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Abstract—A cohesive zone model (CZM) approach is
applied to simulate atherosclerotic plaque delamination
experiments in mouse abdominal aorta specimens. A three-
dimensional finite element model is developed for the
experiments. The aortic wall is treated as a fiber-reinforced,
highly deformable, incompressible material, and the Holzap-
fel-Gasser-Ogden (HGO) model is adopted for the aortic
bulk material behavior. Cohesive elements are placed along
the plaque-media interface along which delamination occurs.
The 3D specimen geometry is created based on images from
the experiments and certain simplifying approximations. A
set of HGO and CZM parameter values is determined based
on values suggested in the literature and through matching
simulation predictions of the load vs. load-point displace-
ment curve with experimental measurements for one
loading—delamination—unloading cycle. Using this set of
parameter values, simulation predictions for four other
loading—delamination—unloading cycles are obtained, which
show good agreement with experimental measurements. The
findings of the current study demonstrate the applicability of
the CZM approach in arterial tissue failure simulations.

Keywords—Plaque, Delamination, Aorta, Atherosclerosis,
Finite element, Cohesive zone, Energy release rate.

INTRODUCTION

Atherosclerotic plaque rupture often happens sud-
denly and unpredictably in vivo, causing roughly 75%
of all newly developed and recurring myocardial
infarctions and affecting approximately 1.1 million
people in the USA per year with a 40% fatality rate.”’

A common plaque rupture site is the shoulder re-
gion where the interface between the plaque and the
underlying vascular wall is located.?* This site is prone
to delaminate along the plaque-media interface, for
example, when the arterial wall experiences large
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expansion under balloon angioplasty.® In general, due
to mismatch in mechanical properties across a vessel
wall interface, interlayer shear stress concentration is
expected to occur at geometric discontinuities (e.g.,
along the edge of the plaque-media interface) when the
artery is deformed, which may cause initiation of
interfacial delamination. Plaque delamination (dissec-
tion) at the shoulder with intimal flap formation dur-
ing balloon angioplasty and stenting has been
demonstrated by in vivo imaging modalities such
as intravascular ultrasound and optical coherence
tomography.'*?%2>27 Shear loading due to flow in-
duced shear traction on the plaque surface is also ex-
pected to contribute to the initial tearing and
delamination of the plaque. The subsequent delami-
nation growth may be mixed-mode, in which the Mode
I (opening mode) component can be significant. The
Mode I component can be due to the normal loading
from flow pressure (e.g., immediately after the initial
tear and delamination) and/or due to a peeling action
created by the flow-induced shear traction on the now
delaminated portion of the plaque. Once delamination
occurs, it seems that this shear traction will tend to pull
the delaminated plaque in the direction of the flow,
because the plaque is compliant and the delaminated
portion will tend to bend in the flow direction. As such,
it is important to understand plaque delamination
(dissection) failure in order to develop effective
approaches for treatment and intervention.
Atherosclerotic plaque delamination depends both
on the deformation and stress experienced by the
arterial wall and on the interfacial strength between the
plaque and the vascular wall. One measure of the
interfacial strength is the critical energy release rate,
which is the energy required to delaminate a unit area
of the plaque from the underlying vascular wall. This
critical energy release rate can be measured in plaque
delamination experiments and can serve as an input to
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a mechanics model (such as the cohesive zone model)
that describes the interfacial strength mathematically.

In the current study, a finite element modeling and
simulation approach for atherosclerotic plaque delami-
nation experiments has been developed. In particular,
plaque delamination experiments performed on
apolipoprotein E-knockout (ApoE-KO) mouse aorta
specimens are modeled in order to gain an
understanding of the role of mechanical failure in
human atherosclerosis because the ApoE-KO mouse
aorta has been shown to develop atherosclerotic le-
sions similar in many respects to those seen in
humans.>® It is noted that the modeling approach
developed in this study can deal with mixed-mode
delamination failure. The particular delamination
experiments noted above, in which a Mode I type
delamination occurs due to the peeling of the delami-
nated portion of the plaque from the aorta wall, are
used to demonstrate and validate this approach be-
cause of their availability and the lack of other types of
experimental data in the literature. This study tries to
establish the credibility and viability of this approach
in order to provide a strong basis for its application to
other clinically relevant failure modes such as those
involving shear failure.

The cohesive zone model (CZM) approach is em-
ployed in this study to model the delamination
behavior at the plaque-media interface. It is noted that
the CZM is a general approach for modeling separa-
tion processes in solid materials, including debonding
and delamination along interfaces. In particular, CZM
has been proven to be an effective way of model-
ing delamination failure in composite materials.?
Atherosclerotic plaque delamination at the plaque
shoulder site is analogous to the common delamination
damage phenomenon between layers in laminated
composites, and thus the CZM seems applicable, al-
though to the authors’ knowledge, it has not been
applied in the literature to the study of experimental
plaque delamination. While the CZM has been widely
used in studies of fracture failures in engineering
materials, the use of CZM in studies of failure in
arterial materials has been very limited. These limited
studies include analysis of fissuring and dissection in
the human plaque during balloon angioplasty inter-
vention,'” modeling the propagation of dissection of
human aortic media,' and simulation of arterial dis-
section under pressure.'?

In the current study, the atherosclerotic plaque
delamination phenomenon is investigated through
modeling and simulation of experiments performed
on ApoE-KO mouse aorta specimens in which a
plaque is peeled off from an arterial wall. A three-
dimensional (3D) finite element model for the exper-
iments is developed, in which the Holzapfel-Gasser—

Ogden (HGO) model'®" for the bulk arterial mate-
rial behavior and a CZM for the plaque-media
interface behavior are adopted. Simulation predic-
tions of the load vs. load-point displacement curve
are compared with experimental measurements as
validation for the proposed modeling approach. Also,
uncertainties about the specimen geometry are
analyzed in order to understand how these factors
affect the predicted load vs. load-point displacement
responses.

MATERIAL MODEL

Arteries are usually modeled as nearly incompress-
ible and highly deformable composite materials that
exhibit a nonlinear stress—strain response with typical
stiffening at the physiological strain level.'* To simu-
late atherosclerotic plaque delamination in mouse
aorta, we adopt the HGO model'®!" for the bulk
material behavior and the CZM? for the delamination
behavior along the plaque-media interface. In the
HGO model, the bulk material of each artery layer is
treated as a fiber-reinforced material with fibers sym-
metrically distributed in regard to the axial direction of
the aorta. In the CZM, a triangular shaped traction—
separation law is implemented to govern the delami-
nation procedure.

Bulk Material for the Mouse Aorta

The HGO model assumes that collagen fibers are
oriented parallel to the arterial wall,'® thus neglecting
the out-of-plane orientation component useful in pre-
venting out-of-plane shearing.'® The strain energy
function in the HGO model is given by'®

V= g (1 —3) + 2/;12 [ekz[ﬁw(lf&c)h]—l]z _ 1}
6 [ pfiets suo ] (1)
L | ka|xh+(1-3x)Ip—1]"
+ oy (e ]

In the above expression, u is the neo-Hookean
parameter, which characterizes the shear modulus of
the solid without fibers; k; is a parameter related to the
relative stiffness of the two families of fibers in the
small strain range; k, is a dimensionless stiffness
parameter for the large strain range; and k (0 < x < 1/
3) is the dispersion parameter that characterizes the
dispersion of the two families of fibers along the two
mean distributed directions. Also in Eq. (1), 7; = tr(C)
denotes the first invariant of C, which is a modified
counterpart of the right Cauchy-Green strain tensor C
and is given by C= F'F, F=J'3F, where F is
the deformation gradient and J=det(F); and

% BIOMEDICAL ENGINEERING SOCIETY™

www.bmes.org



2840 LENG et al.

A

shear

Ashea‘r

FIGURE 1. Interfacial triangular mixed-mode cohesive trac-
tion—separation law.

Is1 = ag; - Cag; and Ly = ap - Cagy are tensor invari-
ants equal to the square of the stretch in the direction
of, respectively, ap; and ay,, which are vectors repre-
senting the directions of the two families of fibers (with
p as the angle between one family of fibers and the
axial direction).

Cohesive Zone Model

The CZM is implemented in the current study
through a user UEL subroutine in ABAQUS.? It de-
scribes the relationship between the cohesive tractions
between the two faces of an interface and the separa-
tions (displacement jumps) across the interface. Fig-
ure 1 shows an illustration of the mixed-mode
traction—separation law, which gives the opening-mode
version when projected onto the back surface of the
box and the shear-mode version when projected onto
the left surface of the box. The triangles in the opening-
mode and shear mode coordinate planes represent the
traction response as a function of separation under
pure normal and pure shear deformation conditions.
The triangle on a plane between these two planes
represents the traction—separation relationship for a
mixed-mode case. According to the CZM, the delam-
ination failure of the plaque-media interface involves
three steps. The first step is damage initiation, which
refers to the start of degradation of the cohesive ele-

ment when an effective displacement jump A’ is

m
reached (as shown on the damage initiation locus in
Fig. 1). At the instant of damage initiation, the trac-
tion reaches the maximum value at the peak point of
the triangle. The second step is damage evolution,

during which damage accumulation occurs in the
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cohesive element. The third step is complete failure of
the cohesive element after the effective displacement
jump reaches a critical effective separation value Aﬁ; (as
shown on the full failure locus in Fig. 1).%

The failure criterion proposed by Benzeggagh and
Kenane* has been found to fit experimental results
accurately and is employed in the current study to
govern the failure of the cohesive element. Based on
this criterion, the mixed-mode fracture toughness (the
critical energy release rate) is expressed as:

o
Gc = Glc + (GHC - Glc) (GsGhear) (2)
T

where Gy, Gy are the fracture toughness values of the
material for mode I (the opening mode) and mode II
(the in-plane shear mode), respectively. The total en-
ergy release rate and the energy release rate for shear
loading in Eq. (2) is defined by

Gt = G+ G + G (3)

Gishear = G + Gt (4)

where G, Gy and Gyyy represent the mode I, mode 11
and mode III (the out-of-plane shear mode) energy
release rate, respectively. The cohesive law that gov-
erns material separation process can be written as:

T = T(Al‘) (5)
A3 =T5/K (6)
A(s)hear = 7'(s)hear/]( (7)

where 7; (i = 1, 2, 3) are the effective cohesive trac-
tions, which are functions of the effective displacement
jumps A, in the local coordinates; AJ and AY, .. are the
displacement jumps corresponding to damage initia-
tion under pure Mode I and Mode II conditions,
respectively; and 7% and 7, are the strengths of the
cohesive interface along the normal direction and
tangential direction, respectively. Details of the cohe-

sive finite element can be found in Ref. 28.

EXPERIMENTAL PROCESS

The current study is focused on the modeling of
atherosclerotic plaque delamination experiments per-
formed on mouse aorta specimens reported in Ref. 32. In
these experiments, ApoE-KO mice were fed a high-fat
(42% of total calories) Western-style diet for 8 months,
starting at the age of 6 weeks, in order to develop
atherosclerosis throughout the aorta.®* At the start of
the experiment, a small initial delamination was care-
fully introduced by a scalpel at the proximal end of the
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FIGURE 2. A schematic of the atherosclerotic plaque delamination experimental setup: (a) side view of the schematic diagram of
the experiment, a mouse specimen on a loading table; (b) a schematic diagram of the experimental process represented by a finite
element model; (c) top view of the schematic diagram of the experiment; (d) three typical consecutive experimental load vs. load-

point displacement curves.

plaque, so that the micro-clamp can clamp the plaque
edge, as shown in Fig. 2. The plaque was delaminated
in situ. Pins were placed at both ends of a specimen to
prevent excessive outward motion of the aorta, as shown
in Figs. 2¢c and 3. The tissues surrounding and
underlying the aorta provide considerable structural
support and restrict the outward motion of the aorta
during the delamination procedure; in particular, the
dorsally-oriented intercostal branches prevent the out-
ward motion of the thoracic aorta.*?

A mouse carcass with exposed aorta was fastened to a
small plate connected to the load cell of a Bose ELF 3200
for load data recording. The small delamination on the
proximal end of the plaque was gripped by a pair of
micro-clamps connected to the Bose ELF 3200 actuator,
which applies sequential loading—delamination—un-
loading cycles, as shown in Fig. 2d. The delamination
process was recorded by a computer vision system which
was placed a certain distance above the mouse carcass,
and one of the recorded images is shown in the center
insert box in Fig. 2c. For each experiment, a load—dis-
placement curve with multiple loading—delamination—
unloading cycles was obtained, and three sequential
loading—unloading cycles from specimen #1 are shown
in Fig. 2d. After the experiment, the specimens were
prepared for histological analyses, which reveal that the
plaque delamination took place between the plaque and

the underlying internal elastic lamina (IEL), instead of
within the media.*’

NUMERICAL SIMULATIONS OF
ATHEROSCLEROTIC PLAQUE
DELAMINATION

Simulation Model

An important part of the plaque delamination
simulation model is the geometric dimensions of the
aorta (e.g., diameter, thickness of wall, length and
curvature) and plaque (e.g., thickness and length of
plaque along the longitudinal direction of aorta) since
errors in the geometric dimensions will lead to errors in
simulation predictions. Since limited geometric values
were obtained from the delamination experiments
being modeled in this study, several considerations and
assumptions are found necessary to create the simu-
lation model (the finite element model).

First, the digitized images from the plaque delamina-
tion experiments are used to measure certain geometry
data directly, including the length and width of the pla-
que. Second, reference geometry data from the litera-
ture'” are considered in approximating the arterial wall
thickness because the variation of thickness for mouse
aorta with the same age, diet and genotype is small.
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FIGURE 3. (a) An experimental delamination image of a mouse plaque specimen (specimen #1); (b) A schematic of the image in
(a) with definitions of the specimen geometry. The “upper face” is the separated surface pulled by the micro-clamp, and the “lower

face” is the exposed surface. Scale bar = 1 mm.

Based on these considerations, an approximate
geometry model of the plaque specimen is created. The
effects of the uncertainties in the geometric values will
be examined in ‘“Analysis of the Effects of Geometric
Uncertainty” section.

Two Considerations to Define Geometry of Finite
Element Model

Delamination Experimental Images

The width and length of the delamination area can be
measured directly from the available experimental
images. For example, one experimental image of
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specimen #1 is shown in Fig. 3. Considering the cur-
vature of the lower face, the geometrical values for the
plaque are measured from the upper face, in which
W1, W2 and W3 are three values of the width used to
approximate the cross-section of the mouse
atherosclerotic plaque specimen, and L1 and L2 are the
distances from the proximal end of the specimen to the
positions where W1 and W2 are measured, respec-
tively. The total length of the plaque specimen is
determined by the distance from the left pinned end
(the proximal end) to the right pinned end (the distal
end) of the plaque specimen. The thickness of the
plaque, T, can be estimated only at the proximal
end from the experimental image. Thus, as an
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FIGURE 4. A FE model of the mouse aorta (specimen #1): (a) a FE model for delamination simulation, where L is the length of the
atherosclerotic plaque; elastic springs under the arterial wall in x, y and z directions represent the underlying connective tissue. (b)
a cross-sectional view of the aorta and plaque, showing an idealized geometry described by several parameters, where r is the
radius of the aortic wall curvature away from the plaque, R is the radius of curvature of the interface between the plaque and the
arterial wall, tis the thickness of the aortic wall, Wis the width of the plaque, Tis the height of the atherosclerotic plaque, and C, is

the total circumferential width of the aortic wall.
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(a) The simulated load—displacement curve of the first loading—unloading cycle from specimen #1 is compared with

the measured curve, G; = 0.019 N/mm. (b) The simulated load-displacement curve of the first loading—unloading cycle from
specimen #2 is compared with the measured curve, G; = 0.01 N/mm. The entire cycle includes the loading phase in which the
plaque is pulled without delamination, the delamination phase in which the plaque is pulled and separated from the underlying

internal elastic lamina (IEL), and the unloading phase in which the plaque is returned to the initial position.

approximation, T is taken to be constant along the
total length of the specimen in the finite element model.
The radius R of the interface between the aortic wall
and the plaque is also available only approximately
from experimental images.

Geometry Values From the Literature

The literature provides some reference values for the
aortic geometry useful in the current study. For
example, Ref. 17 studied the remodeling of the zero-
stress state of the aorta in apoE-deficient mice at the
ages of 10, 28 and 56 weeks, in which aortic rings

were excised from several locations along the aorta.
The geometry values of the aortic rings at zero-stress
state measured from mice at the ages of 28 and
56 weeks from Ref. 17 are employed in the current
study to provide a range of approximate geometry
values for mice at the age of 43 weeks which were
used in the delamination experiments being modeled
in the current study. Therefore, for the arterial wall,
the range of the inner circumference (C,) is 1.4—
2.8 mm, the range of the outer circumference (C,) is
2.0-3.3 mm, and the range of the thickness is 0.08—

0.16 mm.
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TABLE 1. Material parameters of mouse arterial wall and plaque identified from specimen #1.
u (kPa) ki (kPa) ko K B ()
Arterial wall 4 4e3 525 0.226 46.4
Plaque 4 4e3 525 0.226 27.2

TABLE 2. Stiffness of springs for specimen #1 and specimen #2.

Specimen ke (N/mmP) ky (Nfmm?) k, (N/mm?®)

#1 1e—4 1e—4 —4

#2 3e-5 5e—5 e—4
TABLE 3. CZM parameter values.

CZM parameters T2 (MPa) 0 ear (MPa) K (N/mm3) o

Values 0.14 0.14 1e4 1.2

FE Model of the Plaque Delamination Experiments

For the in situ experiments, it is difficult to obtain
the geometry of the atherosclerotic plaque and the
arterial wall, not only because of the complexity of the
geometry, but also because of the very small dimen-
sions of the mouse aorta. The geometrical dimensions
of the width and length of the atherosclerotic plaque
are more accurate because these values can be directly
measured from the experimental images, as shown in
Fig. 3. In addition, the delaminated area between the
plaque and underlying vascular wall shows large vari-
ations during the delamination process. Therefore, in
building the finite element model, the two contribu-
tions in “Two Considerations to Define Geometry of
Finite Element Model” section are incorporated into
the model based on available information. The
resulting 3D finite element model with a reasonable
approximation of the actual specimen contains an
asymmetrical atherosclerotic plaque as shown in
Fig. 4.

In the model, the widths of the plaque are measured
at different locations along the longitudinal direction
of the arterial wall from the experimental images, as
shown in Fig. 3. The thickness of the plaque is taken as
a constant value for the delamination length of
each loading—delamination—unloading cycle (which is
around 0.2 mm).

In the experiments, both ends of the specimen were
constrained by pins, but the pins could not completely
constrain the movement of the specimen along the
longitudinal direction, as if the pinned vessel acted as
an elastic foundation in the longitudinal direction.
Therefore, in the finite element model, the arterial wall
is made longer than the plaque, so that the extra length
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of the arterial wall can provide the needed freedom to
model this elastic foundation effect. For simplicity, the
lengths of the arterial wall on either side of the plaque,
from the two ends of the plaque to the two ends of the
arterial wall, are set to equal half the length of the
plaque, as shown in Fig. 4a.

Boundary Conditions

Because perivascular adipose tissue’®*® and other

surrounding connective tissues are in close association
with the arterial wall and serve as the vascular bed,
they are expected to constrain the movement of the
arterial wall. Due to limited information regarding the
structure and material properties for those tissues, the
effects of the underlying tissues are modeled by an
elastic foundation under the aortic wall. To this end,
the boundary of the arterial wall is approximated by
elastic springs that connect points to the ground in X, y
and z directions, as shown in Fig. 4a. The proximal
and distal ends of the wall are approximated by fixed
boundary conditions.

The equations used to describe the response of the tis-
sues connecting to the arterial wall are Fy = kyuy,
F, = kyuyand F, = k,u,. The parameters k., ky, k, are the
stiffness values, uy, uy, u, are the displacements, and Fy, Fy,
F, are the spring forces in the three directions, respectively.

Reasonable values of the spring stiffness are chosen
as part of a numerical identification procedure that
matches simulation predictions of the overall load vs.
load-point displacement curve with experimental
measurements. In selecting the spring stiffness values,
only the loading phase of the load vs. load-point dis-
placement curve is used.
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FIGURE 6. von Mises stress contours for three typical points of loading—unloading cycle of plaque delamination simulation from

specimen #1.

Figure 4 shows a complete finite element model
using the geometry described earlier. The mesh is
generated using ABAQUS.” The arterial wall and
plaque regions are meshed with 8-node brick elements,
C3D8H, while the cohesive zone interface is meshed
with zero thickness 8-node 3D user-defined elements.
A layer of cohesive elements is placed along the
delamination path, starting from the initial crack front
to the end of the plaque. It is noted that while the
CZM approach can handle material separation with-
out a given separation path, it will greatly save the
computational cost if the separation path is not part of
the simulation prediction. In the current study, since
the material separation path in the experiments being
simulated is known in advance, the delamination path
is taken as known in order to save computational ef-
fort and to avoid complexities associated with the need
to predict the separation path. The global bulk element
size (for the arterial wall and plaque) is 0.1 mm and the
cohesive element size is 0.02 mm.

Parameter Value Identification

The parameter values for the bulk arterial material,
the elastic springs, and the CZM, are obtained through
an inverse identification procedure that matches sim-
ulation predictions of the overall load vs. load-point
displacement curve with experimental measurements.
Since the current study involves many parameters, and
only a limited amount of experimental data are avail-
able, a fully automated inverse procedure’ will be very

time consuming and thus was not employed. Instead,
approximations were made (e.g., most of the bulk
material parameter values were set to be the same for
the arterial wall and for the plaque), simple values were
chosen (e.g., single-digit rounded values were chosen
for the elastic foundation spring constants), and a
manual numerical procedure® was performed. The
experimental load vs. load-point displacement curve
for the first loading—delamination—unloading cycle
from specimen #1 and reference parameter values from
the literature are used as the input data for the iden-
tification procedure. In this study, a set of parameter
values is determined when the average error,

Cavg = {ZL (ﬂ)} / N, between simulation pre-

Sep
dicted reaction forces, fim,, and experimentally mea-
sured reaction forces, fexp, is less than 10%, where N is
the number of data points which spread over the
loading, delamination and unloading phases of the
load—displacement curve for the first loading cycle. A
relatively large error (10%) is accepted because the
match between simulation predictions and experimen-
tal data is expected not to be perfect due to several
uncertainties in the simulation model and input data.

Parameter Values for the HGO Model and Elastic
Springs

Reference 29 investigated the stress strain response
of aortas from ApoE ™/ Fbnl /1% and ApoE™/~
mice that were fed with normal chow or Western-style
(high-fat) diets for 10 and 20 weeks. It was observed
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FIGURE 7. (a) Cross-section of three different meshes, (b) predicted 1st-cycle load—displacement curves using the three meshes,

with comparison to the experimental curve.

that the stiffness of the mouse aorta not only increases
with age but also correlates with the diet. For the
experiments being modeled in the current paper, the
mice were fed a Western-style diet for 34 weeks, which
means that the stiffness of the mouse aorta is expected
to be greater than those reported in Ref. 29 Similarly,
the values of the HGO model parameters reported in
the literature for mouse aorta refer to mice at the age
near 10 weeks,**!" which means that they are not di-
rectly applicable in the current study.

Therefore, the values for HGO model parameters for
the bulk material and the values of the stiffness of elastic
springs are determined based on values suggested in the
literature® and by matching simulation predictions with
measurements using the loading phase of the load—dis-
placement curve from the 1st loading—unloading cycle of
specimen #1 (ea = 6.37 %, N = 54), as shown in
Fig. 5a.Incarrying out thisidentification procedure, the
deformations of arterial wall and plaque are also
checked to make sure that they are consistent with those
observed experimentally.

The arterial wall and plaque are treated as two layers
of heterogeneous materials. As a first-order approxi-
mation, their HGO model parameter values are chosen
mostly to be the same, due to the lack of proper literature
reference data and the lack of sufficient experimental
data for more adequate inverse identification. These
HGO model parameter values are shown in Table 1. The
values of the stiffness of elastic springs in the elastic
foundation under the arterial wall are listed in Table 2.
Meanwhile, with the same HGO model parameter val-
ues (Table 1) identified from specimen #1, the values of
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the elastic springs for specimen #2 (Table 2) were
obtained through matching simulation predictions with
measurements using the loading phase of the load—dis-
placement curve from the 1st loading—delamination—
unloading cycle of specimen #2, as shown in Fig. 5b. The
stiffness values are smaller than those for human and
porcine adipose tissues (which have elastic moduli of
approximately 1 kPa)."!”

The simulation predicted von Mises stress contours
for three typical points along a loading—delamination—
unloading cycle from specimen #1 are shown in Fig. 6.
The stress contour levels shown in the zoomed-in views
(a), (b) and (c) are consistent with the corresponding
loading levels in the load—displacement diagram. For
example, the loading level in (b) is the highest and is
sufficient to grow the delamination, and the resulting
von Mises stress field shows that it has the highest
contour level of the three cases. In all three cases, the
highest stress contour level occurs in the middle por-
tion of the plaque near the delamination front, which is
expected. In (b), the highest stress level is located
somewhat behind the delamination front, which is
consistent with the fact that the loading level in (b)
occurs somewhat after the peak load is reached in the
load—displacement diagram.

CZM Material Properties

In the current study, the delamination of
atherosclerotic plaque is approximated as a pure Mode
I process,”” in which the dominant cohesive traction is
the tensile cohesive traction normal to the plane of
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FIGURE 8. Comparisons of the predicted and measured load-displacement curves for loading—-unloading cycles. (a) cycle 2 and
(b) cycle 3 of specimen #1; (c) cycle 2 and (d) cycle 3 of specimen #2.

delamination. Therefore, for simplicity, the values of
Gy for all cycles are set to be equal to Gy, because the
exact value of this Mode II parameter in a Mode I
event has negligible effect on the simulation results.
Due to the variation in geometry of the delamination
area and material heterogeneities along the longitudi-
nal direction of the aorta, the energy release rate in
pure Mode I, Gy, varied from one delamination cycle
to another.’> The measured Gy values are used as the
input cohesive parameter values.

The rest of the CZM parameter values, as shown in
Table 3, are selected based on values suggested in the
literature, such as the tensile strength of the interface
between the plaque and the underlying tissue (the
arterial wall),'* and by matching simulation predic-
tions of the load—displacement curve with measure-
ments using the delamination phase of the first
loading—delamination—unloading cycle of specimen #1
(as shown in Fig. 5a). Care was taken to ensure that

the deformations of the arterial wall and the plaque
during the delamination phase are consistent with
those from experimental measurements, as described
earlier for determining parameter values of the HGO
model for the bulk arterial wall and plaque behavior.

Convergence Analysis

A convergence study was performed on the bulk
material element and the cohesive element in order to
exclude mesh dependency effects. Mesh 1 is a coarse
mesh with 3472 nodes and 1972 brick elements
(C3D8H), mesh 2 (the reference mesh) is refined from
Mesh 1 (the element size in Mesh 2 is half of that in
Mesh 1, along x, y and z directions) with 19,446 nodes
and 14,136 brick elements, and mesh 3 is refined from
mesh 2 with 119,365 nodes and 99,423 brick elements
(the cross-sections of three meshes are shown in

Fig. 7a).
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atherosclerotic plaque thicknesses. (b) Predicted load-displacement curves from simulations with three different thicknesses. (c)
The cross-sections of finite element models with three typical atherosclerotic plaque curvatures. (d) Predicted load—displacement

curves from simulations with three different curvatures.

The cohesive element size is dictated by the bulk
material element size along the delamination path.
Specifically, the cohesive element size, /., is 0.04, 0.02,
0.01 mm, respectively, for the three different meshes. It
is observed that, from one mesh to another, there is
little change in the predicted loading and unloading
phases of the load—displacement curve, as shown in
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Fig. 7b. The average value of the pulling load during
the delamination phase is constant and defines a pla-
teau, which decreases with the decrease of the element
size. The average relative errors for mesh 1 and mesh 3
compared to mesh 2 are 3.6 and 2.3%, respectively.
Overall, mesh 2 is found to give reasonably converged
predictions.
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PREDICTION AND VALIDATION

Simulation predictions and validation of the pre-
dictions are performed for loading—delamination—un-
loading cycles 2 and 3 from both specimen #1 and
specimen #2, using the HGO model and CZM
parameter values determined according to the param-
eter identification procedure, based on the 1st loading—
delamination—unloading cycle of the experimental
load—displacement curve for specimen #1. The stiffness
values of the elastic foundation springs for the two
specimens are determined, respectively, from cycle 1 of
each specimen, and are listed in Table 2.

Two simulations for each cycle are carried out due
to two input choices for each cycle. Specifically, for
each cycle, there are two choices for the critical energy
release rate input value: (1) the experimental value
from the corresponding cycle (see the red short dashed
line in Fig. 8), and (2) the value is kept the same as in
cycle 1 of specimen #1 (see the blue long dashed line in
Fig. 8). The first choice is more reasonable because it
reflects the variation of the experimental critical energy
release rate value from cycle to cycle. Simulations with
the second choice are made for comparison purposes.

It can be seen from Fig. 8 that the simulation pre-
dictions using the critical energy release rate from the
corresponding loading cycles provide better predicted
average values for the load during the delamination
phase of the loading cycle. There are some differences
between the predictions and measurements, especially
for the delamination and unloading phases. There are
several possible reasons for these differences. In the
experiments, the tissue along the delamination path
may not be homogeneous. It may contain weak
material (e.g., lipid cores) and strong material (e.g.,
bridging fibers and calcification in the tissue), which
can lead to oscillations in the delamination load. In the
simulations, however, material inhomogeneity is not
taken into consideration, thus oscillations in the
delamination load are not predicted. The larger dif-
ference in the unloading curve is believed to be caused
by the fact that the HGO model is not capable of
modeling the viscoelastic behavior in the bulk material,
while in the delamination experiments the viscoelastic
effect may be non-negligible. Moreover, the differences
may be caused by the approximations and simplifying
assumptions made in the simulation models due to the
lack of experimental data for geometrical dimensions
and material model parameters, and by the choices of
the material models themselves. Overall, the simulation
predictions match reasonably well with the experi-
mental measurements. Thus, it can be said that a good
validation for the CZM-based simulation approach for
the plaque delamination process has been achieved,

although further improvements in the overall simula-
tion model are still necessary.

ANALYSIS OF THE EFFECTS OF GEOMETRIC
UNCERTAINTY

There are several uncertainties in the simulation
model for the plaque delamination experiments, which
may partly be responsible for the differences observed
in the comparisons between simulation predictions and
experimental results shown in Fig. 8. Besides uncer-
tainties in the material parameter values, a key
uncertainty is in the geometry of the mouse aorta. The
effects of this uncertainty are analyzed in this section
and specimen #1 is chosen for this purpose.

In the simulations, the thickness of the plaque and
curvature of the arterial wall are taken to be constant
along the length of the aorta due to the lack of experi-
mental data. In reality, the thickness of the plaque and
curvature of the arterial wall vary along the longitudinal
direction of the aorta. To gain some insight into the
effect of plaque thickness on simulation predictions,
three plaque thickness values are considered: 0.15 mm
(thickness-1), 0.26 mm (thickness-2) and 0.35 mm
(thickness-3) (Fig. 9a). Furthermore, to study the effect
of the aortic curvature in the cross-section on simulation
predictions, three shapes of the cross-section are con-
sidered based on the curvature of the aorta below the
plaque: 0.00 mm ™' (curvature-1), 1.69 mm ™' (curva-
ture-2), and 2.22 mm ' (curvature-3) (Fig. 9¢c). All
other aspects of the simulation model stay the same.

The simulation predicted load—displacement curves
are shown in Fig. 9 along with experimental data. It is
seen that the predicted maximum load is only slightly
affected by the plaque thickness, as shown in Fig. 9b.
However, the loading and unloading phases (especially
the loading phase) of the load—displacement curve are
strongly affected by the plaque thickness. The reason
for these observed thickness effects seems to be related
to the fact that when the thickness is changed, the
structural stiffness of the model is changed (but not the
delamination resistance of the interface), which is why
the loading/unloading response is strongly affected
(but not the peak load, which is more dictated by the
delamination resistance).

In addition, the unloading phase of the load—dis-
placement curve is not much affected by the curvature,
but the loading and delamination phases of the load—
displacement curve are more strongly affected by the
curvature, as shown in Fig. 9d. A straightforward
explanation for the predicted effects of the curvature is
not clear at this time. This is because, when the cur-
vature changes, several possibly coupled effects may be
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involved, including differences in the reactions of the
foundation springs, the effects on the overall structural
stiffness, and the effects on the energy release rate.

CONCLUSIONS AND CLOSING REMARKS

Plaque delamination often occurs at the shoulder
region of the fibrous cap. Studies of atherosclerotic
plaque delamination in mouse specimens provide a
way to understand the mechanisms of arterial failure
and damage evolution at material layer interfaces.
There are studies that focus on the analysis of stress—
strain behavior and tissue dissection inside the arterial
material,’> "> but few studies have investigated the
delamination of atherosclerotic plaque from the
underlying arterial wall.

In the present work, a finite element based modeling
approach for simulating atherosclerotic plaque delami-
nation events has been developed and demonstrated.
Simulations of plaque delamination experiments on
mouse aorta specimens have been carried out, in which
the HGO model for the bulk arterial material behavior
and the CZM for the delamination behavior along the
plaque-media interface are adopted. The 3D geometry
model is generated based on images from the plaque
delamination experiments and on geometric values
from the literature.

Parameter values for the HGO model and the CZM
were determined based on values suggested in the lit-
erature, by matching simulation predictions of the first
loading—delamination—unloading cycle of the load-
displacement curve from specimen #1 with the mea-
sured curve, and by requiring that the predicted
deformations be consistent with those from experi-
mental measurements. As validation of the CZM
approach, the parameter values identified from the first
loading—delamination—unloading cycle of specimen #1
were employed for one group of simulations for
loading cycles 2, 3 from specimen #1 and another
group of simulations for loading—unloading cycles 2, 3
from specimen #2. The simulation predictions of the
load—displacement curves for these cycles were found
to match reasonably well with experimental curves.

Furthermore, the simulation model was used to
study the effects of geometric uncertainty on simula-
tion predictions. It was found that the predicted load
in the delamination phase was not affected by the
plaque thickness, but it was strongly affected by the
curvature of the arterial wall in cross-section.

While the geometric uncertainty and associated
simplifications and approximations for the simulation
model may be partly responsible for the differences
seen in the comparisons between simulation predic-
tions and experimental results, approximations in
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modeling the bulk material behavior for the arterial
wall and for the plaque are also expected to contribute
to the observed differences. First, it is known that the
mechanical behavior of the plaque is in general dif-
ferent from that of the arterial wall. In the current
study, the plaque was modeled using the HGO con-
stitutive model which was developed for the arterial
wall. The HGO model may not be appropriate for the
plaque because the histological components of the
plaque are different from those of the arterial wall.*’
Hence, a more suitable constitutive model for the
plaque is needed. Second, due to the lack of experi-
mental data, several of the HGO model parameter
values for the arterial wall and for the plaque were
simply chosen to be the same in the current study,
which may be grossly inadequate. Third, adventitia,
media and intima are three layers in the arterial wall
which in general have different material properties, but
they are lumped together in the current study as a
single layer. Fourth, experimental data show the exis-
tence of hysteresis behavior in the load—displacement
curve, which suggests that there may be a need to
consider the viscoelastic behavior of the arterial wall
and the plaque.
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