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Introduction
Thrombus mediated ischemic cardiovascular events, such 

as acute myocardial infarction, are the major causes of mortality 
worldwide [1]. The rupture of vulnerable atherosclerotic 
plaques in the coronary and carotid arteries is responsible for 
a significant number of ischemic cardiovascular diseases and 
strokes, respectively [2,3]. Computational approaches have been 
extensively applied on two-dimensional (2D) or three-dimensional 
(3D) imaging modalities in order to estimate the peak cap stress 
in the fibrous cap area, known as peak cap stress (PCS), using 
mostly the finite element method (FEM) [4-9]. This evaluated PCS 
is compared to the “gold standard” of 300 kPa in order to determine 
the stability of rupture-prone plaques [5]. Plaque morphology, i.e., 
necrotic core size, fibrous cap thickness and so on, loading and 
boundary conditions, and plaque composition are significantly 
influential in PCS [5-9]. Constitutive material models applied in 
mechanical models of plaques have a wide range from simplistic, 
2D linear and isotropic material models [10] to more sophisticated,  

 
3D hyperelastic and anisotropic material models [6-9]. The 
problem with all of these material models is that none of them 
account for the viscous properties of the fibrous cap tissue, with the 
exception of our recent study [11]. It is well known that thin fibrous 
caps are severely inflamed and the percentage of macrophage 
density is as high as ~14% [1], which is even higher (>26%) for 
ruptured plaques. Since the fibrous cap tissue is thin, their ability 
to accommodate macrophages is very low. Also, apoptosis in the 
fibrous cap tissue is limited to macrophages alone. This is due to 
the amount of vascular smooth muscle cells (SMCs) decreasing to 
nothing throughout plaque progression until rupture occurs [12]. 
In other words, change in macrophages and SMCs density might 
lead to change in viscous properties of the fibrous cap tissue. Given 
the viscous nature of the thin fibrous cap area, heart rate (HR) is 
hypothesized to play a major role in assessing PCS. In this study, 
a tunable viscoelastic constitutive material model is proposed to 
computationally assess PCS in the fibrous cap tissue with respect to 
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Abstract

Atherosclerotic plaques are highly heterogeneous, nonlinear materials with uncharacteristic structural behaviors. It is well 
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respect to HR for the first time. Results strongly suggest the viscoelastic properties of the fibrous cap tissue and HR together play a 
major role in the estimation of the PCS values. The results of current study may provide a better understanding on the mechanics 
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HR in a 2D computational platform. We developed a finite element 
platform which is solved by Mechanical APDL 2015 running on an 
Intel® Core™ 2 Duo T6670 @ 2.2GHz and 2.00 GB of RAM. 

Methods
Geometrical Model: Two groups of geometrical models are 

considered in this study: 

a. Idealistic models as presented in Figure 1 [9,11], and 

b. Realistic models obtained from varying imaging 
modalities, such as optical coherence tomography (OCT), 
intravascular ultrasound, (IVUS) and histology, [13] as shown 
in Figure 2. Two critical cap thicknesses are considered for 
idealistic models: 70 μm and 100 μm. The outer diameter of the 
coronary artery in all models is set to 3.3 mm [9,11]. 

Figure 1: Illustration of idealistic geometrical models used and the values of PCS calculated in this study. I1, I2, and I3 [10] 
are the 3 idealistic models, LV and HV refer to high and low viscous properties of the thin fibrous cap tissue, respectively. (a) 
shows the values of PCS for the idealistic models when cap thickness is set to 70 μm, and (b) shows the values of PCS in the 
idealistic models when the cap thickness is set to 100 μm. NC refers to Necrotic Core.
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Figure 2: Illustration of patient-oriented geometrical models used in this study and their estimated PCS values through both 
HV and LV viscous materials; The imaging modalities used in this study are IVUS & OCT combined (models A, B, and C) and 
histology (models H1, H2, H3, and H4) [13, 17-19]. Blue, yellow and red in the digitized images refer to fibrous tissue, necrotic 
core and calcified regions, respectively. 

Material Properties: Material models and the related modeling 
parameters for the fibrous cap tissue and necrotic core area used in 
this study are outlined in Table 1. The Prony series model with five 

elements [14] is used to demonstrate the viscoelastic behavior of 
the fibrous cap tissue [11], as outlined in Table 2. 

Table 1: Mechanical properties of fibrous cap and necrotic core [6,14,15].

Er (kPa) =Ez (kPa) Eɵ vrɵ vrz=vɵz Grz=Grɵ=Gɵz  (kPa)

Fibrous cap 100 1000 0.01 0.27 500

Necrotic core Isotropic elastic: E=1 kPa, v=0.49

Table 2: Elements of time Prony series [16].

Index i Relative Modulus Relaxation time

1 0.1595 0.001

2 0.1177 0.01

3 0.0623 0.1

4 0.1612 1

5 0.2101 10
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In order to study the effect of fibrous cap viscosity on the HR-
induced PCS, two qualitative viscoelastic models are considered: 

a. A low viscoelastic model, and 

b. A high viscoelastic model. The elements of Table 2 are 
modified so that the new model can represent the mechanical 
behavior of the fibrous cap tissue with high viscosity, which is 
caused by the density of SMCs and monocytes inside the plaque. 

To reach this end, relative modules are increased by 40% (see 
Table 3). This increase is based on the presence of foam cells, 
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monocytes, etc., that provide viscous properties to the tissue. 
It should be noted that a lower viscoelastic behavior is closer in 
nature to an elastic or hyperelastic material model. 

Table 3: Elements of time Prony series for plaque with low 
viscosity.

Index i Relative Modulus Relaxation time

1 0.2233 0.001

2 0.1648 0.01

3 0.087 0.1

4 0.2257 1

5 0.2944 10

Boundary Conditions: Plaque outer wall is fixed in the radial 
and circumferential directions and a physiological, cyclic, and 
dynamic pressure is set as the lumen pressure for four different 
HRs of 60, 90, 120, and 150 bpm. 

Numerical Procedure: FEM is employed in order to obtain the 
stress distribution and the PCS in the entire plaque section. The FE 
solver in this study is the commercially available FE code, ANSYS 
2015. Geometrical models constructed in Solid Works 2015 are 

carefully meshed by triangular elements so that a fine mesh was 
used in the critical area, i.e., the thin fibrous cap tissue between 
necrotic core and lumen (Figure 2). A mesh independent study 
is then performed in order to ensure of independency of results 
obtained from the modeling inputs. 

After creating mesh models, ANSYS was used to discretize the 
governing equations. To find unknown nodal displacements and 
forces, these equations are solved under plane strain assumptions 
by Mechanical APDL 2015 running on an Intel® Core™ 2 Duo 
T6670 @ 2.2GHz and 2.00 GB of RAM. It should be noted that the 
PCS values is considered the maximum value of von-Mises stresses 
calculated within the plaque for each condition [11].

Results and Discussion 
Mesh Independency Study: Mesh independency of our 

results is of particular significance in this study which is done by 
performing further computation for each plaque model with higher 
mesh density. The mesh size is decreased until the point where 
by increasing the mesh density the results are not improved. The 
result of the mesh independency study is outlined in Table 4. 

Table 4: Mesh independency study, the PCS for each model along with the number of elements used are shown in row A and B. 
In row B, models were meshed with more elements in comparison with models in row A. Results show an acceptable range for 
discrepancy of PCS in each plaque model; thus, the mesh models employed in row A are sufficiently precise to be used for our 
computational approach. Also, results are time dependent due to time-dependency of the material properties and pressure. In this 
pre-study, results of PCS at t=0.2s have been considered for this comparison. *S denotes the sphere-like models and *C the cylinder-
like models.

Models
1E 1F 1G

2D 3D S* 3D C* 2D 3D S 3D C 2D 3D S 3D C

A
PCS kPa 393 116 485 352 207 453 254 169 413

Elements 3411 112150 114605 4090 102222 108182 2949 32600 129493

B
PCS kPa 391 117 491 348 205 444 250 170 411

Elements 6135 189184 187733 5216 160376 186908 6186 71096 203917

Comparison % 0.5 0.8 1.2 1.1 1 2 1.6 0.6 0.5

Figure 1 shows the values of PCS in 3 idealistic models with 
respect to HRs of 60, 90, 120, and 150 bpm. Two thicknesses (70 μm 
and 100 μm) and two viscoelastic models (low and high viscosities) 
are considered for the fibrous cap tissue. Results clearly indicate 
that HR noticeably affects the values of PCS. Moving from 60 bpm to 
150 bpm when the cap thickness is set to 70 μm and a low viscosity 
is assigned to the fibrous cap tissue, the range of change in the PCS 
for the same model is 15-25 kPa. This range widens to 35-45 kPa 
when a high viscosity is assigned to the fibrous cap tissue (Figure 
1a). When the cap thickness is set to 100 μm, these ranges drop to 
14-15 kPa for the low viscoelastic fibrous cap model and to 20-35 
kPa for the high viscoelastic fibrous cap model (Figure 1b). For the 
high viscoelastic fibrous cap model, the rate of change in the PCS 
values are higher to that of the low viscoelastic fibrous cap model 
as HR increases, assuming all other conditions, i.e., cap thickness, 
lumen maximum pressure, etc., remain unchanged. Comparing the 
results outlined in Figures 1a & 1b, there is evidence that if a higher 

viscosity is assigned to the fibrous cap tissue, lower values (15%) 
for PCS are obtained. 

For the idealistic models of I1 and I3, the values of PCS drop as 
the cap thickness is set from 70 μm to 100 μm for both high and low 
viscoelastic fibrous cap models. However, for the idealistic model 
of I2, regardless of the fibrous cap thickness (being 70 μm or 100 
μm), the values of PCS remain in the same range with an error less 
than ~2%. Results obtained from I2 imply that the geometry of the 
plaque section and HR combined could be more influential on PCS 
than the thickness of the fibrous cap tissue alone. 

The values of PCS under the same boundary conditions, i.e., 
dynamic lumen pressure and displacement boundary conditions, 
are shown in Figure 2 for realistic models. Results further reinforce 
the hypothesis developed using the idealistic models that if a higher 
viscosity is assigned to the fibrous cap tissue, the values of PCS 
drops by ~15% and the effect of HR on PCS is higher. 
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Figure 3 demonstrates the increase in PCS with respect to that of 
when HR=60 bpm discussed in Figs. 1 and 2 to better demonstrate 
the effect of viscoelasticity and HR on PCS. Results clearly show that 
jump in PCS from HR=90 bpm to HR=120 bpm is much higher than 

that of from 120 bpm to 150 bpm in both low and high viscoelastic 
models. Depending on the severity of viscous models applied and 
HR, the values of PCS increase from 2% (in which HR=90 bpm) to 
18% (in which HR=150 bpm). 

Figure 3: The comparison of values of PCS to that of obtained when HR=60 bpm for idealistic and patient-oriented models. 
Two thicknesses and two viscoelastic models are considered for the idealistic models (Figs. 3a and 3b), and all patient-oriented 
models (Fig. 3c). LV and HV refer to low and high viscoelastic model for the fibrous cap tissue, respectively.

Figure 4: Increase in PCS values due to degree of viscoelasticity of the fibrous cap tissue and HR. Blue bar shows the increase 
in PCS moving from elastic model to low viscoelastic model for the fibrous cap tissue when HR=60 bpm, red bar shows the 
increase in PCS moving from elastic model to high viscoelastic model for the fibrous cap tissue when HR=150 bpm.
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Conclusion
To date, to the best of authors’ knowledge, in the majority 

of the hemodynamics computational and experimental studies 
the modeling conditions are set based on a fixed HR of 72 bpm, 
which does not comprehensively represent the entire normal 
hemodynamic conditions. In resting status, sleeping status, etc., HR 
could be as low as 60 bpm. In contrast HR can increase to be as 
high as 150 bpm while jogging, running, etc.  Also, daily emotional 
conditions, such as anxiety and stress, may affect the HR. Therefore, 
a HR range of 60-150 bpm seems to be reasonable normal HR 
conditions for cardiovascular related studies. In the current study, 
we show the significance of HR and viscoelastic material model of 
the fibrous cap tissue for the assessment of atherosclerotic plaque 
vulnerability by the estimation of PCS values within the plaque 
models. The fibrous cap tissue is known to be viscoelastic due to 
presence of SMCs, macrophages and collagen fibers. The degree of 
viscoelasticity, however, depends highly on plaque composition. 
Our results suggest that HR must be considered along with other 
factors such as cap thickness, NC size, etc., as a predictor for the 
instability of rupture-prone plaques. Results clearly show that that 
higher viscosity in the fibrous cap tissue can intensify the impact of 
HR on PCS values (see Figure 4).
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