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Abstract In this paper, we studied the viscoelastic behav-
iors of isolated aortic elastin using combined modeling and
experimental approaches. Biaxial stress relaxation and creep
experiments were performed to study the time-dependent
behavior of elastin. Experimental results reveal that stress
relaxation preconditioning is necessary in order to obtain
repeatable stress relaxation responses. Elastin exhibits less
stress relaxation than intact or decellularized aorta. The rate
of stress relaxation of intact and decellularized aorta is line-
arly dependent on the initial stress levels. The rate of stress
relaxation for elastin increases linearly at stress levels below
about 60 kPa; however, the rate changes very slightly at
higher initial stress levels. Experimental results also show
that creep response is negligible for elastin, and the intact
or decellularized aorta. A quasi-linear viscoelasticity model
was incorporated into a statistical mechanics based eight-
chain microstructural model at the fiber level to simulate the
orthotropic viscoelastic behavior of elastin. A user material
subroutine was developed for finite element analysis. Results
demonstrate that this model is suitable to capture both the
orthotropic hyperelasticity and viscoelasticity of elastin.

Keywords Elastin - Viscoelasticity - Orthotropic
hyperelasticity - Constitutive model - Biaxial tensile test -
Stress relaxation

1 Introduction

As one of the major extracellular matrix (ECM) compo-
nents, elastin is essential to accommodate physiological

Y. Zou - Y. Zhang ()

Department of Mechanical Engineering, Boston University,
110 Cummington Street, Boston, MA 02215, USA

e-mail: yanhang @bu.edu

Published online: 21 October 2010

deformation and provide elastic support for blood vessels.
Elastin degradation is greatly associated with loss in com-
pliance and stiffening in the arterial wall, which presents
in many cardiovascular diseases including diabetes, hyper-
tension, aortic aneurysm, and atherosclerosis (Campa et al.
1987; Chung et al. 2009; Cameron et al. 2003; Agabiti-Rosei
et al. 2009; Boutouyrie et al. 2008; Diez 2007; Uitto 1979;
Satta et al. 1998). Degradation of elastin in the artery has
been assumed to be a major cause that alters the stress distri-
bution produced by blood pressure (MacSweeney et al. 1992,
1994, Silver et al. 2001).

Elastin degradation and failure greatly compromises the
mechanical properties of blood vessels. The mechanical
properties of elastin have been studied in the past three
decades owing to its importance on the functionality of many
connective tissues (Lyerla and Torchia 1975; Gosline 1976;
Lillie and Gosline 1990; Daamen et al. 2007; Gundiah et al.
2007, 2009; Lillie and Gosline 2007; Zou and Zhang 2009).
However, the time-dependent properties of elastin and its
involvement in physiological functions and diseases remain
to be understood. The viscoelastic properties of elastin are
closely related to its microstructure, hydration level, pres-
sure, temperature, and the external mechanical and chemi-
cal environments (Lillie and Gosline 1990, 2002; Weinberg
et al. 1995; Spina et al. 1999). Elastin in the medial layer of
arteries consists of hydrated elastin fibers that are approxi-
mately 3 pm in diameter, which are assembled into the lamel-
lar structures at the microscopic level (Winlove and Parker
1990). In previous work, molecular probe techniques have
been used to characterize the organization of isolated elastin
(Weinberg et al. 1995). The fibers were found to contain a
network of water-filled pores accessible to solutes with
molecular weights below 1,000 daltons. The water spaces
between and around fibrils are accessible to much larger
solutes. The intra- and extrafibrillar compartments can be
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modified by mechanical stresses, chemical environment,
osmotic pressure, and temperature (Weinberg et al. 1995).
When subjected to external stress, elastin molecules rear-
range. The relaxation time required for the rearrangement is
directly related to the free volume available for the molecular
chains to move (Lillie and Gosline 1996; Knauss and Emri
1981).

In a few previous studies on the time-dependent
mechanical behavior of elastin, loading has been limited to
uniaxial stretching (Weinberg et al. 1995; Silver et al. 2001;
Lillie and Gosline 1996, 2002), which ignores the multiax-
ial loading state under physiological conditions and thus the
intrinsic anisotropic properties of soft tissue. Under physi-
ological conditions, aortas are subjected to cyclic strains in
both circumferential and longitudinal directions due to the
normal and shear forces exerted by pulsatile blood flow. Pla-
nar biaxial tensile test with independent control of load in
both perpendicular directions has been used broadly to study
the mechanical behavior of various soft biological tissues
(Sacks and Sun 2003; Geest et al. 2006; Knezevic et al. 2002;
Zou and Zhang 2009; Jhun et al. 2009). Although it cannot
replicate the physiological loading conditions, biaxial tensile
test is sufficient on elucidating the anisotropic mechanical
properties of soft tissues with plane stress assumptions. Such
capabilities make it a useful tool for in vitro understanding
of tissue mechanics and for determining material parameters
in sophisticated constitutive models.

It is commonly accepted that for soft biological tissues,
the initial loading curves are substantially different from the
subsequent loading curves (Fung 1993), which makes pre-
conditioning an important step in order to obtain a repeat-
able stress—strain response of soft tissues (Sauren et al. 1983;
Carew et al. 2000). However, preconditioning has often been
limited to studies on the elastic behaviors of soft biological
tissues. Carew et al. (2004) found that porcine aortic valve
can only exhibit repeatable stress relaxation curves when they
are subjected to at least S cycles of repeated stress relaxation
test. A recent study found that ligaments have good repeat-
ability for both elastic and stress relaxation tests (Ohman et al.
2009). Despite the discrepancy, to the best of our knowledge
no study has been conducted to assess the repeatability of
stress relaxation behavior of blood vessels and ECM.

Incorporation of viscoelasticity into constitutive models
will introduce additional material parameters, thus model-
ing the time-dependent behavior of soft tissue adds an addi-
tional level of computational complexity. Several general
techniques have been proposed in the literature to model the
viscoelastic behavior of soft tissue. State variable approach
introduced a set of state variables to model the nonlinear
inelastic process (Holzapfel et al. 2002). Biphasic model that
includes both solid and interstitial fluid phases was devel-
oped for modeling the time-dependent behavior of cartilage
(Mow et al. 1980; Soulhat et al. 1999). The rheological
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network formulation incorporating a discrete number of
elastic and viscous elements in parallel and/or in series
was applied to model the viscoelastic behavior of elasto-
mers (Bergstrom and Boyce 2001) and biological soft tissue
(Bischoff et al. 2004). The quasi-linear viscoelasticity (QLV)
theory was introduced into the biomechanical literature by
Fung (1993). This model is characterized by an instanta-
neous elastic stress response and a relaxation function. Due
to its relative ease to implement as well as the limited num-
ber of material parameters required to model the viscoelastic
response of soft tissue, the theory of QLV has been widely
implemented to model the viscoelastic response of soft bio-
logical tissues (Kwan et al. 1993; Carew et al. 1999; Sverdlik
and Lanir 2002; Doehring et al. 2004; Bischoff 2006; Giles
et al. 2007).

In this study, the viscoelastic behaviors of healthy aor-
tic elastin were studied using combined experimental and
modeling approaches. Biaxial stress relaxation and creep
experiments were performed to study the time-dependent
behavior of elastin. Preconditioning of stress relaxation on
elastin was investigated. QLV model was incorporated into
a statistical mechanics based eight-chain microstructural
model to describe the orthotropic viscoelastic behavior of
aortic elastin.

2 Materials and methods
2.1 Sample preparation

Thoracic aortas were harvested from pigs (12-24 months;
160-2001b) at a local abattoir and transported to the labora-
tory on ice. Before experiments, the aortas were cleaned off
adherent tissues and fat and rinsed in distilled water. Thoracic
aortas of similar sizes were chosen for experiments. Samples
of about 20 x 20 mm were cut at about the midpoint of the
thoracic aorta. All samples were taken from the same lon-
gitudinal region of the aorta to avoid changes in mechanical
properties with aortic longitudinal position. Experiments on
aortas were performed within one hour from delivery. Iso-
lated elastin was obtained using a cyanogen bromide (CNBr)
treatment (Lu et al. 2004), following procedures described
in our previous study (Zou and Zhang 2009). Briefly,
aortic samples were treated in 50mg/mL CNBr (Acros
Organics) in 70% formic acid (Acros Organics) solution with
gentle stirring for 19h at room temperature. They were then
stirred in the same solution for 1 h at 60°C, followed by 5- min
boiling. Decellularized ECM was obtained using Triton
X-100 decellularization process (Bader et al. 1998). Aor-
tic samples were subjected to continuous shaking in a solu-
tion of 1% Triton X-100 (Bio-Rad) with 0.2% EDTA in
hypotonic Tris buffer (10mM Tris, pH 8.0) for 48h,
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together with RNase A (20 pg/ml) and DNase (0.2 mg/ml).
Dimensions of aorta, decellularized ECM, and elastin tis-
sue samples were measured and recorded for further exper-
iments and stress calculation. The length and width of the
sample were measured using a digital caliper. The thickness
of the each tissue sample was measured at six different loca-
tions across the sample and averaged. The tissue samples
were kept in 1X phosphate buffered saline (PBS) for further
experiment. All the chemicals were purchased from Fisher
Scientific unless otherwise specified.

2.2 Scanning electron microscopy (SEM)

SEM was performed on the cross sections of tissue samples
to examine the morphology using a JOEL JSM-6100 SEM
machine operated at Skv. Before SEM, the samples were fixed
in Karnovsky’s fixative kit (2% paraformaldehyde, 2.5%
glutaraldehyde, and 0.1M sodium phosphate buffer, Fisher
Scientific) for 1 h. The fixed samples were then dehydrated in
a series of graded ethanol of 50, 70, 85, and 100%. The sam-
ples were then dried using Denton vacuum DCP-1 CO; crit-
ical point dryer. A 20-nm thin layer of platinum was coated
on the cross section of the samples using Cressington 108
Sputter Coater.

2.3 Histology

Histology studies were performed to confirm the removal of
cells in the decellularized ECM, and collagen and other ECM
components in the isolated elastin. Tissue samples were fixed
in 10% formalin buffer and then embedded in paraffin. Thin
sections of about 6 wm in thickness were cut for histolog-
ical stain. Tissue samples with Movat’s pentachrome stain
were examined for the presence of cells, elastin, and colla-
gen. Alcian blue stain (PH=2.5) was also performed to con-
firm the removal of glycosaminoglycans (GAGs) in isolated
elastin.

2.4 Biaxial tensile testing

A biaxial tensile testing device was used to perform biax-
ial stress relaxation and creep tests. This device has been
used in our previous study on the anisotropic mechanical
behavior of elastin (Zou and Zhang 2009). Briefly, tissue
samples of about 2cm in square were sutured at the sides,
and an equi-biaxial membrane tension was applied to the
sample. All biaxial tensile tests of elastin were performed in
1X PBS at room temperature following test protocols. The
aorta and decellularized ECM were also tested for compar-
ison. Before stress relaxation or creep tests, tissue samples
were preconditioned for 8 cycles of quasi-static tensile tests
with 15s of half cycle time equi-biaxially to obtain repeat-
able material response. This preconditioning test began from

an initial 3 g tare load to the peak membrane tension to be
applied in the following stress relaxation or creep tests. The
peak membrane tension varied from 20 to 160N/m.

For stress relaxation test, equibiaxial tension was applied
to the sample following the preconditioning protocols. Imme-
diately after, the sample was quickly stretched to the target
stretch with a rise time of 2's and held at this constant stretch
for 1,800s. For creep test, after the last cycle of equibiaxial
tension, the tissue sample was quickly loaded, and the ten-
sion was kept constant for 1,800s. The tension and stretch
in both loading directions were recorded during the holding
period. In repeatability tests, five cycles of stress relaxation
and creep tests were performed on each sample to confirm
the repeatability of the viscoelastic behavior. To study the
dependence on initial stress level, repeatability tests were first
performed to achieve repeatable stress relaxation properties,
the sample was then tested under different initial stresses.
The sequence of initial stress levels is random. Cauchy
stress o (Zou and Zhang 2009) and Green-Lagrange strain E
(Humphrey 2002) were calculated and used to describe the
mechanical behavior of elastin.

2.5 Constitutive modeling

In the present study, one-dimensional QLV model was
incorporated into a statistical mechanics based orthotropic
hyperelastic model (Bischoff et al. 2002) implemented pre-
viously by Zhang et al. (2005) for the study of the mechan-
ics of aortic elastin (Zou and Zhang 2009). This three-
dimensional orthotropic viscoelastic model was used to
simulate the time-dependent mechanics of elastin. Finite ele-
ment implementation of the model was realized using dis-
crete spectrum approximation (Puso and Weiss 1998).

2.5.1 Incorporation of fiber-level viscoelasticity for the
tissue-level time-dependent behavior

The QLV model was firstly incorporated into a single freely
jointed chain. The viscoelastic chain stress was then incorpo-
rated into a network composed of eight-chain unit elements
to model the orthotropic viscoelastic behavior at the tissue
level (Bischoff 2006). According to the QLV theory, the gen-
eral form of the second Piola-Kirchhoff (2nd P-K) stress S(¢)
is given by (Fung 1993):

t
S = / G(t — r)idr (1)
ot
0

In Eq. (1), S° is the elastic stress function and G(¢) is the
reduced relaxation function:

_ 14+ ClE(t/m2) — E1(t/11)]

GO 1+ Cln(ry/11)
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where C, 11, and 15 are material parameters and Ej(z)
is the exponential integral function defined by Ei(z) =
o0 eit
[ Gdt (Jargz| < 7).
The macroscopic strain energy function of the eight-chain
orthotropic hyperelastic model is given by (Zhang et al. 2005;
Bischoff et al. 2002):

4 4 i
nk® ot p
w="INS 2B
4 [ i_l(NﬂP“Lnsinhﬁ;)

B
I

(Agzxﬁ;z,\gz)} + Blcosh(J — 1) — 1]+ W
(3)

where W is the overall strain energy function, n is the chain
density per unit volume, and N is the number of rigid links
within each chain. Parameters a, b, and ¢, normalized by
the length of rigid links, are dimensions of the unit element
along the principal material directions a, b, and ¢, respec-
tively. A4, Ap, and A, are stretches along these directions.
p= % a? + b? + ¢? is the undeformed normalized length
of each chain, and p' is the normalized deformed length of
the i-th chain. 8, = £~'(p/N), and B, = £~'(p'/N) are
the inverse Langevin functions. k is Boltzmann’s constant
(k = 1.38 x 1072J/K), and O is the absolute temperature.
B is a parameter controlling the bulk compressibility. It is
assumed to be much greater than the initial stiffness nk® in
order to model the nearly incompressibility of soft tissue. J
is the volume ratio. The elastic 2nd P-K stress tensor S€ can
be obtained by:

aWw
§¢ = _E = |:Z Scham

kO —— Pr a®a+b2b®b+ ¢ c®c
VN \ A2 A2

+BJC !sinh(J — 1) 4)
where C is the right Cauchy-Green tensor and C = FTF,
E = é(C — 1) is the Green-Lagrange strain tensor, and F is
the deformation gradient. S, . is the elastic 2nd P-K stress
of a single freely jointed chain and is given by:

pi ® pi
ghain = kO i ﬂpi (©)

where p' is the normalized chain vector describing the unde-
formed chain.

To model the tissue-level time-dependent behavior, the
elastic chain stress S5, . in Eq. (4) is replaced by the vis-
coelastic chain stress according to the QLV formulation.
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The resulting viscoelastic stress tensor S in the macroscopic
continuum model is then described as:

Z/ G(t— ‘L') cham)

i= 10
.Bp b2 2
—kO®——= —a®a+ b®b+ c®c
VN \ 22 A2
+BJC sinh(J — 1) (6)

2.5.2 Finite element implementation

For finite element implementation, the viscoelastic stress,
which is specified by the history of deformation, is eval-
uated using numerical integration algorithm. The reduced
relaxation function in Eq. (2) is approximated by a series of
exponential functions and can be written as (Puso and Weiss
1998):

Go — Go &
G(t) = Ge+ ———° > exp (—t/lO(I +’v>) )
1=0

Ng+1

where G, Go, Ny, and Iy are material parameters that will be
obtained by fitting the simulation results to the experimental
stress relaxation data.

Based on the approximated reduced relaxation function in
Eq. (7), the viscoelastic stress at time ¢t + A¢ can be evaluated
based on the stress at time ¢, following Eq. (6):
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1010, K = 80=Cc and H,

t
N+l = Joexp

(—%) ds%‘%dr which can be obtained from previous
time step when At = 0.

In Eq. (8), the first term can be obtained from elastic chain
stress; the second term needs to recall the viscoelastic chain

stress from the previous time step. An approximation is made

where v; =
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to the third term using the central difference rule so that:

N t+At
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In addition to the stress tensor, the fourth-order elasticity ten-
sor H is needed in order to form the stiffness matrix for finite
element analysis. The time-dependent elasticity tensor H is
defined as H = 2 g(sj((tliﬁ?) , where C(r + Ar) is the right
Cauchy-Green deformation tensor at time ¢ + At. For time-
dependent analysis, H(t + At) can be estimated from (Puso

and Weiss 1998):

€ .
chain,?

(1 — exp(—Ar/v;)
At /v;

Ng
He+AD= |G +K D x H(0)
1=0

(10)

where H(0) is the elasticity tensor at t = 0, i.e., the begin-
ning of the holding period. The elasticity tensor H(0) can be
obtained from H = 2%, where S¢ is the elastic 2nd P-K
stress tensor given in (Eq. 4) (Zhang et al. 2005).

The Cauchy stress and elasticity tensor in the deformed
configuration can then be achieved by applying a push for-
ward operation (Holzapfel 2000) on Egs. (6) and (10). A
user material subroutine (UMAT) was developed to imple-
ment the three-dimensional orthotropic viscoelastic consti-
tutive model in ABAQUS 6.7. The elastic and viscoelastic
chain stresses were recorded and stored at every time step
for the calculation of viscoelastic chain stress in the next
time step. For finite element simulation, a quarter of the sam-
ple was modeled due to the symmetric loading conditions in
biaxial tensile testing. General-purpose shell elements (S4R)
were used with inherent plane stress assumption. Finite ele-
ment simulation of stress relaxation reflected the experimen-

tal procedure described earlier. During the first time step,
shell edge load was applied on the sides of the sample to
simulate the biaxial tensile loading. In the second time step,
displacements were held constant for about 30 min, and the
stress was recorded during the stress relaxation process.

2.6 Statistical analysis

Normalized creep results were expressed as mean =+ stan-
dard error of the mean. Comparisons between elastin, aorta,
and decellularized ECM samples were made using two-tail
two-sample #-Test assuming unequal variances. Differences
are considered statistically significant when p < 0.05.

3 Results

CNBr treatment removes smooth muscle cells, collagen, and
other ECM components to obtain the isolated elastin. Triton
X-100 decellularization process removes the smooth muscle
cells. Decellularization and isolation processes significantly
decrease the thickness of the tissue. The average thicknesses
for thoracic aorta, decellularized ECM, and elastin samples
are (mean+SD, n = 6foreachtissuetype) 1.70 & 0.20 mm,
1.34 &£ 0.12mm, and 0.78 & 0.15mm, respectively. SEM
image in Fig. la shows that the cross section of isolated
elastin consists of concentric layers of elastin sheets, which
are less obvious with the presence of collagen fibers and
smooth muscle cells in the intact aorta (Fig. 1c). Decellu-
larized ECM (Fig. 1b) preserves the major microstructure of
aorta. Removal of both the smooth muscle cells and colla-
gen fibers in elastin is verified by histological images with
Movat’s pentachrome stain in Fig. 2a. For the decellular-
ized ECM, only cells are completely removed, as shown in
Fig. 2b. Histology image of the intact porcine aorta in Fig. 2¢
shows a cross-linked network of collagen and elastin fibers
with embedded cells. Alcian blue stain (pH=2.5) was per-
formed to further verify the removal of GAGs in elastin, since
GAGs play a crucial role in tissue viscoelasticity (Stephens
et al. 2008; Liao and Vesely 2004). Figure 2f shows the

Fig. 1 SEM images of (a) isolated elastin, (b) decellularized ECM, and (c) intact aorta
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Fig. 2 Histology images of (a, d) isolated elastin, (b, e) decellularized ECM, and (¢, f) intact aorta. Movat’s pentachrome stains elastin purple-black,
collagen yellow, and cells red (a—c). Alcian blue stains GAGs blue and cells pink (d—f)
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Fig. 3 Representative stress relaxation curves obtained from repeated
testing the same elastin sample for five testing cycles. Stress relaxation
responses in both circumferential and longitudinal directions are shown

presence of smooth muscle cells, GAGS, and collagen and
elastin fibers in the aorta sample. The absence of cells in
elastin and decellularized ECM is shown again in Fig. 2d,e.
GAGs are preserved in the decellularized ECM but are com-
pletely removed in the isolated elastin. Both SEM and histol-
ogy images of isolated elastin samples exhibit a lower density
of fiber network due to the removal of cells and other ECM
components.

Multiple stress relaxation tests on samples of elastin
(n = 6), intact aorta (n = 7), and decellularized ECM (n = 6)
were performed to examine the repeatability of stress relaxa-
tion behavior. Figure 3 shows the representative stress relax-
ation curves obtained from five repeated testing of the same
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aortic elastin sample. Elastin exhibits significantly more
stress relaxation in the first test. The repeatability is highly
improved in the subsequent cycles of stress relaxation tests.
Although not shown here, intact aorta and decellularized
ECM exhibits similar behavior with the initial stress relax-
ation curves significantly different from subsequent testing.
The repeatability ratio between two curves is defined as the
minimum of the ratios of stresses from the more relaxed to
the less relaxed curve calculated at 2, 10, 100, 1,000 and
1,8005s (Carew et al. 2004). Table 1 shows the repeatability
of elastin, aorta, and decellularized ECM. The repeatability
of stress relaxation behavior is improved by applying sub-
sequent cycles of stress relaxation tests. The fifth cycle of
stress relaxation has raised the repeatability to about 0.99
for all the samples. These results confirm that stress relaxa-
tion preconditioning is essential to achieve repeatable stress
relaxation behavior in soft biological tissues. The fifth cycle
of stress relaxation from all three tissue types has satisfying
repeatability and can be used to study the time-dependent
mechanical behavior. If not specifically indicated, the stress
relaxation results showed in the present study are referred to
results from the fifth cycle.

Figure 4 shows the representative biaxial stress relaxa-
tion curves of the elastin, intact aorta, and decellularized
ECM. All samples were tested at the initial stresses of
101.0340.72 kPa to eliminate the effect of initial stress levels
on the rate of stress relaxation. In order to compare the time-
dependent responses of different tissue samples, the stresses
were normalized to that at the beginning of the holding
period. Over the holding period of half an hour, aorta shows
more significant stress relaxation than decellularized ECM
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Table 1 Repeatability of stress

relaxation tests of elastin, Cycle 1 vs. 2 Cycle 2 vs. 3 Cycle 3 vs. 4 Cycle 4 vs. 5
S;Cne;izlmzed ECM, and aorta Elastin(n = 6) 09031400164 09792400147 09783400171 0.9926 +0.0054
ECM (n = 6) 0.932540.0345 0.9668 +0.0122 0.9861 £ 0.0096 0.9912 4 0.0076
Aorta (n = 7) 0.9365 £+ 0.0257 0.9621+0.0345 0.9790+0.0146 0.9923 £ 0.0089
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Fig. 4 Representative stress relaxation curves of elastin, decellularized
ECM, and intact aorta at initial stresses of 101.03 +0.72 kPa. Solid and
dotted lines represent the stress relaxation behaviors in longitudinal (L)
and circumferential (C) directions, respectively

and elastin in both the circumferential and longitudinal direc-
tions. Moreover, decellularized ECM shows more stress
relaxation than elastin. For all three tissue types, most of
the stress relaxation happens during the first 10 min of the
holding period.

Representative biaxial creep behavior of elastin is shown
in Fig. 5. Under equi-biaxial tension, elastin has higher strain
in the longitudinal direction than in the circumferential direc-
tion due to the anisotropic mechanical property of the elastin.
The results show that the creep behavior is negligible for the
elastin. Although not shown here, aorta and decellularized
ECM exhibits similar negligible creep behavior as elastin.
The normalized maximum creep of elastin, decellularized
ECM, and intact aorta (n = 3)is 101.6£1.4%, 101.7+£0.5%,
and 101.7 & 1.3%, respectively, with no statistically signifi-
cance and is considered negligible.

The dependence of stress relaxation upon initial stress
levels was investigated. Stress relaxation tests were per-
formed at varying stress levels by applying different initial
equibiaxial tension to the tissue samples. Each sample was
tested at multiple initial stress levels. Figure 6 shows the
representative stress relaxation curves for aorta, ECM, and
elastin samples at different initial stress levels. To better com-
pare the initial stress level dependence of stress relaxation,
the rate of stress relaxation, stress drop rate, at each initial
stress level was obtained by taking the slope of the stresses
vs. time semi-log plots in Fig. 6. Averaged stress drop rate

Fig. 5 Representative creep curves of elastin. The circumferential and
longitudinal direction has different initial strains due to the anisotropy
of the elastin. Solid and dotted lines represent the creep behaviors in
longitudinal (L) and circumferential (C) directions, respectively

between the circumferential and longitudinal directions was
taken, although most samples exhibit almost identical stress
relaxation responses in both directions. As shown in Fig. 7,
multiple stress relaxation tests demonstrate a linear increase
in the rate of stress relaxation with higher initial stress for
both aorta and decellularized ECM. The rate of stress relaxa-
tion for elastin increases linearly at stress levels below about
60kPa; however, the rate changes very slightly at higher
initial stress levels. Creep tests at different initial strain levels
were also performed. Elastin, decellularized ECM, and aorta
all exhibit negligible creep behavior at various strain levels
(results not shown).

In the present study, the QLV model was incorporated
into a statistical mechanics-based orthotropic hyperelastic
model, which has been developed earlier and demonstrated
to be suitable to model the mechanical properties of elastin
(Zhang et al. 2005; Zou and Zhang 2009). Figure 8 shows
the simulation results of elastic and viscoelastic behavior of
elastin. Experimental results were also plotted for the pur-
pose of comparison. The material parameters can be divided
into two groups: four independent parameters (a, b, c, and
n) describing the orthotropic hyperelastic behavior of elastin
and four more parameters (G., Go, N4, and Ip) describing
the viscoelastic behavior. Note that the eight-chain network
model does not represent the actual organization/alignment
of the elastin fibers. Here, the orthotropic eight-chain unit
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Fig. 6 Representative stress relaxation at different initial stress levels
for (a) elastin, (b) decellularized ECM, and (¢) intact aorta. Solid and
dotted lines represent the stress relaxation behaviors in longitudinal (L)
and circumferential (C) directions, respectively

element is a functional representative in a mechanical sense
of the load bearing fibrous network of elastin tissue. The
physical meanings of material parameters (a, b, ¢, and n)
and the individual parametric effect on predicting the ortho-
tropic hyperelastic stress—strain responses have been dis-
cussed in our previous work (Zou and Zhang 2009). These
material parameters were obtained by fitting the simulation
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viewing. The stress drop rates of two elastin samples were presented to
better observe the trend

results to the equi-biaxial tensile test data, as shown in Fig. 8a.
The viscoelastic material parameters (G., Go, N4, and Ip)
were obtained by fitting the simulation results to the experi-
mental data from stress relaxation tests, as shown in Fig. 8b.
The first and fifth cycles of stress relaxation tests were simu-
lated. Material parameters a, b, ¢, and n for both cycle tests
were kept the same for the description of the orthotropic
hyperelastic behavior of elastin. The viscoelastic material
parameters were changed assuming that stress relaxation pre-
conditioning only affects the viscoelasticity of elastin. The
simulation results fit the experimental data reasonably well
for both cycles. These results demonstrate that the orthotro-
pic viscoelastic constitutive model incorporating fiber-level
viscoelasticity into the eight-chain statistical mechanics-
based microstructural model is suitable to describe the stress
relaxation behavior of elastin.

4 Discussions

Our recent study revealed that aortic elastin possesses aniso-
tropic mechanical behavior that is comparable to aorta (Zou
and Zhang 2009). In the present study, the viscoelastic prop-
erties of elastin were studied using biaxial stress relaxa-
tion and creep tests. Stress relaxation preconditioning was
performed to examine the repeatability of elastin stress
relaxation. Dependence of initial stress levels of elastin’s
viscoelastic behavior was also investigated. Fiber-level vis-
coelasticity of elastin fibers incorporated into an orthotro-
pic hyperelastic constitutive model was developed to study
the time-dependent mechanics of elastin at the tissue level.
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Fig. 8 Simulation results of elastin first subjected to (a) equi-biax-
ial tensile test, then (b) stress relaxation tests in the first and
fifth cycles, represented by squares in longitudinal (L) and circles
in circumferential (C) direction. The corresponding experiment data
were also shown for the purpose of comparison and represented by
solid lines in longitudinal (L) and dotted lines in circumferential (C)
direction. Material parameters in the simulation are n=1.5 x 10'°
(1/mm?), a=1.386, b=1.67, c=13, N = 1.6,G, = 0.84, G, =
1.0, Ny =6, and [,=2 for the Ist cycle; and n=15 x 1016
(1/mm?), a=1.386, b=1.67, c=13,N = 1.6, G, = 091, G, =
1.0, Ny =6, and I, =2 for the 5th cycle

These results will help us understand how the effects of
mechanical loading translate into changes in the macroscopic
viscoelastic properties of elastin, thus to advance our under-
standing on the role of microstructural components on vas-
cular remodeling.

Preconditioning has long been adopted to obtain a repeat-
able stress—strain behavior of soft biological materials. Tra-
ditionally, the sample goes through several cycles of loading
and unloading, either uniaxially or biaxially for precondi-
tioning (von Maltzahn and Warriyar 1984; Yin et al. 1986;
Fung 1993; Carew et al. 2000; Lally et al. 2004). Carew et al.
(2004) found that repeatable stress relaxation curves cannot
be obtained from this conventional preconditioning method
for porcine aortic valve tissues. They suggested at least five
cycles of repeated stress relaxation tests would be essential

and sufficient to obtain the repeatability of stress relaxation.
Our results show similar phenomena (Fig. 3). For intact por-
cine aorta, decellularized ECM, and isolated elastin, stress
relaxation preconditioning is necessary to ensure repeat-
able stress relaxation behavior. The first cycle test shows
significantly more stress relaxation than the subsequent
ones. Through measuring the repeatability ratio between two
cycles, the fifth cycle test can generate well-repeatable stress
relaxation curves (repeatability ratio>0.991). The present
study was based on the repeatable stress relaxation behavior
of elastin, which was expected to be more representative and
accurate of the viscoelastic behavior of the three tissue types.

Biaxial stress relaxation tests reveal some interesting facts.
The stress relaxation responses of the intact aorta and decell-
ularized ECM are sensitive to the initial stress levels. Our
results show that the rate of stress relaxation increases line-
arly with the initial stress level for intact and decellularized
aorta, while for elastin the responses are only stress depen-
dent at stress levels below about 60kPa. At higher stress
levels, elastin becomes almost independent of initial stress
levels. Dependence of the magnitude of stress relaxation on
initial stress—strain levels has been shown in previous work
on the viscoelasticity of ligament (Provenzano et al. 2001;
Hingorani et al. 2004). These studies showed that the rate
of stress relaxation decreases with higher stress or strain
level. They speculated that the decrease in relaxation rate
with increasing strain could be the result of the larger strains
causing greater water loss, which makes the tissue more
elastic and less viscous. A recently study on bladder wall
(Nagatomi et al. 2008) reported similar phenomena. More-
over, they observed that the decellularized ECM of blad-
der wall was insensitive to the initial stress level. They sug-
gested that at lower stress level, more load is carried by the
smooth muscle component, while at the higher stress level
the ECM is recruited to carry more of the load. The dis-
crepancy between our results and previous findings might
due to the differences in composition of biological tissues.
Unlike ligament which is collagen dominant, the aorta is an
elastic artery with elastin composed up to 30.1% of the total
weight (Humphrey 2002). It is well accepted that elastin is
responsible for the linear elastic response of blood vessels
at lower strains. While at higher strains, the aorta becomes
much stiffer in both directions due to the strain stiffening and
the involvement of collagen fibers (Cox 1978; Fonck et al.
2007; Lally et al. 2004). Our previous work (Zou and Zhang
2009) further validated that elastin is responsible for the lin-
ear elastic response of blood vessels under lower stress. Silver
et al. (2001) have suggested that collagen fibers are relaxed
at the lower stress state, but at the higher stress state, collagen
fibers are uncrimped and start to take load. We speculate that
during stress relaxation test of aorta at lower stress or strain
level, more load is carried by elastin fibers, while at higher
initial stresses, collagen fibers become the major mechanical
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component that carry more of the overall load. The shift of
mechanical roles between the two major ECM components
results in more stress relaxation at higher initial strains for
aorta and decellularized ECM.

Figure 4 compared the stress relaxation behavior of three
tissue types at stress level of about 100kPa, which has close
physiological relevance. Circumferential stresses in pig aor-
tas at 100mmHg are around 95-120kPa (Guo and Kassab
2004 and Stergiopulos et al. 2001). Previous work showed
that collagen fibers are generally recruited only around phys-
iological loads (Silver et al. 2001; Lally et al. 2004; Fonck
et al. 2007). Aorta exhibits the most obvious stress relaxation
than elastin and decellularized ECM due to the involvement
of collagen and smooth muscle cells. It is well recognized
that elastin relaxes much less compared with smooth muscle
cells or collagen (Fung 1993). In a previous study on urinary
bladder wall (Nagatomi et al. 2004), the amount of stress
relaxation has been demonstrated to correlate with collagen
content. Different stress relaxation responses between elastin
and collagen were explained that elastin is easily to be dis-
tended under small loads and does not dissipate stored energy
as readily as collagen and smooth muscle cells. Our results
further demonstrate that elastin relaxes much less than intact
aorta or decellularized ECM. Moreover, our study shows that
decellularized ECM exhibits less stress relaxation than intact
aorta due to the absence of smooth muscle cells. Smooth
muscle has a tremendous relaxation though its elastic mod-
ulus is low (Fung 1993). Nagatomi et al. (2008) showed that
decellularized bladder wall tissue relaxes significantly less
than intact bladder due to the lack of smooth muscle cells.
A recent study by Williams et al. (2009) demonstrated that
the viscoelastic characteristics of intact and decellularized
carotid arteries are similar. The stress level of stress relaxa-
tion was not reported. It is possible that in their study stress
relaxation was performed at low stress level, so that the dif-
ference in stress drop rate between intact and decellularized
aorta is small. Also, storage of intact aortas at —20°C might
cause a loss of smooth muscle cell integrity which might
account for the similarity in stress relaxation between the
ECM and aorta samples in their study.

Compared with the stress relaxation results, the creep
behaviors of aorta, decellularized ECM, and elastin samples
are negligible in both the circumferential and longitudinal
directions (Fig. 5). This phenomenon has also been observed
in earlier studies of soft biological tissues including mitral
valve anterior leaflet (Grashow et al. 2006; Liao et al. 2007)
and aortic heart valve leaflet (Stella et al. 2007). The pres-
ent study is the first to show that isolated aortic elastin had
very little creep compared with its obvious stress relaxation.
Grashow et al. (2006) put forward that complete lack of creep
appears to be unique in soft biological tissues and has a func-
tionally independent mechanism as stress relaxation behav-
ior. Recently, a “locked-up” fibril network explanation was
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brought by Liao etal. (2007). They proposed that as a result of
the stress re-distributed to noncollagenous ECM under con-
stant strain conditions, it allows for stress reduction under
constant strain and prevents strain increasing under constant
stress conditions. Stella et al. (2007) suggested that fibers
are allowed to rotate in a time-dependent manner to achieve a
state of reduced fiber stress in the uniaxial creep testing; how-
ever, during biaxial creep test, there are no unconstrained seg-
ments of the sample due to a lack of time-dependent changes
in fiber orientation.

Less creep than stress relaxation has been observed in
studies of ligament (Thornton et al. 1997; Provenzano et al.
2001; Hingorani et al. 2004) and corneas (Boyce et al. 2007,
Nagatomi et al. 2008). Thornton et al. (1997) suggested that
the paradoxical observation between creep and stress relaxa-
tion behavior may be explained by the functionally indepen-
dent mechanisms of these time-dependent behaviors. Stress
relaxation response is corresponding to a discrete group of
fibers being recruited at prescribed constant elongation, while
creep is corresponding to fibers being progressively recruited
at constant stress. Their later study (Thornton et al. 2001)
incorporated fiber recruitment in structural model which
could predict creep from stress relaxation behavior. They
suggested that the differences in the stress relaxation and
creep behavior in ligaments were explained as a result from
the different ways of recruiting relaxing fibers. The gradual
recruitment of crimped fibers provides a protective function
toreduce creep. The lack of creep can also due to the variation
of fibril-ECM interactions, such as the proteoglycan—colla-
gen interactions (Grashow et al. 2006; Stella et al. 2007).
Our biaxial creep results show no creep for aorta, decellu-
larized ECM, and elastin samples, which also suggests that
stress relaxation and creep depend on functionally different
mechanisms. However, more researches are needed to fully
understand the separate functions and relations of creep and
stress relaxation.

QLYV theory has been widely used to model the viscoelas-
tic response of soft tissue, including ligaments (Provenzano
et al. 2001), tendons (Johnson et al. 1994; Atkinson et al.
1999), heart valves (Carew et al. 1999), bladders (Nagatomi
et al. 2004), and skeletal muscle (Best et al. 1994). Nagatomi
et al. (2004) evaluated the viscoelastic properties of normal
and spinal cord injured rat bladders. The reduced relaxation
function in the circumferential and longitudinal directions
was fitted to the tissue stress relaxation responses to deter-
mine the material parameters. Giles et al. (2007) incorporated
QLYV into an exponential model to examine the anomalous
rate dependence of the preconditioned response of porcine
dermis during load controlled deformation. Bischoff (2006)
incorporated the QLV model into a fiber-based orthotropic
hyperelastic constitutive model for the study of tissue-level
viscoelastic behavior. Similar approach has been adopted in
the present study.
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Fig. 9 Simulation results of stress relaxation responses of elastin at
different initial stress levels, represented by squares in longitudinal
(L) and circles in circumferential (C) direction. The corresponding
experiment data were also shown for the purpose of comparison and
represented by solid lines in longitudinal (L) and dotted lines in circum-
ferential (C) direction. Material parameters for all the simulations are
n=175x10"% (1/mm?), a = 1.53, b = 1.54, ¢ = 1.3, N = 1.6,
G,=0.89, G,=10, Ng=6,and I, =2

Although the simulation results fit the experimental data
reasonably well, the deficiencies associated with the orthotro-
pic viscoelastic constitutive model incorporating fiber-level
viscoelasticity using a QLV model should be noted. Since
QLV model assumes a separate strain and time dependence
of the stress response, it is incapable to simulate the initial
stress dependent behavior of stress relaxation. Therefore, a
fit for stress relaxation test based on one stress—strain level
would predict the same stress relaxation rate for all strains.
Such characteristics will limit the usage of QLV model in
studies where the viscoelasticity of the aorta or decellular-
ized ECM is concerned. However for elastin, as shown in
Fig. 9, since the dependence of the rate of stress relaxation
on the initial stress level is small at physiological load, the
material parameters fitted from one test can be used to sim-
ulate the stress relaxation behavior of elastin under differ-
ent initial stress levels and provide reasonable predictions.
QLYV model is also found to be insufficient to characterize
the creep behavior of soft tissues due to its intrinsic assump-
tions on separable strain and time dependence of the stress
response (Thornton et al. 1997; Boyce et al. 2007; Nguyen
et al. 2008). Despite the deficiencies of QLV model, the neg-
ligible creep behavior and less initial stress dependence of
stress relaxation behavior of elastin make this present model
still adequate to investigate the mechanics of elastin.

There are several limitations in the current study calling
for further investigations into the issue. Microstructure stud-
ies are lacking to relate the effect of mechanical loading on
viscoelasticity. The different mechanisms of stress relaxation
and creep behavior are not fully understood, which requires
further exploration. Microscopy imaging is needed to bet-
ter understand the microstructure change of elastin network

during deformation and explore the mechanisms of stress
relaxation and creep. Besides, although the material param-
eters describing the orthotropic hyperelasticity in the consti-
tutive model have physical meanings and could be related to
the microstructure of elastin, the QLV model for fiber-level
viscoelasticity is phenomenological and lacks structural con-
nections. Due to current experimental device limitations, all
the experiments were performed at room temperature and not
at 37°C. The mechanical behaviors of soft tissues are tem-
perature dependent (Guinea et al. 2005). However, previous
study demonstrated weak temperature effect on the passive
mechanical behavior of arterial wall below 60°C (Kang et al.
1995). Recent study showed that the viscoelastic properties of
tendons are not sensitive to temperature over short durations
between room temperature and 37°C (Huang et al. 2009).
Although temperature dependency is not considered in this
study, we expect that the relative responses in the three tissue
types would be the same at 37°C.

5 Conclusions

To the best of our knowledge, the present study is the first
to investigate the time-dependent behavior of elastin using
biaxial stress relaxation and creep tests. Our findings provide
fundamental understandings on the viscoelasticity of aortic
elastin. Such understandings shed light on the role of elastin
on controlling the mechanical properties of blood vessels and
are essential for future studies on vascular remodeling that
involves elastin degradation and failure. The time-dependent
mechanics of aortic elastin under biaxial stress relaxation
and creep testing were studied using a combination of exper-
imental and theoretical method. Multiple stress relaxation
preconditioning was performed to obtain repeatable stress
relaxation behavior. Elastin shows less stress relaxation
behavior than intact or decellularized aorta samples. The
stress relaxation response of elastin is stress level depen-
dent at stress levels below 60kPa but becomes nearly inde-
pendent at high stress levels. However, the creep response
is negligible for both elastin, and the intact or decellular-
ized aorta samples. The orthotropic viscoelastic constitutive
model incorporating fiber-level viscoelasticity through QLV
model into an eight-chain statistical mechanics-based micro-
structural orthotropic model is suitable to describe both elas-
tic and viscoelastic responses of elastin.
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