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Abstract: A nonlinear coronary artery Ogden model is proposed to describe the possible artery mechanical behavior
during the stent expansion process. The artery model parameters were curve fitted from measured coronary artery
circumferential stress-stretch curves. The proposed Ogden model parameters were compared with the data cited
from other literature. The proposed Ogden artery model employed to simulate stent inflation and deflation during its
expansion process. The numerical results reveal that the proposed nonlinear Ogden model feasibly simulates the

stent expansion process.
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1. Introduction

Stent implantation has been applied to treat
arterial stenosis in last few decades. The finite
element method has been frequently used to
investigate stretch behaviors of artery, plaque and
metal stent during implantation. Proper artery and
plaque mechanical models play an important role in
the simulation. In many pioneering works, different
stress-stretch relationships have been proposed to
describe artery mechanical behavior. These proposed
artery models have been extensively studied for
many years with much data investigated for various
biomedical applications. The inflation-extension tests
were used to measure the mechanical properties of
disease-free and diseased coronary arteries for
surgical development " The coronary artery
stress-strain relationships yielded by
inflation-extension tests were employed to compute
the Green strain tensor components to establish a
mathematical description of arterial behavior and
determine the constitutive equation parameters for
the different arterial wall layers “°l. Tensile tests
were utilized to investigate the stress-stretch curves
of different human iliac artery layers and plaque to
establish a constitutive atherosclerotic artery model
1" The mechanical properties of blood vessels of
various sizes obtained using the tensile test were
investigated. These blood vessels include human
cerebral arteries and veins, and porcine abdominal
aorta, vena cava, carotid arteries and iliac arteries
(811 The uniaixal and biaxial tension tests were used
to measure arterial elastin mechanical properties for
determining the strain energy function and to
investigate the elastic behavior of porcine coronary
artery tissue for stent design studies and stent
implantation simulations ['*"*]

The stent implantation has been applied to
various arteries including intracranial arteries,
coronary arteries, carotid arteries, iliac arteries and
renal arteries %), The stent-graft insertion has been
used to open abdominal aorta aneurysms, thoracic
aorta aneurysms and aortic arch aneurysms **?%
Identifying the mechanical properties of arteries is
necessary for stent implantation simulation research.
Accordingly, the tensile stress-stretch curves of
porcine coronary arteries were used to derive the
artery model in this study. The nonlinear elastic
Ogden strain energy function was employed to fit the
measured data and applied to the finite element
simulation of stent expansion in a coronary artery.

2. The Nonlinear Ogden Model of Coronary
Artery

Based on the nonlinear solid mechanics, the
principal stresses in an isotropic hyper-elastic
material depend only upon principal stretches and

can be expressed using the following relation %),

o =J"2 (2—2’) for =123 (1)

where o, : is the principal stress.

A, @ is the principal stretch.

W : is the strain energy function.

J : istheproductof ;, ,and ;.
The strain energy function ¥ is a scalar-valued
isotropic tensor function and can be expressed as
bellows,

¥=¥(C)="¥(B) (2)
where C : is the right Cauchy-Green tensor.

B : isthe left Cauchy-Green tensor.
The right and left Cauchy-Green tensors can be
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expressed using the deformation gradient F as the
following equations, respectively.

C=F'F, and B=FF' 3)

Because the biological soft tissue is an isotropic
hyper-elastic material, the strain energy function
may be expressed in terms of the independent strain
invariants of symmetric Cauchy-Green tensors C and
B as the following function

b4 :\P[ll (C)’lz (C)’IS (C)]
=w[/,(B).,(B).L(B)],

Where the invariants /; (i=1, 2, 3) can be expressed in
terms of stretches as

L=+ PR (5a)

L= 2t 2 3t 3 1 (5b)

L= 2 3 (50
Therefore, the strain energy function can be

expressed in terms of stretches as

incompressible with the constraint condition /; = J =

I 5 3 = 1. Based on the relation between
the strain energy function and the stretches and the
constraint condition of incompressibility, Ogden
proposed the strain energy function as **!

- 4
U= on (A 425+ A =3) ™)
=l O,

U denotes the strain energy function of the nonlinear
elastic Ogden model. N is the item number. ;, ,,
and ; are principal stretches. ., and , are
material constants used in the Ogden model.

The nonlinear elastic coronary artery Ogden
model is curve fitted from the measured stress-stretch
relationships of arteries in this study. To illustrate the
feasibility of the proposed models, these curve fitted
models were employed in the finite element analysis
to simulate the inflation and deflation of a coronary
stent during its expansion process.

= ( % 3) (6)
A Dbiological material can be regarded as
Table 1. Measured data for different specimens in the CS test
. . calculated
measured dimensions
values .

. - loading .
specim arterial wall specimen rate strain rate
en No. length (L,) width thickness volume () (mm/min.) (1/sec.)

(mm) (W) (nm) (1) s
(mm)
Cl 13.3 4.39 0.725 79 0.023 %
C2 14.4 5.49 0.560 85 0.019 %
C3 14.0 5.73 0.570 88 0.019 %
C4 10.7 4.99 0.905 89 4 0.017 %
C5 12.4 5.71 0.900 119 0.016 %
C6 16.2 7.11 1.105 238 0.013 %
C7 15.9 7.40 0.780 175 0.015 %

Figure 1. Dimension measurement for specimens
used in the CS test

Figure 2. Measurement set up
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Figure 3. Sketch of artery specimen dimensions

3. Experimental Setup and Material Parameters
in Ogden Model of Coronary Artery

3.1. Specimens for Tensile Tests

Porcine coronary arterial specimens were
measured in this work. To maintain the artery
mechanical properties from the live body to testing,
all specimens were placed in phosphate buffered
saline prior to testing. All tests were completed
within 18 hours of slaughter **. The coronary artery
specimens were from the anterior descending and
circumflex coronary arteries. There were seven
coronary specimens used for the arterial
circumferential stretch (CS) test. The artery was
placed between two thin slides as shown in Figure 1
to measure the specimen dimensions. The total
thickness values (7), slide thicknesses (f,; and #,),
length L and width W were measured. The

arterial wall thickness ¢ was obtained by deducting
ter and tg; from T, as

Tty )
(=t (8)

The coronary specimen shape was tubular. The
specimen volume (V,) was calculated from the
measured length L, width W and arterial wall

thickness ¢ , as
V,=Lt,[2(W,-2t,)+xt, ]

i LOH[DOZ —(4D0 ~ 2, )2} o

The outside diameter D, of tubular specimen was

or

estimated using Eq. (9) leading to
2
D =—\W +t (7-2
0 ﬂ'[ 0 o( )]
The measured data for all specimens
corresponding CS tests are listed in Table 1.
The tensile tests were measured using a 500N

(10)

in the

SHIMADZU EZ-Test with the maximum stroke of
500 mm and measurement accuracy 0.01 mm. In the
CS test the specimen was extended using two hooks
as shown in Figure 2. The coronary arterial
specimens were stretched and measured during the
tensile test. A preload of 0.02 N was applied in these
tests for the zero adjustment. The variation in tensile
load and stroke were recorded continuously during
the test. A high resolution digital camera was used to
record the dimension variation. The correspondent
stretch and stress variations were computed via the
measured data. The loading speed in the CS test for
coronary arteries was controlled at 4 mm/min.

3.2. Circumferential Stress-Stretch Curves in
Arterial Circumferential Stretch (CS) Tests
During the arterial CS test, the specimen was

stretched into an oval form as shown in Figure 3. The

length L and the distance between hooks G were
measured. To obtain the circumferential stress, the
variation in sectional area of the specimen must be
calculated during the test. Because the specimens
were not deformed uniformly, an average sectional
area was used in this work. Based on biological soft
tissue being incompressible ! assumption the
specimen volume can be considered to be constant
during loading. The variation in average cross section
area of the measured specimen was estimated from
the original volume and the measured specimen
length L and distance between hooks G as shown in

Figure 3. From the specimen shape, the average

thickness ¢ of the specimen during the test was

derived using the following equation.

2
! [G+d+ﬂ—d) +7T—V"—(G+d+ﬂ—d) (11)
/s 2 L 2

t=—

where ¥V, : isthe volume of specimen.
L : is the measured length of specimen
during the tensile test.
d : isthe hook diameter.
G : is the measured distance between
hooks during the tensile test.
t : is the average thickness of arterial
specimen during the tensile test.
The variation in sectional area 4 and the average
circumferential true stress o, of the measured

c

arterial specimen was computed as
o -t L (12)
A 2t
where F, is the measured tensile load during the
tensile test.
The corresponding circumferential stretch ratio
value A, of the measured specimen was derived as
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C
A= C (13)
With
C=2(G+d)+n(d+t), (14)
where c: 1s the circumferential stretch of
specimen during the tensile test.
C : is the mean circumference of

specimen during the tensile test.
C; : is the initial mean circumference of
specimen with preload applied only.

4. Measured Results and Curve Fitted Ogden
Model Parameters

A number of coronary artery specimens were
measured in the CS tests. The measured
load-elongation curves in the corresponding artery
CS tests are plotted in Figure 4. The different sizes of
the specimens resulted in different load-elongation
curves. The corresponding variation in true stress and
stretch curves are shown in Figure 5. The applied
strain rates ranged from 0.013% to 0.023%
per-second as listed in Table 1. The variation in
measured data and the corresponding true stress of
specimen C1 was tabulated and illustrated in Table 2.
The elastic modulus of a coronary artery can be
approximated as the tangential slope of the measured
stress-stretch curve. The measured stress-stretch
curves indicate that the elastic modulus is sensitive
to the load. Roughly, the modulus variation can be
divided into four stages as shown in Figure 6. In the
first stage, the elastic modulus value is low. When the
stress curve rises over the heel over point (HOP) ',
the loaded coronary artery goes into the transitional
portion, i.e. the second stage. Figure 5 presents the
HOP of a coronary artery circumferential curve
located in the stretch range between 1.1 and 1.3. In
the second stage a positive stress-stretch curve slope
is observed. In other words, the modulus increases
gradually with the load in this stage. An almost
constant modulus remains in the following third
stage. Generally, an abrupt modulus drop is observed
after passing the peak load. An undulating
stress-stretch curve is presented in the final fourth
stage. However, the measured stress-stretch curves of
some specimens, i.e. specimen C2 and C3, have only
stages 1, 2 and 3 as shown in Figure 5. Most
coronary arteries have a stress reduction when the
stretch reaches around 1.4. In arterial histology, the
main arterial wall composition elements are elastin,
collagen and smooth muscle **!. Collagen strength is
much greater than that of elastin and smooth muscle.
Therefore, some softer tissues failed during the test
and the remaining tougher tissues continued to bear
the load. This may be the reason for the stress
undulation in the fourth stage as shown in Figures 5

and 6.

Elongation (mm)
Figure 4. The variation in measured load-elongation
curves for coronary artery specimens

1.5

=
(=}

<
W

Circumferential true stress (MPa)

2.0

Stretch

Figure 5. The variation in measured stress-stretch
curves for coronary artery specimens

4th stage

3rd stage

1st stage

Crreumferential true stress

™ 2nd stage

Stretch

Figure 6. The four stages of modulus variation in
measured stress-stretch curve
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Table 2. Measured results for the coronary artery specimen CI in the circumferential stretch test

measured data calculated values
length be(ti\jvsetzrrictewo load arFerial wall seii(il(?rllal ;ﬂ iﬁlzehriﬂs R circumferential .
L) hooks (G) (fo) thickness (#) arca (4,)  thickness (C) true stress ( ¢) stretch
(mm) (mm) (N) (mm) (mm’) (mm) (N/mm’) e
10.99 0.13 0.000 0.89 19.36 8.17 0.00 1.00
10.99 0.14 0.025 0.88 19.25 8.19 0.00 1.00
10.99 0.17 0.054 0.87 19.14 8.22 0.00 1.01
10.97 0.28 0.119 0.86 18.77 8.38 0.01 1.03
10.93 0.52 0.268 0.82 17.95 8.76 0.01 1.07
10.92 0.69 0.454 0.80 17.44 9.02 0.03 1.10
10.90 0.78 0.592 0.79 17.15 9.17 0.03 1.12
10.89 0.96 1.000 0.76 16.63 9.46 0.06 1.16
10.87 1.11 1.391 0.75 16.21 9.70 0.09 1.19
10.84 1.28 1.963 0.73 15.77 9.98 0.12 1.22
10.76 1.41 2.638 0.72 15.41 10.21 0.17 1.25
10.70 1.56 3.534 0.70 15.03 10.47 0.24 1.28
10.70 1.69 4.413 0.69 14.73 10.68 0.30 1.31
10.70 1.84 5.435 0.67 14.39 10.93 0.38 1.34
10.65 2.05 7.208 0.65 13.93 11.30 0.52 1.38
10.65 2.22 5.943 0.64 13.59 11.57 0.44 1.42
10.65 2.37 6.735 0.62 13.29 11.83 0.51 1.45
10.57 2.51 7.378 0.62 13.02 12.09 0.57 1.48
10.55 2.67 6.382 0.60 12.72 12.37 0.50 1.51
10.55 2.83 6.367 0.59 12.44 12.64 0.51 1.55
10.51 2.99 6.585 0.58 12.17 12.93 0.54 1.58
10.44 3.15 6.482 0.57 11.89 13.23 0.55 1.62
10.37 3.30 6.788 0.56 11.65 13.51 0.58 1.65
10.29 3.46 6.935 0.55 11.40 13.80 0.61 1.69
10.19 3.63 6.704 0.55 11.15 14.11 0.60 1.73
10.11 3.78 6.624 0.54 10.92 14.40 0.61 1.76
10.05 3.87 6.607 0.54 10.80 14.57 0.61 1.78
9.99 3.95 6.576 0.53 10.69 14.72 0.62 1.80
9.91 4.04 6.399 0.53 10.56 14.90 0.61 1.82
15 In anatomy, the artery includes three main layers
= —  Coronary artery (C6) i.e. adventitia, media and intima (23] The measured
s ——- Adventitia of fliwc arlery stress-stretch curve of specimen C6 was compared
210 — Wi iioatiory with the published stress-stretch curves for an iliac
Z) .+ Tutima of iinc artery artery "), as shown in Figure 7. The results in Figure
£ 7 indicate that the data measured from the proposed
B | CS test agrees with the published data . Within the
N stress range from 0.2 to 0.4 MPa, the adventitia and
.f% intima moduli vary within 2.0 and 4.8 MPa. This
agrees with the aforementioned modulus range for
0.0

o coronary arteries.

Slich ' For simplicity, the coronary artery is considered
to be extended in the circumferential direction. The
axial deformation effect is so small that it can be
ignored. Therefore, the nonlinear strain energy

Figure 7. The measured stress-stretch data from
specimen C6 and the published data
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function, i.e. Equation (7), was introduced to derive
the stress-stretch relationships of coronary artery and
plaque in simulation. Based on the coronary artery
incompressibility assumption, i.e. J = 2 3
= 1, three principal stretches can be approximated as

= = 1'1/2 in uniaxial tensile condition. The
corresponding uniaxial true stress can then be
expressed in terms of uniaxial stretch as

N G
O-IZZ/“n[/l/a”_/l/ 2} (15)

n=1
For getting a good curve fitting and also considering
computational efficiency, the item number N=2 was
used in this study. It leads to

oy :#1(/11&’ _/112]+#2(/11m _/112] (16)

Table 3. Curve fitted Ogden model parameters for
coronary artery and plaque

(MPa) (MPa)
artery’  1.755x102  -1139 10,79 1-061x10
plaque | 4350107 4.366x10 4503 3048

*: The Ogden model parameters fitted from the
measured data proposed in this study.

**: The Ogden model parameters fitted from the
published data ",

The least-squares method was applied to curve
fitted all the material parameters, and from the
measured coronary artery circumferential
stress-stretch curves. The mean stretch value of

0.8
——., Fitted curve by
Ogden Model

0.6 |- Mean value of
= I measured curves
% ; (coronary artery)
204 |
;
=

0.2 |-

0.0 \ l \ \

1.0 1.2 1.4 1.6 1.8 2.0
Stretch

(a) Coronary artery

different curves, corresponding to same true stress,
was computed first. The stress from 0 to 5.0 N/mm?,
20 equally-spaced points were chosen for computing
the mean value of measured curves as shown in
Figure 8(a). The same method was applied to curve
fit the measured plaque data which cited from the
literature ). The extracted material constants are
listed in Table 3. The difference between the
measured and fitted plaque curves is shown in Figure
8(b).

The feasibility of the proposed Ogden
mechanical coronary artery model is illustrated in
this work using a stent implantation process
simulated using the elastic-plastic finite element
method. The traditional Palmaz type stent, the
initially folded balloon and discontinuous distributed
plaque were included in the simulation model. Figure
9 shows the 1/16 symmetrical three-dimensional
model with a //8 circumferential and /2 axial
symmetry ~ component. The corresponding
dimensions and material properties of the different
parts in the finite element model are listed in Table 4.
The simulated stent implantation under different
pressures is shown in Figure 10. The stent diameter
variation in the inflation and deflation process can be
simulated using the proposed coronary artery
material properties. The artery also causes an elastic
recoil in the stent diameter during the deflation
process. The simulated results indicate that the
proposed Ogden coronary artery mechanical model is
adequate to simulate the stent implantation process.

0.5
. Fitted curve by
Ogden Model
04 -
Measured curves f
E (plaque) ’l'
203 | J
@
002
g
H
0.1 [~
0.0 :
1.00 1.05 1.10 1.15 1.20
Stretch
(b) Plaque

Figure 8. Ogden model fitted stress-stretch curves for coronary artery and plague
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Figure 9. The 1/8 circumferential and 1/2 axial
symmetry finite element model for stent
implantation simulation
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Figure 10. The simulated stent implantation under
different pressures

Table 4. Component dimensions and material properties in the illustrated example

item arterial wall plaque stent balloon
outer diameter (mmm) 3.5 2.5 1.7 nil
thickness (mm) 0.5 0.4 0.1 0.05
length (mm) 4.284 3.360 4.284 4.284
. nonlinear nonlinear . . .
material model (Ogden) (Ogden) elastoplastic linear elastic
Young’s modulus (GPa) nil nil 196 0.69
Poisson’s ratio nil nil 0.3 0.3
5. Conclusions Cardiology, Dept. of Internal Medicine, Kaohsiung
This article proposed a nonlinear Ogden Armed Forces General Hospital, Kaohsiung, Taiwan)

material model for the stent implantation process in a
deformed coronary artery. The corresponding Ogden
model parameters were derived by collecting the
stress-stretch values from over seven coronary artery
specimens. The data may be able to provide valuable
samples for deriving the stress-stretch function of the
coronary specimen when the applied load is not over
the heel over point (HOP).

For validation, the proposed nonlinear Ogden
material model for coronary artery was applied to a
Palmaz type stent implantation process. The
simulated stent deformation was found to be
reasonable. It had a good correlation with the
measured results. However, since the material
parameters were derived only from coronary artery
specimens, the use of the material parameters for
different types of arteries should be done with
caution.
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