pressure, high cholesterol, and smoking, which finally by
entering the Low-density lipoprotein (LDL) to the damaged
endothelium will result in plaque formation inside an artery
wall.4,5

The mechanical properties of the coronary artery as a
result of plaque formation inside the arterial wall may
alter. This has been confirmed by Karimi et al.6 via a
comparative study on the uniaxial linear elastic mechanical
properties of the healthy and atherosclerotic human coro-
nary arteries. The results of that study revealed that the
elastic modulus of the healthy arteries is 2.53 times higher
than the atherosclerotic arteries. A biaxial tensile test that
has been conducted by Kural et al.7 on the mechanical
properties of the healthy and diseased porcine coronary
arteries exhibited that the diseased coronary specimens are
relatively stiffer than that of healthy ones not only in terms
of the Young’s modulus but also in terms of the maximum
stress in both the axial and circumferential directions. The
alteration of the biomechanical factors based on the con-
tractile responses to endothelin-1 between the healthy and
atherosclerotic arteries was investigated under the
circumferential loading.8 The results reveled the important
of endothelin-1 in the mechanical properties of the
atherosclerotic arteries. Furthermore, the alteration of
mechanical properties of the human coronary arteries by
considering the age and sex were experimentally quantified
using inflation test under circumferential loading.9 How-
ever, they only used healthy samples for their mechanical
measurements. Moreover, several nonlinear isotropic or
anisotropic constitutive models have been employed to
designate the mechanical properties of the human coronary
arteries, including Neo-Hookean,10,11 Mooney-Rivlin,12 and
Ogden.13 Nonetheless, so far the Quasilinear Viscoelastic
(QLV) mechanical properties of the coronary arteries
through the Prony series and ramp/hold model have not
been determined. Since most research communities want
to benefit from the time-dependent mechanical behavior of
the arteries, the findings of the current research can pro-
vide a wide range of data for the medical communities to
have a better outlook of the arterial mechanical behavior.
Therefore, the results of this study would provide such
suitable mechanical data for diversity of disciplines, such as
tissue engineering, cardiac surgeries, and robotic surgeries.
Holzapfel et al.14 proposed a two-layer structural model for
the viscoelastic behavior of the arterial walls. Their pro-
posed model enables to predict the unstimulated or passive
time-dependent three-dimensional stress and deformation
state of the healthy young arterial walls under various
loading conditions. Fung’s QLV model which has a advan-
tage of small number of samples as well as smooth testing
condition has also been employed to define the response of
many types of soft biological tissues and, indeed, its suit-
ability was well confirmed.15e17

In this study, a combination of Prony series as well as
ramp/hold model18,19 was used to capture the mechanical
response of the healthy and atherosclerotic human coro-
nary arteries as a function of time. The results would pro-
vide a set of comparative understanding on the mechanical
properties of the healthy and atherosclerotic arteries under
stress relaxation loading.

Materials and methods

Specimen preparation, mechanical testing, Digital
Image Correlation (DIC) technique

The process of preparation of the arterial tissues, testing
procedure20e22 as well as data analysis23 were compre-
hensively discussed in the previous publications of the au-
thors. Fleetingly, a group of ten (five healthy and five
atherosclerotic) human coronary arteries were removed
from the cadavers under permission from donators under
the ethical rules of the TUMS according to the 2008
Declaration of Helsinki within five-hour postmortem to
minimize the tissue degradation. The reason of the death
for the healthy cadavers were all related to the accident or
trauma, while the atherosclerosis cadavers were all died
due to the stroke or heart-related diseases. At least 10
hearts were excised from the healthy and atherosclerotic
individuals and their coronary arteries delicately removed
for further study using surgical scalpel. The top (a) and side
view (b) of the heart is shown in Fig. 1. The coronary artery
was then carefully removed by a skilled surgeon for
following mechanical measurements. In order to figure out
whether the obtained tissues are healthy or atheroscle-
rosis, picro Sirius red staining of the cap was done and the
tissues were imaged using polarized light microscopy im-
ages (Olympus, Tokyo, Japan). In addition, since the sam-
ples used in the current study have also been used in the
recent research of the authors.46 The process was that
some of the samples were employed for this study and some
other for our previous studies.24,25 A constant strain rate
was applied to the arterial tissue samples using the uni-
versal testing machine. An arterial wall during the stress
relaxation test is shown in Fig. 2a. An arterial wall was
mounted on the testing machine and a constant strain rate
was applied through a moving jaw. Displacement/strain of
the samples, as in the previous section mentioned, were
recorded using DIC method. Three cameras were set on
each tissue and deformations of the samples were precisely
recorded for further mechanical measurements. A pair of
sand papers were also placed between the jaws of the
machine to hinder slip boundary conditions. The arteries
were, subsequently, carefully cleaned from the surrounding
tissues and well-looked-after in a solution of 0.90% w/v of
NaCl at 4e5 �C beforehand of the relaxation test. The di-
mensions of the samples were around 25 mm in length with
inner and outer diameters of 3.98 � 0.25 (Mean � SD) and



Figure 1 The (a) side and (b) top view of a heart.
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5.00 � 0.31 mm, respectively, for the healthy ones. The
dimensions of the atherosclerotic arteries were 4.11 � 0.18
and 5.09 � 0.26 mm for the inner and outer diameters,
respectively, and almost the same length as the healthy
ones. All dimension measurements were carried out using a
digimatic ruler with a resolution of 0.005 mm � 0.05%
(Insize, Vienna, Austria). It is actually quite difficult to
measure the dimension of the soft tissues, especially
arterial ones, as their thickness would be different at
various locations. Therefore, at least fifteen random spots
were defined on each sample and measured via an Insize
digimatic ruler before the test. The stress relaxation test
was conducted using a uniaxial tensile test apparatus which
somehow modified for testing the soft biological tissues.
The average value of those fifteen points were employed
for further stress quantification.
Figure 2 The coronary artery tissue sample under uniaxial
loading. The (a) sample was mounted on machine in a way that
its lower side was fixed while the upper side was moved up-
ward. The (b) displacement/strain was also graphically
measured using DIC method.
Before the stress relaxation test starts, a group of pri-
mary testing, including tissue preconditioning assessment,
the recovery time evaluation, and relaxation delay ana-
lyses, were performed to find the most suitable process of
testing for tissue specimens. In summary, these analyses
clarified that the conditioning of the tissue is going to be
realized in about 8 cycles.26 All testing, i.e., stress failure
and stress relaxation, were carried out at the strain rate
5 mm/min, as a lower strain rate would more deeply reflect
the mechano-biological mechanical behavior of the arterial
wall.27e30 In addition, at a low strain rate the nature of the
strain history can be better clarified by a linear ramp
trailed by holding at a continuous strain.31e33 A very firm
and no-slip boundary were also provided by a steel made
gripper plus two coarse sandpapers glued to the jaws of the
machine.

Since the viscoelastic time-dependent mechanical
response of the arterial wall has been well approved by
previous studies, stress relaxation test was carried out
according to the protocol proposed by the authors for
polyvinyl alcohol sponge.34,35 The protocol starts by
measurement of the thickness, preconditioning, preload-
ing up to physiological range, ramp up to relaxation point,
recovery for a minute, ramp up to long term behavior of
the tissue.36 In detail, the sample was located between
the jaws of the machine as then a strain rate of 5 mm/min
was applied to the samples and the load in the tissue was
recorded by a 50 kgf load cell. Thereafter, eight cycles of
preconditioning up to 30% strain were applied up to
relaxation point and was kept for at least 1 min. This also
can be considered as a physiological preload. Although
samples were cut at a suitable angle to avoid or at least
minimize residual stress, it is the authors’ belief that the
imposed preload and cyclic precondition load can also
help the tissue to dissipate the residual stress for further
analysis. Lastly, arterial wall let be freely release their
energy of stress for about 33 min of relaxation and their
stress-time diagrams were recorded for the rest of the
study.

In this study in order to measure the strain/displace-
ment of the tissues at each position, the video cameras
with the capture of 280 frame/second with the resolution
of 2048 � 1088 pixels were used. The Simi Motion� 2D/3D
(Simi Reality Motion Systems GmbH, Max-Planck-Straße,
Unterschleibheim, Germany) video camera software was
also helped us to lively measure the deformation of each
marker in respect to the other one.37
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Quasielinear Viscoelastic (QLV) model

Viscoelastic materials are the type of materials that show
different stressestrain paths in cyclic tests. QLV materials
is a bit progressed as they contain not only the elastic
recoverable region but also the viscous nonrecoverable
region. In the other words, QLV can capture the ramp and
hold sections of a viscoelastic material in a better way
compared to the usual Maxwell, Kelvin-Voigt, and Prony
series models. The QLV model actually is a well approved
model that firstly proposed by Fung38,39 and later on
developed by other researchers in order to be enabled to
capture the nonlinear mechanical properties of the soft
tissues at the same time.40e42

In a typical Fung’s model, the background of the tissue is
added to the equations by a relaxation function, s(l,t).
This function also has a specific part as normalized function
of time, called reduced relaxation function, G(t), and the
stretch, l(Zεengþ1), that is to say the elastic retort, T(e).

sðl; tÞZGðtÞT ðeÞðlÞ; Gð0ÞZ1 ð1Þ

Here T(e) exhibits the Cauchy/true stress in an initial
ramp section of the stress relaxation test. At time t Z 0,
when the stress shows an action to the change of stress or
strain, the Boltzmann superposition principle can be used
to calculate the stress.

sðtÞZ
Zt

0

Gðt� tÞvT
eðεÞ
vl

vlðtÞ
vt

vtþ s0 ð2Þ

If G(t) is supposed to be interminably differentiable, the
mien can also be articulated as:

sðtÞZTe½lðtÞ� þ
Zt

0

Te½lðt� tÞ�vGðtÞ
vt

vt ð3Þ

And because in the current study the reduced relaxation
function was approximated by the Prony series, the
following equation can be expected:

GðtÞZGN þ
X3

iZ1
Gie

�bt ð4Þ

Here GN called as a long term relaxation coefficient
(GNZlimt/N G(t)) and the Gi parameters present the
relaxation strength conforming to the b decay
constant.41,43

The prompt elastic stress and its derivative are signified
by the following nonlinear equations:

seðεÞZA
�
eBε � 1

� ð5Þ

vseðεÞ
vε

ZABeBε ð6Þ

where A and B are the instantaneous elastic parameters44,45

which can be delimited by comparing the numerical models
to that of the experimental ones.

It is known that the behavior of the soft biological tissue
under stresses are not linear, hence, a more complicate
ramp history model should be adopted to be able to address
this behavior and also can be implemented into Eq. (1)
whether implicitly or explicitly by numerical integration.
As a result, in order to make this integration easier, the
differential operator was crossed out from the input strain
history thru integration by parts:

sðε; tÞZABeBε

2
4�

Zt

0

dGðt� tÞ
dt

εðtÞdtþGðt� tÞεðtÞ

�Gðt� 0Þεð0Þ
3
5þ s0

ð7Þ

A specific QLV stress relaxation curve fit algorithm
developed by Abramowitch and Woo32 was employed and
the parameters of the model were, at that juncture, pre-
meditated by MATLAB v. R2015a (The MathWorks, Inc.,
Natick, MA, United States). The mean number of a deter-
mination (R2) was designated between the model and
experimental results for each tissue data.

Statistical analysis

Data were first analyzed by analysis of variance (ANOVA);
when statistical differences were detected, student’s t-test
for comparisons between groups was performed using SPSS
software version 16.0 (SPSS Inc., Chicago, IL, United
States). Data are reported as mean � std at a significance
level of p < 0.05.

Results

The stress-relaxation curves of the healthy and athero-
sclerotic human coronary arteries are plotted in Fig. 3a and
b separately. Therefore, the results are reported in terms
of the stress versus the relaxation time. In addition, the
stressestrain diagrams of the tissues during the stress-
relaxation tests were also recorded and presented in
Fig. 3c and d. The results in this regard were reported as
the applied stress versus the relaxed strain which refers to
the value that a tissue experienced up to release the
experienced stresses. The curves were all calculated at the
same strain rate as well as the same testing condition.

By looking at the obtained results in the current study,
the starting/initial region of the stress-time or stressestrain
diagrams illustrated the stresses of 18.12 � 2.88 kPa and
292.02 � 18.14 kPa for the healthy and atherosclerotic
coronary arteries, respectively (Fig. 3). The arterial walls
demonstrated a transient stress-relaxation behavior to the
functional/step displacement and is highly viscoelastic with
a percentage of w74% and w98% for the healthy and
atherosclerotic tissues, respectively. These values are
defined according to the highest and lowest amount of stress
between the initial and final regions of the stress-time dia-
grams of the samples in a way that, for example, the healthy
arterial wall had the initial stress of 18.12 kPa and by the
passage of time it reached to 0.12 kPa which invokes the
viscoelasticity of 98%. The stress is reached in balance in
about 1400 � 24.15 s for the healthy arterial wall while it
took 1800 � 38.12 s for the atherosclerotic ones. Further-
more, to assess the stress relaxation time for both type of
the arterial tissues, the time at which the stress reaches the



Figure 3 The hold section of the stress-time diagram of the (a) healthy and (b) atherosclerotic human coronary arteries. In
addition, the stressestrain diagram of the tissue samples during the hold section for the (c) healthy and (d) atherosclerotic
arteries.
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50% of its peak value was quantified. The results revealed
that the stress relaxation time of the healthy artery was
significantly lower than that of the atherosclerotic ones.
This shows a difference between the stress-relaxation be-
haviors during tension for both arterial tissues.

In order to have a comparative outlook about the
behavior of the arterial tissues under the applied relaxation
loading, the normalized reduced relaxation function versus
the time for both the healthy and atherosclerotic tissues is
plotted and presented in Fig. 4. These curves helped us to
be able to calculate the QLV coefficients of the arterial
walls by using the suitable mathematical function. The
results in this regard are reported in Table 1. The results
were investigated not only in terms of decay constant
values (b) but also other parameters among the healthy and
Figure 4 Normalized reduced relaxation function versus time
atherosclerotic tissues. The decay constant showed the
variance of 12.75%, among the healthy and diseased tissues
which is not significant. According to the stress relaxation
diagrams it is observed that healthy and diseased arteries
grasp to a stress balance in dissimilar times (Fig. 3). Long
time shear modulus (GN) showed a significant alteration for
the healthy (0.0009 � 0.0001 kPa) and atherosclerotic
(0.0111 � 0.0009 kPa) tissues.
Discussion

Although up to now many linear elastic or nonlinear hypere-
lastic material models have been employed to capture the
mechanical properties of the healthy and atherosclerotic
for the healthy and atherosclerotic human coronary arteries.



Table 1 Quasi linear viscoelastic parameters of the
healthy and atherosclerotic human coronary arteries.

Material constants Healthy Atherosclerotic

GN 0.0009 � 0.0001 0.0111 � 0.0009
G1 0.4437 � 0.0010 0.333 � 0.0007
G2 0.2414 � 0.0012 0.0816 � 0.0009
G3 0.5044 � 0.0010 0.7213 � 0.0010
b 0.0243 � 0.0008 0.0212 � 0.0011
R2 0.9598 0.9124

A (kPa) 19,260 � 155 249,600 � 198
B 0.0078 � 0.0006 0.0196 � 0.0014
R2 0.9117 0.9326
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human coronary arteries, there is a lack of knowledge on the
viscoelastic time-dependent mechanical response of these
arteries. On the one hand, since arteries experience a large
displacements and/or strains under any type of loading con-
dition, the application of linear elastic models might not be
operative. On the other hand, hyperelastic material models
unable to take the time-dependent mechanical properties of
the arterial wall into account.15 Hence, it is obvious that
there should be a set of study to investigate the quasilinear
viscoelastic mechanical behavior of the arterial tissue under
stress-relaxation loading.

Many reports have been proposed to show that usual
exponential or logarithmic mechanical models would be
enough for characterizing the mechanical properties of soft
biological tissues, especially arterial wall. They believed
that these type of material models are more advantageous
compared to the intricate ones, such as visco-hypere-
lastic.46 However, it is obvious that these number of pa-
rameters would pave the way for the models to address the
biomechanical complexities of the tissues.47,48 In addition,
the viscoelastic mechanical behavior of the arteries cannot
be explained using linear or nonlinear mechanical models
since the load bearing behavior of the tissues at each time
point would be so crucial for tissue analysis.

The results in here well explained that the atheroscle-
rotic arterial walls are stiffer than that of the healthy ones
(Fig. 3). According to our data, when the load up to the
holding limit applied to the arterial tissues, on a basis of
their conditions, i.e., healthy or atherosclerosis they took
different time to release their stored energy. Our results
revealed that the healthy arterial tissues need less time to
release their stored energy while the atherosclerotic ones
need more time regardless to their first stored stresses. The
results also exhibited a severe dropping of peak stress thru
the experimental measurement in the atherosclerotic ar-
teries (Fig. 3b and d as well as Fig. 4). This might be related
to the breakage of the arterial wall collagens due to over-
load as showed by Vogel.49 The results also showed that the
atherosclerotic artery still keep some of the applied stress
on that up to the final relaxation stress while the healthy
arterial wall was well released this stress energy. It suggests
that the healthy arterial walls are being able to well
tolerate a suitable amount of energy and then release it up
to their recovery point whereas the atherosclerotic ones
may not be able to release that energy suitably and it may
lead to an improper performance in them. This is also
mentioned by Munster et al.50 as the collagen fibers have
substantial role in bearing the applied load by their
contribution through their orientations. This is why in the
healthy arterial walls the applied load well absorbed by the
tissue and then easily released. However, since the
atherosclerotic arterial collagen fibers lose their natural
elasticity they could not release the absorbed load and, as
a result, such trend happened in the curves.

Conclusions

The quasilinear viscoelastic mechanical behavior of the
human arterial tissue in the healthy and atherosclerotic
conditions under tensile loading was deeply investigated in
the current study. Five healthy and five atherosclerotic
tissues were removed from the cadavers and subjected to
a succession of stress-relaxation tests. The QLV parame-
ters were all calculated and reported. The findings indi-
cated that the maximum stress in the atherosclerotic
arteries is larger than that of healthy ones. Furthermore,
the stress balance of the arterial tissues fulfilled at dis-
similar times.
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