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1 Introduction

Atherosclerosis is the leading cause of human mortality. 
The majority of all myocardial infarctions are caused by 
rupture of atherosclerotic plaques. Atherosclerotic lesions 
often appear in regions characterized by complex blood 
flow patterns such as bifurcations and bends [19]. Iden-
tifying the vulnerable plaques is a key factor in planning 
preventive measures. Measurement of the luminal ste-
nosis by angiography is a conventional method to evalu-
ate the severity of atherosclerotic plaques. However, the 
majority of ruptures occur in the lesions without critical 
luminal obstructions [7]; hence, other parameters such as 
morphology and composition of atherosclerotic plaques 
are of great importance [10]. In a histological classifica-
tion of atherosclerotic lesions, plaques were categorized 
into six groups indicating the common sequence of lesion 
progression [8]. It was suggested that the mortality of ath-
erosclerosis mostly arose from types V and VI lesions [8]. 
Type V lesions or fibro-atheroma contain mainly reparative 
smooth muscle cells and fibrous tissue. Additionally, they 
may contain two or more lipid pools of unequal sizes sepa-
rated from each other by cells and fibrous tissue. Type VI 
includes large lipid core (>40% by area), thin fibrous cap 
(<65 µm) and extensive inflammation at plaque shoulders. 
The evidence of previous plaque rupture and intraplaque 
hemorrhage may be observed in type VI [37].

Although the mechanisms involved in plaque rupture 
are not fully understood, from a biomechanical point of 
view, it is believed that mechanical stresses play an impor-
tant role in this process [32]. Major stresses include wall 

Abstract Traditionally, the degree of luminal obstruction 
has been used to assess the vulnerability of atherosclerotic 
plaques. However, recent studies have revealed that other 
factors such as plaque morphology, material properties 
of lesion components and blood pressure may contribute 
to the fracture of atherosclerotic plaques. The aim of this 
study was to investigate the mechanism of fracture of ath-
erosclerotic plaques based on the mechanical stress distri-
bution and fatigue analysis by means of numerical simula-
tion. Realistic models of type V plaques were reconstructed 
based on histological images. Finite element method was 
used to determine mechanical stress distribution within 
the plaque. Assuming that crack propagation initiated at 
the sites of stress concentration, crack propagation due to 
pulsatile blood pressure was modeled. Results showed that 
crack propagation considerably changed the stress field 
within the plaque and in some cases led to initiation of sec-
ondary cracks. The lipid pool stiffness affected the location 
of crack formation and the rate and direction of crack prop-
agation. Moreover, increasing the mean or pulse pressure 
decreased the number of cycles to rupture. It is suggested 
that crack propagation analysis can lead to a better recogni-
tion of factors involved in plaque rupture and more accu-
rate determination of vulnerable plaques.
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tensile stresses (WTS) caused by pulsatile luminal pres-
sure, and wall shear stress (WSS) due to pulsatile blood 
flow [29]. Reliable evidences indicate that critical levels 
of WTS and WSS contribute to formation, progression and 
rupture of atherosclerotic plaques [22, 39]. The most wide-
spread cause of strokes (about 70%) is plaque disruption 
which occurs when the level of WTS overcomes the plaque 
strength [7, 10]. Fracture of atherosclerotic plaque exposes 
thrombogenic material to the circulation and eventually 
induces thrombus formation in the lumen which can block 
arteries and cause stroke [26].

Since 1989, stress analyses of atherosclerotic plaques 
have been performed in order to better understand the 
mechanism of rupture. Different computational strategies 
including structure-only [30] and fluid structure interaction 
(FSI) modeling [18] have been employed to examine stress 
distribution within plaque structure. Parameters such as thin 
fibrous cap [24, 38], large lipid pool size [12] and micro-
calcifications [3, 41] have been introduced as risk factors 
that contribute to vulnerability of atherosclerotic plaques. 
It has been suggested that stress values are very sensitive 
to the thickness of fibrous cap and stress concentration 
often appears in the thinner fibrous cap regions such as the 
plaque shoulders [13]. More recent evidence suggests that 
rupture of atherosclerotic plaque predominantly occurs at 
locations of stress concentration and at stress levels much 
lower than those expected values caused by normal loading. 
Accordingly, it has been proposed that pulsatile blood pres-
sure exposes atherosclerotic plaque to fatigue failure [2]. In 
materials science, mechanical fatigue is introduced by the 
weakening of a material caused by repeated applied loads. 
Using fatigue testing, cracks in porcine coronary arteries 
were detected [14]. Preliminary studies in this field focused 
on idealized two-dimensional cross-sectional models. It 
was shown that the location of crack formation and fatigue 
life depends on the lumen shape, thickness of fibrous cap 
and size of lipid pool [30, 43]. Using in vivo high-resolu-
tion MR imaging, Huang et al. [17] demonstrated that there 
is an exponential relationship between crack length and the 

natural logarithm of the fatigue cycles in the atherosclerotic 
plaque. However, lack of accurate realistic models of ath-
erosclerotic lesions was among limitations of the previous 
studies. Moreover, no attention has been paid to multiple 
rupture of atherosclerotic plaques, an interesting phenom-
enon to be investigated in crack initiation and propagation 
in fatigue studies.

In this study, we investigated the fatigue process and 
the subsequent crack propagation in realistic models of 
atherosclerotic plaques using histological images derived 
from patients’ specific anatomies. In addition, the effect 
of mechanical properties of plaque components and blood 
pressure on the mechanism of plaque fracture was exam-
ined. Furthermore, the stress field during crack propaga-
tion was estimated, and its effect on the other regions of 
plaque and formation of secondary cracks were further 
investigated.

2  Materials and methods

In order to reconstruct the geometry of the atherosclerotic 
plaques, histological examination which is known as a cur-
rent gold standard for determining geometry and compo-
sition of atherosclerotic lesions [9] was employed. Eight 
specimens of left anterior descending coronary artery with 
type V plaques which were obtained by endarterectomy 
surgery were used. Use of biopsy samples from human sub-
jects was approved by the Ethics Committee of Baghiatolah 
Hospital. Samples were chosen in a way that after removal, 
they remained intact and without disruption in the structure. 
Table 1 summarizes information about the eight patients.

2.1  Histological analysis

Samples were held in ion-free PBS (0.9% NaCl) solution 
at a temperature of 4 °C immediately after surgery. Then, 
they were decalcified in 10% nitric acid, fixed in formalin 
and embedded in paraffin blocks [27]. From each block, 
4-µm sections were sliced by microtome. Sections were 
dehydrated and stained with hematoxylin and eosin (H&E), 
elastic van Gieson (EVG) and Masson trichrome to high-
light the detailed structure of atherosclerotic plaques. An 
example of a transmitted light microscopic photograph 
of a histological section with different staining is shown 
in Fig. 1. Plaque components including fibrous cap, lipid 
pool and calcium deposits were located through assistance 
of a specialized vascular pathologist. The lipid cores were 
identified by the area of the necrotic material and residual 
cholesterol crystals, which can be seen on both H&E and 
Masson trichrome stains. Areas of calcification and the 
nuclei of cells had a blue hue in H&E sections. The col-
lagen and elastin fibers can be distinguished by the green 

Table 1  Patient/specimen details

Male/female Age Luminal  
stenosis (%)

Lesion 
type

Primary 
disease

1 Male 57 83 V –

2 Male 56 93 V Diabetic

3 Female 52 82 V –

4 Female 54 85 V Hypertension

5 Male 63 62 V –

6 Female 58 92 V Diabetic

7 Male 60 65 V Hypertension

8 Male 61 78 V –

Author's personal copy
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and black colors in the Masson trichrome and EVG stains, 
respectively [8]. After staining all sections, the type of ath-
erosclerotic lesions was determined according to the pub-
lished protocol [37]. Atherosclerotic lesion contours from 
segmentation of histology images were utilized for finite 
element modeling.

2.2  Finite element modeling

Histological images were used to develop segmented 
geometry of plaque components. Then, plane strain models 
of cross section of atherosclerotic plaques were generated. 
Figure 2 shows the generated models based on histological 
images in which the tunica media, lipid pool, calcification 
zone and fibrous tissues are distinguished and segregated. 
Each region showing a plaque component was considered 
to be homogenous and isotropic. Using linear elastic prop-
erties as suggested by previous studies in this field, the 
Young’s modulus and Poison ratio of different components 
of atherosclerotic plaques which were used in this study 
are summarized in Table 2 [30, 42]. All components were 
assumed to be incompressible due to high water content in 
the tissue; therefore, a Poisson ratio of 0.49 was used for all 
of the components [30].

To allocate proper boundary conditions, it was assumed 
that coronary artery is surrounded by an elastic soft con-
nective tissue with a very low Young modulus Eb = 1 kPa . 
This allowed radial expansion and rotational movement 
of the artery model due to the low stiffness of connective 
tissue, while rigid motion was not allowed due to the full 
constrain of the surrounded tissue [21]. All models were 
loaded by uniform luminal pressure [30]. After creating the 
geometry, allocation of the material properties and bound-
ary conditions, and applying external load, the stresses 
within the atherosclerotic plaque were calculated using 
finite element solver Abaqus/Standard version 6.12. Since 
crack propagation occurs in tensile mode, maximum tensile 
stresses in addition to Von Mises stress were determined in 
regions of interest. Stress analysis was firstly performed on 
intact models to define the stress distribution and to locate 
maximum stresses and stress concentration sites. Then, the 
initial crack was created at the location of maximum tensile 
stress [43]. Subsequently, the model was re-meshed, and 
the collapsed elements were used in the crack tip in order to 
obtain accurate estimation of the stress field. We assumed 
that the tensile stress in the crack tip was large enough so 
the fracture criterion holds and crack propagation occurs. 
Furthermore, as proposed by previous studies, it was 

Fig. 1  Staining of a typical type V atherosclerotic plaque. a Hema-
toxylin and eosin staining, b Masson trichrome staining, c elastic van 
Gieson staining, d the reconstruction of the atherosclerotic plaque. 

Lipid pool, calcification zone and fibrous cap are, respectively, shown 
by blue, red and gray colors. Media layer was approximately recon-
structed and can be distinguished by green color (color figure online)

Author's personal copy
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assumed that linear elastic fracture mechanics (LEFM) 
concepts were applicable for governing equation [17, 43]. 
The elastic stress field at the crack tip for an element at a 
distance r from the crack tip and at angle θ with respect to 
the crack plane can be written in the generalized form as 
follows:

where KI represents the stress intensity factor that describes 
the status of stress at the crack tip and for an edge crack 
with length 2a is defined as follows:

In order to calculate the stress intensity factor values, the 
J-integral method was used [5]. This method estimates the 
strain energy release rate per unit fracture surface area, upon 
which some closed contours were considered around the 

(1)σij =
KI√
2πr

fij(θ)

(2)KI = σ
√
πa

crack tip and the stress intensity factors were calculated. 
The crack propagation was modeled stepwise [17, 30]. For 
each numerical step, the crack increment was considered to 
be 50 µm, a length short enough to follow the realistic crack 
propagation path while minimizing computational costs. 
Crack propagation was modeled as quasi-static, and the 
stress intensity factor was computed for systolic and dias-
tolic pressures. It was assumed that the crack propagated in 
a stable way until it reached the lipid pool or the artery wall 
[43]. The rate of crack propagation per cycle can be related 
to the stress intensity range by means of Paris law:

where a is the crack length, N is number of the loading 
cycles, C and m are constants, and ΔK is the stress inten-
sity change in one stress cycle [5]. It was assumed that 
C = 1 and m equal to 2.6 for plaque components as sug-
gested by previous studies [17, 43]. Although changes in 
those constants would result in different quantities, the gen-
eral deductions in fatigue analysis and its dependency to 
plaque components and geometry do not change. By inte-
grating the above relation and choosing a relatively small 
crack growth, it follows the following equation:

(3)
da

dN
= C(�k)m

(4)
ai+1 − ai

C(�k)m
= �Ni+1

Case1 Case2 Case3 Case4

Case5 Case 6 Case7 Case8

Fig. 2  The reconstructed models based on histological images: a media, b fibrous tissue, c lipid pool, d calcification zone, e surrounding tissue, 
f lumen

Table 2  Mechanical properties used in finite element analysis [30, 42]

Component Young’s modulus (MPa) Poisson ratio

Fibrous cap 0.6 0.49

Lipid pool 0.02 0.49

Calcification zone 2.19 0.49

Media 0.3 0.49

Author's personal copy
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According to Eq. 4, the fatigue cycle number in each 
numerical step can be estimated. The fatigue life of ath-
erosclerotic plaque was achieved by summing the fatigue 
cycles of all numerical steps.

The direction of crack propagation in atherosclerotic 
plaque may be changed according to local stress condi-
tions. In order to determine the crack propagation direction, 
maximum principal stress criteria were used. According to 
these criteria, crack growth will occur in a direction, per-
pendicular to the maximum principal stress [5]. If a crack 
loaded in combined modes I (opening mode) and II (sliding 
mode), the stresses σθ and τrθ at the crack tip can be derived 
as below:

The stress σθ is the principal stress if τrθ = 0. Hence, the 
crack propagation direction can be determined as follows:

Solving this equation yields the following:

where KI and KII are the stress intensity factors in modes I 
and II [5].

To further explore the effects of mechanical parameters 
on crack propagation, sensitivity analysis of the rate and 
direction of crack propagation to the Young’s modulus of 
lipid pool was performed. Four different values were cho-
sen as the Young’s modulus of lipid pool: 0.02, 0.1, 0.3 and 
0.6 MP. Since the elastic modulus of the fibrous cap was 
assumed to be 0.6 MP, the use of such magnitude for elas-
tic modulus of lipid zone is mechanically equivalent to the 
condition of a plaque without lipid pool. Blood pressure 
was the second desirable parameter of sensitivity analy-
sis of crack propagation. To investigate the effect of blood 
pressure on the mechanism of plaque rupture, two parame-
ters were introduced: pulse pressure which is correspondent 
to the differences between systolic pressure and diastolic 
pressure and mean luminal pressure. In order to survey the 
effect of pulse and mean pressures, the systolic and dias-
tolic pressures were changed separately in a manner that 
different loading conditions would be achieved. Then, the 
fatigue life corresponding to them was calculated by means 
of Paris law. The mean pressure was elevated from 93 to 
133 mmHg, and the pressure pulse was used from 40, 60 
and 80 mmHg values. We calculated these values as below:

(5)σθ =
1

√
(2πr)

cos
θ

2

[

KI cos
2 θ

2
−

3

2
kII sin θ

]

(6)τrθ =
1

2
√
2πr

cos
θ

2
[KI sin θ + KII(3 cos θ − 1)]

(7)KI sin θ + KII(3 cos θ − 1) = 0

(8)θ = arctan





KII
�

K2
I + 8K2

II



− arctan
3KII

KI

The effect of crack propagation on the stress field of ath-
erosclerotic plaque and possibility of formation of second-
ary cracks were further investigated. It was assumed that 
the secondary crack initiated when the stress levels reached 
the values in which the initial crack generated.

3  Results

3.1  The crack propagation modeling

Figure 3a–c shows the Von Mises stress distribution within 
three un-cracked models and under pressure of 120 mmHg. 
The stress fields within the plaque after reaching the crack 
to lipid pool or artery wall were depicted in Fig. 3d–f. In 
each model, four zones were defined and the relevant 
stresses were determined: the fibrous cap center, the shoul-
der areas and the backside region. The tensile and Von 
Misses stresses before and after crack propagation at these 
areas are reported in Table 3. Results indicated that tensile 
stress concentration often occurred at the shoulder zones 
and stress levels increased markedly after crack propaga-
tion at the crack tip in all models (regions 2, 6 and 10). 
During crack propagation, the stress values in other parts 
of the models changed considerably. After propagation of 
the initial crack and elevation of stresses in other regions of 
plaques, secondary cracks were formed (Fig. 3g–i). It was 
supposed that the secondary crack originated at the stress 
levels which the initial crack had initiated. It was found that 
the secondary cracks often initiated at the shoulder zones 
similar to initial cracks (regions 3, 11). The rise of stress in 
the second model was not to the extent so that a secondary 
crack could appear. On the other hand, there were regions 
under compressive stress (regions 4, 5, 7, 9 and 12). Hence, 
no crack was generated, or in the case of present cracks 
propagated in such regions. In addition, the stress values 
decreased in some regions of plaque (regions 1 and 8) after 
crack propagation; therefore, the possibility of initiation of 
secondary cracks in these areas diminished. 

Table 4 summarizes the ultimate crack length and fatigue 
life for the models. Our results demonstrated that on aver-
age in all samples, more than 50% of fatigue life was spent 
for cracks to reach 25% of its final length. As perceived, 
the final crack length in cases 2 and 7 is smaller than those 
in other cases, although the rate of crack propagation is 
faster. In order to compare different cases, the fatigue cycles 
needed for 0.1-mm crack propagation, the maximum Von 

(9)

Pulse pressure = (systolic pressure

− diastolic pressure)

(10)
Mean pressure = 1/3 systolic pressure

+ 2/3 diastolic pressure
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Mises stress in un-cracked models and the possibility of cre-
ation of secondary crack are reported in Table 4.

3.2  Effect of blood pressure on the fatigue life

By exerting six loading conditions on the models, it was 
found that the location of stress concentration region was 

not sensitive to luminal pressure levels. However, the mean 
value and amplitude of luminal pressure significantly influ-
enced the stress levels and rate of crack propagation within 
the plaque. Figure 4a compares the outcomes of six load-
ing conditions with differing mean value and amplitude 
on the fatigue life of three plaque models for different 
crack lengths. For the same pressure pulse of 40 mmHg, 

Case1 Case2 Case3

(a) (b) (c)

(d) (e) (f)

No Secondary Crack

(g) (h) (i)

Fig. 3  a–c The Von Mises stress patterns (MPa) in the 2-D histology-derived models without crack. d–f The Von Mises stress patterns (MPa) in 
plaque models after crack propagation. g–i The Von Mises stress patterns (MPa) in plaque models with two cracks

Table 3  The Von Mises (V) and 
tensile stress (T) values before 
and after crack propagation in 
the labeled locations of Fig. 2

Location 1 2 3 4 5 6 7 8 9 10 11 12

Without crack (kPa)

 V 52 87 78 6 85 92 83 65 14 75 61 13

 T 38 101 82 −7 −12 112 −23 70 −9 77 68 −10

After initial crack propagation (kPa)

 V 34 490 120 7 16 602 111 56 53 680 126 15

 T 26 630 132 −15 −15 477 −19 35 −21 680 127 −11

After initial and secondary crack propagation (kPa)

 V 29 554 332 9 – – – – 78 748 417 21

 T −14 690 476 −16 – – – – −16 798 473 −14
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increasing mean pressure of 93–133 mmHg resulted in 
reductions of 12, 14 and 10% of fatigue life in cases 1, 2 
and 3, respectively. Moreover, for the nearly same mean 
pressure (107 and 113 mmHg), a decrease in the pulse pres-
sure from 80 to 40 mmHg resulted in almost 3.1-, 3.5- and 
2.5-fold growth of fatigue life in cases 1, 2 and 3, respec-
tively. Interestingly, the estimated fatigue life in the case 
that blood pressure fluctuates between 80 and 140 mmHg 
was less than when pressure varied between 120 and 
160 mmHg with higher mean pressure in all models. That 
is, the fatigue life was more sensitive to the pressure pulse 
than the mean pressure.

3.3  Effect of lipid pool stiffness on crack propagation 
rate and direction

Effect of lipid pool stiffness on the fatigue life of atheroscle-
rotic plaques was analyzed. Stepwise elevation of lipid pool 
elastic modulus from 0.02 to 0.6 MPa revealed noticeable 
effect on the location and magnitude of stress concentration 
and formation of initial and secondary cracks. It was found 
that in the case of lack of lipid pool (equivalent to the elas-
tic modulus of 0.6 MPa similar to that of fibrous cap), the 
stress level in the atherosclerotic plaque decreased consider-
ably and the possibility of initiation of secondary crack in 
the all models was eliminated (results not shown). Moreo-
ver, intensification of lipid pool stiffness up to 0.6 MPa 
increased fatigue life cycles up to 14, 32 and 5% in cases 
1, 2 and 3, respectively (Fig. 4b). It can be deduced that 
since in the case 3, lipid pool was not located in the path 
of crack growth, its stiffness did not considerably affect the 
rate of crack propagation. In general, numerical simula-
tions showed that atherosclerotic lesion components such as 
lipid pool and calcification zone could affect the direction of 
crack propagation. Results indicated that cracks propagate in 
radial direction within the atherosclerotic plaque containing 
lipid zone, with the tendency to get away from calcification 
area and approach to the lipid pool. When the lipid pool was 

substituted by fibrous tissue, considerable deviation in the 
crack propagation direction was not observed.

4  Discussion

The sudden rupture of atherosclerotic plaque exposes 
thrombogenic material to the circulation and eventu-
ally induces thrombus formation in the lumen which may 
occlude arteries and cause myocardial infarction [26]. 
Interacted with biological events, mechanical forces play 
an important role in the fracture of atherosclerotic plaques; 
hence, computational stress analysis through finite element 
modeling is partly assistive in examining vulnerability of 
plaques to fracture and gives a better understanding of the 
role of biomechanical factors in the process of crack propa-
gation and plaque rupture [23, 35]. The fatigue life span of 
atherosclerotic plaque can be distinguished as two parts: 
(a) the number of loading cycles required to initiate a crack 
and (b) the number of cycles needed for the crack to propa-
gate to failure [36]. Since there is no enough data about the 
crack initiation within atherosclerotic plaques, we focused 
on the second part.

It is well established among clinical and biomechani-
cal researchers that a plaque is most vulnerable in areas 
of stress concentration and that the initial crack initiates at 
the location of maximum stresses [7, 10, 11]. By histologi-
cal examination of samples, Richardson et al. [33] found 
that regions of high circumferential stress correlated well 
with the site of intimal tears in the atherosclerotic lesions. 
We found that the lumen shape and eccentricity, the posi-
tion of calcification zones and lipid pool, the thickness of 
fibrous cap and mechanical properties of plaque compo-
nents are the key factors that determine the location of the 
initial crack which frequently occurs at plaque shoulder. 
The maximum Von Misses stress in un-cracked models 
characterized by luminal pressure level was much lower 
than strength of a typical fibrous tissue of atherosclerotic 

Table 4  The final crack length, the fatigue life cycles under pressure pulse of 80–120 mmHg, the fatigue cycles required for 0.1-mm crack 
propagation, the maximum stress before crack initiation and the possibility of creation of secondary crack for different cases

Final crack length 
(mm)

Fatigue life  
cycles

Fatigue cycles for 0.1 mm 
crack propagation

Maximum stress before  
crack initiation (kPa)

Possibility of secondary 
crack creation

Case 1 1 24,873 4151 87 Yes

Case 2 0.4 7704 3674 92 No

Case 3 1.3 55,413 9452 75 Yes

Case 4 1.1 33,145 6895 107 No

Case 5 1.1 28,784 6150 122 Yes

Case 6 0.8 21,643 6253 69 Yes

Case 7 0.1 2475 2475 109 No

Case 8 0.7 16,875 5423 84 No
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plaque (545 kPa) reported by Cheng et al. [10]; this may 
confirm the usages of the fatigue theory to describe pos-
sible rupture of plaques under lower stresses. The path of 
crack to reach the tunica media or lipid pool (final crack 
length) and the rate and direction of crack propagation 
were the key factors defining the fatigue life. Accordingly, 
the thickness of cap between the location of initial crack 
and lipid pool was a determinant of plaque vulnerability, 
by which the thinner caps corresponded to shortening the 
path of crack to the lipid pool and more vulnerability. Thin 
fibrous cap was reported as a risk factor in the fracture 
of atherosclerotic plaque in previous studies [7, 13, 26]. 

Based on in vivo MR images, Huang et al. found that the 
cracks propagate radially [17], which is compatible with 
our findings.

Pulsatile blood pressure (the mean and amplitude of 
applied load) and heart rate (the frequency of applied load) 
can affect the rate of crack propagation. We found that 
decreasing the heart rate could postpone fracture of ath-
erosclerotic plaques since it reduces the number of fatigue 
cycles in a time span. A significant association between 
reduction in heart rate and reduction in myocardial infarc-
tion was observed in physiologic studies, which is in 
accordance with our results [11]. Furthermore, our results 

Fig. 4  a Effect of mean and pulse blood pressures on the fatigue life of plaque models. b Effect of lipid pool stiffness on the crack propagation 
rate in the plaque models under pressure of 80–120 mmHg

Author's personal copy



Med Biol Eng Comput 

1 3

are consistent with previous studies which indicated that 
elevated mean blood pressure pathologically induced by 
hypertension as a major risk factor reduces the fatigue life 
of plaques [12]. Further analysis displayed that elevation of 
pressure pulse was a more influential parameter than mean 
pressure among models, raising the concern that elevated 
pressure pulse amplitude in the context of hypertension 
can be considered as a risk factor for the patients exposed 
to atherosclerosis disease with vulnerable plaques. This is 
consistent with several epidemiological studies indicating 
the importance of mean and pulse pressure as critical inde-
pendent determinants for myocardial infarction [20, 25].

Based on clinical studies, use of cholesterol-lowering 
agents such a statins could prolong the time of plaque 
rupture [6]. Numerical simulation revealed that the exist-
ences of soft materials such as lipid pool in front of crack 
intensified the rate of crack growth. In fact, due to dis-
tinct differences between stiffness values of the lipid pool 
and fibrous cap, the presence of lipid zone within the cap 
caused a higher stress intensity factor induced at the crack 
tip and consequently faster crack propagation. Comparing 
models showed that larger lipid pool size together with the 
thinner cap could lead to intensification of crack growth 
rate. Moreover, in some cases, the deviation of the crack 
toward the lipid pool considerably decreased the fatigue 
life. On the other hand, when the crack approached the cal-
cified region, the rate of crack propagation decreased due 
to the reduction in stress intensity factor at the crack tip. 
This reduction is achieved by transmission of stresses to 
the calcification area. However, the elevation of mechanical 
stresses at the calcification zone can cause initiation of new 
cracks. This is in good agreement with previous studies that 
calcified macrophages located at the thin fibrous caps can 
intensify the wall tensile stresses considerably and increase 
the risk of plaque rupture [3]. Therefore, it is concluded 
that the existence of both large lipid pool and calcification 
zones can increase the vulnerability of type V lesions due 
to synergistic effects. This finding is in accordance with 
published clinical data [26].

During crack propagation, the stress field in various 
parts of models of atherosclerotic plaque changed consid-
erably depending on plaque geometry and components. In 
particular, during crack growth, higher stress concentration 
was induced at the crack tip. Since the stress intensity fac-
tor was a function of crack length and tensile stress, fur-
ther crack growth resulted in significant elevation of these 
factors and intensified crack propagation rate. Furthermore, 
the rapid change in stress values particularly within the 
plaque cap and calcification zone which were potent for 
formation of new cracks was an important factor to fol-
low up [3, 41]. Regardless of crack path, crack propagation 
led to elevation of stress values in some regions of mod-
els which in turn might trigger generation of new cracks, 

consistent with the fact that atherosclerotic plaque may be 
simultaneously ruptured at several locations [34]. It was 
found that the initial and secondary cracks often occur at 
the shoulder regions, although such conclusion highly 
depends on the plaque geometry and shape. Our simula-
tions showed that initial cracks often propagate faster than 
secondary cracks; however, the secondary cracks may 
still be of great concern since the distance which different 
cracks must travel to reach the lipid pool or artery wall may 
vary. By an opposing trend, crack propagation might induce 
reduction of stress values in specific regions depending on 
the geometry, and interestingly, this might reduce the vul-
nerability of plaques in those regions. Such phenomenon 
might be beneficial if initial cracks locate in regions with 
low pathological importance and propagate gently. Due to 
highly asymmetric structure of plaques and the presence of 
different components with highly diverse properties, some 
parts of the plaque might undergo compression at initial 
stage or during crack propagation. This leads to crack arrest 
if regions with compressive stress locate in the crack path. 
Crack arrest can be attained by introducing compressive 
stresses in such a manner that closes the crack [5].

5  Limitations

In general, rupture of the atherosclerotic plaque is a com-
plex process, and biological and biochemical parameters 
such as elevated inflammatory activity and degraded colla-
gen structures which lead to a non-homogenous structure 
may contribute to rupture of atherosclerotic plaque [15, 
31]. With available imaging techniques, it is not possible to 
follow up the crack propagation in atherosclerotic plaques; 
hence, an accurate clinically verified time frame for fatigue 
life cannot be provided. Crack propagation within the 
plaque highly depends on plaque morphology and com-
position; however, real-time data on the strength of plaque 
components, initiation or growth of cracks, local mean 
pressure and pressure pulse are not available. Even rough 
estimates of such parameters may not be applied in mod-
eling, since in patients diagnosed with progressed athero-
sclerosis, medication and clinical treatments affect above 
parameters. However, the purpose of this study was to pre-
sent biomechanical model of atherosclerotic plaque rupture 
and establish a framework for developing clinical strategies 
to decrease the risk of myocardial infarction. Hence, we 
simulated crack propagation with available data and veri-
fied our findings with previous studies stating the clinical 
outcomes as reported.

Considering the possibility of change in structural 
properties of arterial media caused by plaque formation 
and progression, recent evidence highlights that in athero-
sclerotic lesion types V and VI, the media and adventitia 
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are often disrupted or disarranged [1]. Several authors 
found that diseased arterial tissue is stiffer than healthy 
tissue [4, 40]. Moreover, Holzapfel et al. [16], by means 
of uniaxial test, found that diseased fibrotic media are 
stiffer than the non-diseased media samples. This may 
be related to the special structure of media which is com-
posed of elastic laminae. It was shown that fatigue may 
lead to fracture of elastic laminae [11]. Hence, we exam-
ined the effect of stiffening of the tunica media up to 
0.6 Mpa in our models. It was found that the stress level 
and fatigue life changed <5% within all models (detailed 
results are not shown).

By considering the anisotropy of atherosclerotic 
plaque and its components, they exhibit a range of frac-
ture toughness (kIC) values [28]. “Toughness” is the term 
that describes the ability of a material to absorb energy 
before and during rupture. The components with lower 
fracture toughness tolerate only small cracks [5]. Hence, 
there is a possibility that cracks initiate at locations with 
low fracture toughness, but could not further propagate 
to the other regions of atherosclerotic plaque with higher 
kIC and therefore be arrested. [5]. In fact, lack of accurate 
data concerning the mechanical properties and fracture 
toughness of atherosclerotic plaque components was the 
main source of oversight in this study. Similar to previ-
ous studies, another limitation was the application of 
LEFM theory for the analysis of fracture in atheroscle-
rotic plaque. However, the objective of the current study 
was to provide a simple yet practical model and find a 
trend in crack propagation within realistic models of ath-
erosclerotic plaques rather than providing exact quantities 
for crack propagation. Furthermore, it seems that due to 
lack of enough experimental data, using more advanced 
fracture mechanics theories would not necessarily lead to 
more accurate results.

6  Conclusion

To sum up, our study provides a framework for crack 
propagation modeling in realistic models of atheroscle-
rotic plaques. Despite the fact that the prediction of the 
time required for the initiation and progression of crack in 
the atherosclerotic plaque is not yet possible, due to lack 
of accurate data on the morphology and mechanical prop-
erties of plaques in vivo, this study can help in a better 
comprehension of the risk factors which contribute to the 
process of plaque fracture and may be used for the deter-
mination of the vulnerability of atherosclerotic lesions. 
Consequently, numerical simulation can be used for 

clinical applications and lead to design strategies to delay 
or prevent plaque rupture by altering factors that contrib-
ute to plaque fatigue.
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