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Peak stress in the fibrous cap of atherosclerotic plaque is largely determined by the cap thickness which
cannot be accurately estimated in vivo. This parametric study investigates idealized atherosclerotic plaque
geometries. Finite element modeling is applied to search for larger morphological features associated with
high cap stresses. By varying seven geometrical and two loading parameters, 100 3D model geometries
of atherosclerotic plaques in common iliac artery were generated. In each model peak cap stress was cal-
culated, and statistical comparison of the geometries generating the highest and lowest peak cap stresses
was performed. The analysis showed that, compared to geometries generating the lowest stresses, those
with high peak cap stress had a significantly lower cap thickness, higher stenosis ratio, lower relative
lipid core volume, and cap shoulder radius larger than lipid core radius. High cap stress was observed
for cap thicknesses up to 0.13 mm. It can be concluded that vulnerable plaques contain thin fibrous cap,
large stenosis ratio and only moderate small-radius lipid core which reaches the shoulder region of the

fibrous cap.

© 2019 IPEM. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Atherosclerosis is a progressive vascular disease which mani-
fests itself as a progressive thickening of intimal layer due to lipid
accumulation under endothelium cells. Rupture of the atheroscle-
rotic plaque is associated with blood clot formation which then
occludes this artery or some thinner artery downstream. Accord-
ing to the type of the affected artery, this may cause myocardial
infarction [1] (coronary arteries), or stroke [2] (carotid arteries)
which are leading causes of death in developed countries [3]; in
iliac or femoral arteries it results in acute lower limb ischemia
[4]. Therefore researchers have devoted a great effort to identifi-
cation of vulnerable plaques in the last two decades. Besides clin-
ical, biochemical, and histological observations [2], biomedical en-
gineering plays also an important role in this effort. Specifically,
there are hundreds of studies where stress in the atherosclerotic
cap is investigated (see the review by Holzapfel et al. [5] and
references therein) mostly via finite element analysis (FEA) or
fluid structure interaction (FSI) analysis [6,7]. FSI is more complex
compared to FEA and can provide more realistic spatial pressure
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distribution and wall shear stress distributions [6,7] in exchange
for much longer computational times. Consequently, only a very
limited number of geometries can mostly be investigated in one
study [6,8,9]. In contrast, 2D FEAs [5,10] are by several orders faster
but they intrinsically simplify the state of stress and neglect the
axial morphology of the atherosclerotic plaque which may be de-
termining for identification of its weakest spot [11,12]. Finally, the
3D FEA studies were performed on both patient-specific [9,13] and
idealized [14,15] geometries. Although the patient-specific geom-
etry is crucial in estimating vulnerability of an individual plaque,
it is usually performed with a low number of patients and the
morphological features associated with vulnerability can hardly be
specified due to the irregular geometry. This makes generalization
of results difficult.

Computational studies show consistently that peak stress in the
fibrous cap covering the lipid core of the atherosclerotic plaque
can serve as an indicator of the vulnerable plaques [14,16-18]. The
stress is affected by several morphological factors, with fibrous cap
thickness f being the most important among them. Although there
is evidence for an inverse exponential relation between f. and peak
cap stress [19,20], the importance of this observation for clini-
cal practice is limited because f; values associated with dangerous
stresses (threshold of 300 kPa is based on the work of Cheng et al.
[17]) are mostly far below the current resolution of magnetic res-
onance imaging (MRI) [21]. Consequently, clinicians cannot safely
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Fig. 1. Idealized geometry of common iliac artery. Only a half is used due to symmetry. Intima with atheroma plaque marked red, fibrous cap blue, lipid core yellow, media
green and adventitia purple. (A) A complete 3D model. (B) Cross section at the maximal stenosis.

determine whether the investigated plaque contains a dangerously
thin cap or not. A possible way how to overcome this limitation
is to search for other morphological parameters (larger in dimen-
sions) which could be associated with high cap stresses and also
quantified via current imaging techniques with a lower relative un-
certainty.

In this preliminary study we investigate the effect of 3D mor-
phology of atherosclerotic plaques on the peak cap stress with the
aim to identify morphological features which are decisive for its
magnitude.

2. Methods
2.1. Idealized geometry

In order to identify the parameters decisive for the plaque vul-
nerability, i.e., those inducing high peak cap stress, we used FEA
performed on idealized 3D geometries. This approach allows us
to analyze a large number of cases with clearly defined morphol-
ogy. Our hypothesis could be tested with any artery prone to
atherosclerosis but, as emphasized recently [5], the importance of
using relevant constitutive models in FEAs reduces substantially
the possible choice; the models should be fitted to experimental
data obtained with the same type of artery as the modeled one.
Therefore we decided to analyze atherosclerotic plaques in com-
mon iliac artery (CIA) for which mechanical responses of individual
components of atherosclerotic plaque (based on standard uniaxial
tensile testing) were published [22].

An idealized parametric 3D model of CIA was created in
software Solidworks 2012 (Dassault Systems, Vélizy-Villacoublay,
France) as shown in Fig. 1. The chosen geometry aimed at mim-
icking a real iliac atherosclerotic artery (see Fig. 1 in Holzapfel et
al. [23]) and was assumed to be symmetric along an axial plane;
thus only one half was modeled (see Fig. 1A). Radius of the lumen
was chosen to be Ry, =4 mm. The total wall thickness was set to
1.05mm and the portions of intima, media and adventitia thick-
nesses in the healthy part of CIA were kept to 14%, 44%, and 42%,
respectively, according to experimental measurements [24]. To en-
able a direct comparison with patient-specific cases in the future,
this geometry was considered as loaded and a reconstruction of
the unloaded geometry was realized as described below.

The atheroma plaque was modeled with the mutually inde-
pendent lengths of its upstream [;;, and downstream [; parts (see
Fig. 1A). Their ranges from 4 to 40 mm cover all possible plaque
lengths in CIA. Transition between the intima and atheroma in

Table 1
Values of parameters used to generate the geometries and loads of the FE models.

Parameter Symbol  Units Value (for constants)
or range (for variables)
Thickness of the healthy intima  T; [mm)] 0.15
Thickness of the healthy media Tned [mm] 0.46
Thickness of the healthy Tadv [mm)] 0.44
adventitia
Length of the increasing part lin [mm)] (4, 40)
Length of the decreasing part Iy [mm)] (4, 40)
Radius of the lumen without Rum [mm)] 4
stenosis
Radius of the fibrous cap Ry [mm)] (0.1, 3.5)
shoulder
Thickness of the fibrous cap fe [mm)] (0.02, 0.4)
Thickness of the lipid core We [mm)] (0.2, 5)
Percentage of the lipid core Keire [%] (7, 87)
area in the cross section
(dependent)
Percentage of the lipid core Kax [%] (0.6, 87)
area axially (dependent)
Stenosis S [%] (6, 75)
Radius of the lipid core R. [mm)] (0.1, 1.5)
Axial pre-strain ER [%] (0, 10)
Blood pressure pres [kPa] (10, 15)

transversal planes was realized using radius Rp. The lipid core was
modeled with maximal thickness W, being independent of the
thickness of the atheroma and its edges were rounded with ra-
dius R.. It is noted the parameter W, determines also the lipid core
length in axial direction since it is modeled to fill the whole space
between fibrous cap and the line distant by W, from the point of
maximal stenosis. This choice was made to keep the number of pa-
rameters reasonable. Additionally, the lipid core geometry can be
described by two derived (dependent on W¢) ratios Kux and K.,
defined as percentages of the plaque filled with lipid in the longi-
tudinal plane (symmetry plane in Fig. 1B) and in the cross section
plane (plane of the cross section in Fig. 1A), respectively. These pa-
rameters were used for better comparison of the obtained results
with other studies. Considered ranges of the individual variables
are specified in Table 1.

2.2. Material models

We used hyperelastic incompressible constitutive models to de-
scribe mechanical behavior of the individual layers or components.
The experimental uniaxial stress-stretch curves for each individual
component reported by Holzapfel et al. [22] were averaged across
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Table 2

Applied constants of the constitutive models for all the considered compo-
nents of the wall and atherosclerotic plaque. All the parameters are based
on the experimental data from Holzapfel et al. [22].

Constants

Laver C10 C20 30 kq ka

v [kPa] [kPa] [kPa]  [KkPa] [-] [rad]
Intima 10 740 0 0 - -
Fibrous cap 100 537 0 0 - -
Media (anisotropic) 8.5 27 0 21 2 0.027
Adventitia 10 0 10,422 0 - -
Lipid core 0.01 0 0 0 - -

the stresses for all the tested patients to construct their mean
axial and circumferential responses. Then the chosen constitutive
model was fitted to these mean response curves. For the media
we used anisotropic constitutive model characterized by combina-
tion of isotropic Yeoh type strain energy density function (SEDF)
and anisotropic Holzapfel Gasser Ogden (HGO) model [25]:

3 . 2
I//iso + 1//aniso = Zcio(h - 3)l + Z zkikl (ekz (I]_]) - 1) (1)

i—1 j=a6 <2
Here c;y are stress-like material constants describing the isotropic
response of the tissue, k; is a stress-like constant defining the stiff-
ness of collagen fibers, and k, refers to their stiffening during de-
formation. I; is the first invariant of the right Cauchy-Green defor-
mation tensor C, Iy=a, - Cay and Ig=b, - Cb, are the invariants
related to two families of fibers; here ay=(sin ¢, cos ¢, 0) and
by=(sin ¢, —cos ¢, 0), with ¢ representing the angle between
each fiber family and the circumferential direction. For the other
components of the wall and plaque, the anisotropic part of the de-
scribed SEDF was set to zero since either their anisotropy is much
less pronounced compared to inter-patient variability (intima, ad-
ventitia, fibrous cap [26]), or isotropy is generally accepted (lipid
core). All constants for all the components are specified in Table 2.

2.3. Finite element model setup

Although the model geometry is highly simplified, the problem
cannot be solved analytically on the basis of Euler-Lagrange equa-
tions; their discretized solution, together with strain-displacement
and constitutive equations, is found using finite element method
(FEM) [30]. The created geometry of each model was uploaded
into ANSYS 17.2. (Ansys Inc. USA) and meshed with quadratic hex-
ahedral elements (media and adventitia), quadratic tetrahedral ele-
ments (intima with atherosclerotic plaque) or linear tetrahedral el-
ements (lipid core). The maximal element size was prescribed for
all volumes, with element refinement close to radiuses on the basis
of the performed mesh convergence analysis (see Fig. 2). A typical
finite element (FE) mesh is shown in Fig. 2A, consisting of 110k
nodes. The media and adventitia were connected by sharing nodes
on the interface while the intima was connected with both media
and the lipid core through a bonded contact. The fibrous cap was
created by changing the material parameters of the elements of
intima layer covering the lipid core (see Table 2), thus no contact
was necessary.

Blood pressure pres and axial pre-strain €, were used as vari-
ables in this study (see Table 1). The pressure was applied as a
constant value on the luminal surface of the geometry. Compari-
son with the computationally much more demanding FSI analyses
[8,27] demonstrated that this simplification does not affect the re-
sults significantly, except for the wall shear stress. However, this
stress is very low and consequently negligible from the point of
view of the rupture risk; it might become relevant only if its im-
pact on remodelation of endothelial cells was investigated.

In contrast to the pressure, &, was prescribed in a more com-
plex way. Both ends of the artery were constrained only in the
circumferential direction, and the axial displacement of each (ith)
node U, of the media and adventitia was prescribed as function of
its position:

Ui = (locg; — 10Cq min)€4/100 (2)

where loc,; refers to the axial coordinate of the (ith) node, loc,y;,
is the minimal axial coordinate in the whole geometry and &, is
the prescribed percentage of axial pre-strain. Eq. (2) makes the
axial pre-strain constant along the length of the artery, indepen-
dently of differences in its local stiffness. Finally, the displacements
of the symmetry plane were suppressed in its normal direction.

A non-linear static structural solution was performed using
direct sparse solver with default setting of convergence criteria.
Newton-Raphson iterative scheme was used for non-linear solu-
tion, and an automatic gradual increase of the applied loads was
prescribed via sub-steps. At the first sub-step the load was 0.02 of
the final values of both pres and &4, and this value increased by
50% in every following sub-step until the final load values were
reached. This setup respects the nonlinear gradually stiffening na-
ture of the arterial wall materials, and prevents an excessive mesh
deformation during the initial sub-steps. More information on the
solution procedure can be found elsewhere [28].

Since we expect future comparison of our results with patient-
specific geometries, an analogical procedure was applied to recal-
culate the created geometry into its shrank (unloaded) shape. The
reason is that the real patient-specific geometries (reconstructed
on the basis of computed tomography angiography (CT-A) or MRI)
are not load free but deformed due to presence of the intralu-
minal pressure pres and axial pre-strain &,. Reconstruction of the
shrank geometry was solved by a repeated application of standard
(forward) FE method (as implemented in ANSYS) when the calcu-
lated displacements induced by the increase of pres and &, were
subtracted from the investigated geometry to obtain its unloaded
shape. In each step the equilibrium was checked and differences
between the loaded and original recorded geometries were com-
pared until they became negligible (typically after some 10 itera-
tions). Details on this modification of the so called backward incre-
mental method can be found elsewhere [29].

2.4. Parametric study

For the parametric study we have generated 100 FE models
in which we varied pres, €4, and 7 independent geometric pa-
rameters (lip, lg, Ry, fe, We, Sr, Re). Their ranges are specified in
Table 1. The chosen combinations of the parameters were gener-
ated using Latin hypercube sampling method [31] to cover the in-
put space uniformly. Solution of one case took from 4 to 12 h using
a 6 core 3.2 GHz PC with 32 GB RAM.

For each of the solved FE models the maximal 1st principal
nodal Cauchy stress in the fibrous cap o was stored and our FE
models were ranked according to this ocgp. On the basis of mean
Cauchy ultimate stresses estimated from tensile tests in circum-
ferential direction of the fibrous cap [26], the threshold of o g >
255 kPa was chosen to define a subgroup of geometries considered
as risky. Their morphological features were extracted (see Table 3)
and compared with those in the subgroup of the same size char-
acterized by the lowest 0. Here we used non-parametric Man-
Whitney test [32] with the null hypothesis assuming there is no
difference in parameters between both subgroups and the alterna-
tive hypothesis stating parameters are higher in one of them.

3. Results

The results showed the maximal o ¢ values occurred in the
transversal section of the maximal stenosis in the geometries with
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Fig. 2. Sensitivity check of FE mesh. 1st principal stress distribution in the upstream half of the model obtained with the mesh size used in all analyses (A) with one
quadratic element across the cap thickness and the element size in the fibrous cap shoulder set to a half of its radius which resulted in 110k of nodes and 77k of elements.
Peak stress is 356 kPa and o ¢, (on the inner side, not visible in the figure) is 103 kPa. The same model with a finer mesh (B) with two elements across the cap and element

size in the fibrous cap shoulder set to a quarter of its radius resulted in 164k nodes and 132k elements. With this mesh the peak stress raised to 361 kPa only (by 1,4%) and
o p changed also negligibly.

Table 3

Results of statistical analysis of the selected subgroups of geometries showing the highest and lowest o, with their morphological
parameters and the calculated p-values. Median, 1st (Q1) and 3rd (Q3) quartile values are reported for all parameters and these values

are compared statistically with the significant results marked in bold.

Morphological features
Subgroup definition

: R S, f. Iy I; R w, K, Ke
(no. of geometries) Eaq pres \fc " 3 in c c ax il
(-] [kPa]  [mm]  [%] [mm] [mm] [mm] [mm] [mm] [%] [%]
Ocap > 255kPa Med. 43 126 10 629 007 17.8 228 0.3 14 115 251
n=10 Q1 2.7 115 0.8 596  0.04 153 19.0 0.2 12 45 174
Q3 79 145 14 709 011 32.0 329 0.6 2.7 381 58.3
O caplow Med. 3.7 134 05 491 0.25 241 181 0.8 26 393 623
n=10 Q1 22 106 04 454 016 103 143 0.5 2.0 27.8 486
Q3 5.8 136 07 517 0.29 295 24.4 0.9 3.0 624 733
p-value 025 021 0017 0013 0.0003 0312 0093 0.009 0004 0019 0.013
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Fig. 3. 1st principal Cauchy stress distribution in a typical geometry where o (arrow) is located at the maximal stenosis. It occurs when lipid core takes part of the
shoulder region B). The geometry is defined by: W, =2.8 mm, S, =71%, l;; =38 mm, I; =29 mm, Rc =0.32 mm, Ko =30.8%, K =52.3%, R =0.8 mm, fo =0.34 mm, pres=11 kPa
and &, ="7%. A) Global view showing the peak wall stress located out of the area of maximal stenosis and thus not aligned with the o, (arrow). B) Transversal cut at the

area of maximal stenosis.
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Fig. 4. Typical examples of combinations of geometrical parameters (excluding cap thickness f. ) which generate either risky (A) or safe (B) atherosclerotic plaque geometries.
(A) Geometry is risky due to high stenosis ratio S,, moderate lipid core thickness ratios K and K., and lipid core interfering with the shoulder region which is characterized
by R > R. (B) Non risky geometry is characterized by R < R, low S, and also relatively larger lipid core described by Ko and K.

Re < Rp in which the lipid core reached the shoulder region, see
Fig. 3B. In the other cases this location did not coincide with the
point of maximal stenosis and it occurred near one of the axial
ends of the lipid core. This observation was consistent in all the
analyzed cases.

3.1. Statistical analysis

Analysis of correlation between subgroups of geometries which
generated either the highest (median 307 kPa) or lowest (median
22KkPa; p=10"%) ogp revealed (see Table 3) that a typical risky
geometry had a significantly larger shoulder radius Ry, higher level
of stenosis Sy, low fibrous cap thickness f., moderate lipid core
thickness W¢, and consequently also low percentage (Kax,Kei;c) of
the lipid core and low lipid core radius R.; the lipid cores with
low R; values infringe the shoulder region, see Fig. 4. Interest-

ingly, the high o.p was observed in geometries with f. up to
0.13 mm.

4. Discussion

In this preliminary parametric study, we have investigated
which morphological features of the plaque are associated with
high cap stress. Our model respects the shrank zero-pressure con-
figuration and axial pre-stretch. Consequently, the values of geo-
metric parameters refer to the loaded state and can be directly
compared with real geometries recorded via CT-A or MRL

Comparative analysis of the geometries generating high and low
0 cqp values (see Table 3) revealed that low fc increases the stress;
this was expected in agreement with other studies [14,18,19]. More
interestingly, a typical risky geometry is also associated with high
stenosis ratio Sy, only a moderate lipid core volume (characterized
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by W, Kax, Kqc), and with interference of the lipid core with the
shoulder region (characterized by Ry > Rc causing the interference
of stress concentrations from both radiuses). Based on these re-
sults, we have specified typical cross sections of safe and risky
plaques as shown in Fig. 4. The estimated shape of a risky plaque
is in very good agreement with other studies - see for instance
Fig. 4 in Kok et al. [16] or Fig. 2 in Cheng et al. study [17]. Therein,
the highest stress [16] or rupture [17] occur at locations with a rel-
atively thin lipid core if this core reaches the shoulder region with
a low shoulder radius Ry. Moreover, the stresses at this site are
higher compared to the remainder of the shoulder region without
the lipid core.

Further comparison shows that the observed cap thickness dis-
persion of 0.02 mm < f: < 0.13 mm in the plaques characterized
by high o is in perfect agreement with histological observations
[33]. Finally, it was shown that 70% of ruptured plaques contain
lipid core characterized by K, < 50% [34] which is also in qual-
itative agreement with our results characterizing the vulnerable
plaques by a smaller K .(median=25%) and the less dangerous
plaques by a very large K,,.(median=62%) as shown in Table 3.

All the results of this preliminary study must be regarded with
respect to their limitations. Besides the use of idealized geome-
try, it is noted that we used isotropic material model for the in-
tima, because local orientation of the principal material directions
in the atherosclerotic plaque is currently unknown. Further it is
noted we prescribed the same material properties for the whole
intima; thus we have omitted its specific properties under the
atheroma; this was due to the low number of samples tested by
Holzapfel et al. [26]. The model also neglects the spatial variabil-
ity of mechanical properties of the diseased intima [35]; however,
a strong correlation in PWS between models with homogeneous
and heterogeneous intima was reported by Akyildiz et al. [10], thus
we do not expect a significant impact of its heterogeneity on our
conclusions. Also application of spatially constant pressure might
be considered as a limitation since FSI analysis could provide
a more realistic pressure map. However, these analyses are much
more computationally demanding, and the pressure drop observed
due to the presence of atherosclerotic plaque was shown to be
negligible [7]. Finally, we did not include calcifications although
they are known to have a significant effect on the wall stress in
atherosclerotic plaques because they can hardly be modeled para-
metrically in 3D.

5. Conclusion

We have found that the risky plaque geometries can be - be-
sides the fibrous cap thickness f.— characterized by (i) a high level
of stenosis S, (ii) only a moderately large lipid core (described by
Kax and Kgy), (iii) a combination of large shoulder radius Ry and
small lipid core radius R.; under these conditions the lipid core
reaches the shoulder region of the fibrous cap and increases here
the stress concentration. These morphological features are usu-
ally several times larger than the fibrous cap thickness and thus
they are easier to be estimated from CT-A or MRI. Further studies
should confirm these observations on real plaques.
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