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Abstract
Studying the formation and stability of atherosclerotic plaques in the hemodynamic field is essential for understanding the 
growth mechanism and preventive treatment of atherosclerotic plaques. In this paper, based on a multiplayer porous wall 
model, we established a two-way fluid–solid interaction with time-varying inlet flow. The lipid-rich necrotic core (LRNC) and 
stress in atherosclerotic plaque were described for analyzing the stability of atherosclerotic plaques during the plaque growth 
by solving advection–diffusion–reaction equations with finite-element method. It was found that LRNC appeared when the 
lipid levels of apoptotic materials (such as macrophages, foam cells) in the plaque reached a specified lower concentration, 
and increased with the plaque growth. LRNC was positively correlated with the blood pressure and was negatively correlated 
with the blood flow velocity. The maximum stress was mainly located at the necrotic core and gradually moved toward the 
left shoulder of the plaque with the plaque growth, which increases the plaque instability and the risk of the plaque shedding. 
The computational model may contribute to understanding the mechanisms of early atherosclerotic plaque growth and the 
risk of instability in the plaque growth.
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List of Symbols
C	� Concentration
D	� Diffusion coefficient
ρ	� Blood density
uw	� Convection coefficient of the conserved flux
P	� Blood pressure
μ	� Dynamic viscosity
U	� Velocity of the blood
t	� Time
WSS	� Shear stress
V	� Volume
R	� The height of the necrotic core
L	� Length of damage
Kr	� Correction factor
υ	� Poisson’s ratio
Ω	� Two-dimensional domain
J	� Boundary flux
�p	� porosity
k	� Permeability

1  Introduction

Atherosclerosis (AS), a slowly progressing disease, grows 
with complex mechanisms of development due to endothe-
lial dysfunction. A large number of studies have shown 
that AS plaque is mainly caused by the accumulation, reac-
tion and oxidation of various lipids in the arterial intima 
[1–4], where low-density lipoprotein (LDL) penetrates into 
the superficial wall and is converted into oxidized LDL by 
free radical oxidation. The accumulation of oxidized LDL 
accelerates the generation of reactive oxygen species (ROS), 
while accelerating the formation and accumulation of mac-
rophages and foam cells [5], thereby causing the biological 
activity of various lipids within the arterial walls, and finally 
leading to the occurrence of inflammation [1, 6]. However, it 
is generally considered that plaque destabilization (so-called 
vulnerable plaques) is a dominating cause of cardio-cerebro-
vascular disease and is responsible for the high mortality 
rate [2, 7]. Vulnerable plaques are usually characterized as 
a large LRNC with an overlying thin fibrous cap, and the 
necrotic core becomes an “attack receptor” for macrophages 
[7]. In addition, the death and accumulation of foam cells, 
macrophages, and vascular smooth muscle cells (VSMCs) in 
the intima accelerate the formation of necrotic cores within 
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plaques [7, 8]. AS plaque has the risk of breakage as the 
LRNC volume inside a plaque is approximately 30–40% of 
the AS plaque [8].

It is important to study the growth of AS plaque and the 
development of necrosis core for plaque stability analy-
sis [7, 8]. Theoretically, many mathematical models are 
used to make predictions in AS plaque evolution with a 
single-layer or a multi-layer transmission model. A Staver-
man–Kedem–Katchalsky membrane equation is usually 
applied to study the inner elastic layer (IEL) and transport 
in the endothelium [9]. However, there are two essential 
defects associated with this equation. First, the equation is 
based on the steady-state assumption, which may be too ide-
alized. Second, the equation ignores the effect of boundaries 
when transporting across membranes [9]. Meanwhile, a large 
number of studies have shown that blood pressure and fluid 
shear stress have an impact on the material infiltration (such 
as LDL infiltration into the blood vessel wall in this paper) 
[10, 11]. For example, Mehrdad et al. established a multi-
layer fluid–structure interaction (FSI) model to study the 
LDL permeation under the wall shear stress (WSS). Their 
results showed that the expansion of the lumen will reduce 
the WSS of the wall, especially in patients with hyperten-
sion, which leaded to the increase of LDL permeability [12]. 
Calvez et al. established a growth model of early AS plaque 
using reaction–diffusion equations for considering the diffu-
sions of oxidized LDL, foam cells, macrophages and other 
substances [13]. Wong et al. obtained the composition and 
distribution of AS plaque through a 3D vascular model, 
and successfully predicted how the cap and necrotic core of 
the plaque affected the biomechanical stress on the plaque 
[14]. Giuseppe established a one-dimensional mathematical 
model to elucidate the mechanisms of atherosclerotic plaque 
growth, and the model consists of a system of reaction–dif-
fusion equations under Neumann boundary conditions [15]. 
According to the research report of Mirzaei et al., they 
developed a model consisting of multidimensional partial 
differential equations, which could depict the morphology 
of necrotic cores within plaques [16]. Furthermore, some 
studies have shown that inhibition of efferocytosis can post-
pone the development of the necrotic cores formed within 

AS plaques [17]. In addition, Hao et al. gave a mathematical 
model of AS plaque growth using partial differential equa-
tions and explored the effects of LDL and HDL on plaque 
growth, and predicted the probability of plaque occurrence 
[18], which has reference value for clinical treatment. It 
should be noted that the plaque stability is closely related 
to hemodynamics with the plaque growth, gradually leads 
to vascular stenosis, which in turn affects the blood flow 
distribution and the mechanical stress of arterial wall [19]. 
There is probably a close connection between hemodynamic 
stimulus and AS plaque stability.

Reports in clinical as well as experimental studies have 
revealed the non-uniform distribution of cellular compo-
nents within AS plaques [20–22]. Local variations of the 
cell composition may be due to the direction of blood flow, 
producing the disturbed haemodynamics near AS plaques, 
changing the shear stress distribution of AS plaque sur-
face, and affecting differences in the distributions of mac-
rophages, macrophage-derived foam cells as well as smooth 
muscle cells inside AS plaques [21]. Thus, the haemodynam-
ics may play a key role in vascular homeostasis as well as in 
the local onset, progression and stability of AS plaques. [23]. 
Therefore, it is very important to understand how the stress 
in AS plaque distributes and changes in hemodynamics.

In addition to the shear stress induced by blood fluid, 
a growing number of clinical experiments have indicated 
that hypertension, as a critical risk factor of cardiovascular 
disease, has been confirmed to be closely related to plaque 
rupture [24, 25]. Increments in blood pressure can cause a 
plethora of detrimental effects, such as promoting vascular 
endothelial injury and activation of inflammatory factors, 
as well as accelerating the progression of AS plaques [25].

Atherosclerotic progression is a highly complex pro-
cess that involves relevant mechanisms of mechanics and 
biochemical reactions of substances under haemodynamic 
changes. Some researchers have improved and prospected 
the methods of treating aneurysms based on computational 
simulation and experimental research for taking into account 
the influence of hemodynamics [26]. In addition, Sugiyama 
et al. [27] used computational fluid dynamic (CFD) simula-
tions to study the characteristics of hemodynamics when 

Fig. 1   Geometric model of the 
arterial vessel with local lesion. 
The red line indicates the region 
of lesion
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atherosclerosis occurs. Besides, some studies have revealed 
that the mass volume and location of atherosclerotic plaque 
have an important influence on the mechanical stress caused 
by hemodynamics [11, 28]. Although the hemodynamics, 
arterial tissue degradation and remodeling at the location 
of atherosclerosis have been reported for demonstrating the 
interactions between blood flow and plaque, a few studies 
showed how WSS-related and pressure-related variables 
affect wall permeability during AS plaque development [4, 
19, 29, 30], and no studies showed the changes of mechani-
cal properties during the formation of atherosclerotic plaque 
and took into account the influence of stenosis in hemody-
namics [31]. Especially, abnormal blood pressure can lead 
to the occurrence and exacerbation of coronary heart disease 
[25]; however, its mechanical mechanism is still not clear.

Although there are many reports on the growth of AS 
plaques, they either studied the stability of fixed AS plaques 
[32] or studied the growth of atherosclerotic plaques alone 
[33–36]. At present, there are few studies on the stability 
of plaques in local hemodynamics through coupled multi-
physics phase-field models. In this study, we established a 
fluid–solid two-way coupling model with pulse blood flow 
velocity, which can show the stress changes during AS plaque 
growth and is helpful to analyze the plaque stability. Combin-
ing the advantages of FSI in the plaque development, partial 
differential equations with time-dependent coupled model for 
the formation and development of atherosclerotic plaque was 
developed to plumb the plaque development both in healthy 
wall and in wall lesion, and to study the plaque stability by 
obtaining the stress distribution of plaques at different stages 
under the blood flow. The vessel wall was regarded as a four-
layer porous medium. The model used the element method for 
solving convection–diffusion–reaction equations coupled with 
the Navier–Stokes equations, Darcy's law and structural 
mechanics in hydrodynamics field.

2 � Mathematical Model and Methods

2.1 � Blood Vessel Model

In Fig. 1, we assume that there is a local lesion on the intima 
of one side of vessel walls and a two-dimensional model 
with 100 mm × 20 mm. The length of blood vessel with 
2 mm lesion is 100 mm, the inner radius of the lumen is 
3 mm, and the total thickness of the blood vessel wall is 
1 mm (The thickness of the intima is 0.2 mm, the media is 
0.5 mm, and the adventitia is 0.3 mm). Blood is assumed to 
be an incompressible, homogeneous fluid, and vessel walls 
are composed of porous media. In this article, we mainly 
consider cell proliferation, migration, differentiation, apop-
tosis and transformation.

2.2 � Mathematical model

2.2.1 � Conservations of Momentum and Mass

This paper assumes blood flow has a constant viscosity coef-
ficient. We also ignore the effects of gravitational force or 
other body forces. Therefore, the blood flow in the vessel 
lumen can be written as Navier–Stokes (laminar flow) and 
continuity equations:

where � , p , u⃗ are hemodynamic viscosity, blood pressure 
and velocity vector, respectively, T  represents the element 
diagonal matrix, F⃗ is the volume force affecting the fluid.

The fluid at the entrance of the blood vessel enters the 
lumen in an unsteady velocity profile with a trigonometric 
function to achieve the maximum velocity of the pulsating 
waveform [37], and the pulsatile inlet velocity is defined by 
the following equations:

where the average velocity, U0 = 0.26
m

s
, is assumed to be 

stable at the entrance, Umean is obtained by multiplying the 
resulting value for 10–2.

The Darcy’s Law is used to describe the transmural flow 
in arterial wall [38]:

In the above equations, parameters uw , pw , � , and k are the 
velocity of the transmural flow, the vessel inner-wall pres-
sure, the blood plasma viscosity, and the Darcian perme-
ability coefficient, respectively. It is believed that the blood 
vessel wall is composed of uniform isotropic material. Wall 
porosity �p varies with pressure, as shown below [39]:

(1)
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where P0 and P are the initial pressure and the blood pres-
sure on the arterial wall at any other time, respectively. To 
facilitate the pressure drop through vessel wall, a constant-
pressure value P0 = 2333.022 Pa (ie.17.5 mmHg) is used for 
the membrane–muscle interface [38]. Parameter b denotes 
the proportional constant determined by inflamed area.

2.2.2 � Solid Models and Fluid–Solid Boundaries

In this paper, the stress magnitude and distribution in AS 
plaque are solved using linear elasticity and nonlinear struc-
ture theory. Thus, the governing equation for an elastic solid 
body can be expressed by the following equation [40]:

In Eq. (8), �ij and �ij are components of the stress tensor 
and displacement, respectively, and �ij can be obtained by 
solving the constitutive equations based on Newtonian fluid, 
�s is the density of the solid, Fi are the body force loading 
on the isotropic solid. When a solid deforms, energy will be 
stored in the body. In addition, the energy is derived from 
the strain-energy–density function (Ψ):

where �j are the components of the Green–Lagrange strain 
tensor, while Sij . is widely known as the second Piola–Kirch-
hoff stress tensor. There is no external force on the outer 
walls. A zero axial motion condition is imposed on the left 
and right edges of the solid domain.

Considering the coupled fluid and solid tissue interac-
tions, the interface meets the following conditions:

In Eqs. (10–12), u,n,d and � represent the velocity, bound-
ary normal, displacement, and stress tensors, respectively. 
Subscript f  represents the fid zone, subscript s represent solid 
zones, including plaque and vessel wall (see Table 1).

However, in fact, its mechanical properties will be 
changed during AS plaque growth [41, 42]. In this paper, 
we assume that the Young's modulus of the vascular wall 
tissue will change as the plaque grows and satisfies the fol-
lowing equation:

(8)�s
�2�ij

�t2
=

��ij

�xj
+ �sFi

(9)Sij =
�Ψ

�j
fori, j = 1, 2, 3

(10)df = ds

(11)�f ⋅ nf = �s ⋅ ns

(12)uf = us

(13)E(t) = E0 + a ∗ Δh

Here, E(t) represents Young’s modulus. We assume that 
parameter a is 1 × 106 Pa, Δh is the growth height of AS 
plaque. The value of E0 is given in Table 2.

2.2.3 � LDL Transport in the Arterial Wall

The concentration of LDL in blood vessels changes 
with time as follows [38]:

Here, CLDL,w represents the LDL concentration, DLDL,w 
is the LDL diffusion coefficient, uw represents the convec-
tion coefficient based on flux conservation. In Eq. (14), dLDL 
means the rate of LDL oxidation.

2.2.4 � HDL Transport in the Arterial Wall

The concentration of HDL in the arterial wall is obtained 
as [33]

where CHDL,w is the HDL concentration, DHDL,w denotes the 
HDL diffusion coefficient. For the above-mentioned equa-
tion (15), rh1 is the HDL loss rate because of the reverse 
cholesterol transport (RCT) of foam cells, and the last term 
represents the HDL degradation rate.

2.2.5 � LDLox Transport in the Arterial Wall

The convection and diffusion for LDLox transport are 
expressed by the following equation:

where CLDLox,w is the LDLox concentration in the arterial 
wall, DLDLox,w is the diffusion coefficient of LDLox [10]. 
Apart from the diffusion and convection terms in Eq. (16), 
the first item on the right, dLDL , indicates the rate at which 
LDL is converted to oxidized LDL, LDLoxr represents the 
rate of which LDL is consumed by macrophages.

(14)
�
(

�pCLDL,wi

)

�t
+ ∇ ⋅

(

−DLDL,w∇CLDL,w

)

+ uw ⋅ ∇CLDL,w = − dLDLCLDL,w

(15)

��pCHDL,w

�t
+ ∇ ⋅

(

−DHDL,w∇CHDL,w
)

+ uw ⋅ ∇CHDL,w

= −rh1
CHDL,w

rh3 + CHDL,w
− rh2CHDL,w

(16)
��pCLDLox,w

�t
+ ∇ ⋅

(

−DLDLox,w∇CLDLox,w
)

+ uw ⋅ ∇CLDLox,w

= dLDLCLDL,w − LDLoxrCLDLox,wCM,w
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2.2.6 � Macrophage Lipid Transport in the Arterial Wall

The concentration of macrophages is described by the fol-
lowing equation [33, 34]:

In Eq. (17),CM,w and DM,w represent the concentration and 
diffusion coefficient of macrophages, respectively. Similarly, 
on the right-hand side of Eq. (17), rm2 is the conversion rate 
of foam cells converted by macrophages per second, and 
the analysis of rm3 is the rate of loss of macrophages due to 
RCT. rm4 is the differentiation rate of macrophages, and rm5 
denotes the rate proliferation of macrophages.

(17)

��pCM,w

�t
+ ∇ ⋅

(

−DM,w∇CM,w
)

+ uw ⋅ ∇CM,w

= − rm2
CLDLox,w × CM,w

rl3 + CLDLox,w
+ rm3

CHDL,w

rh3 + CHDL,w
CF,w

− rm4CM,w + rm5CLDLox,w

Table 1   List of parameters 
related to the biological model

Parameters Discription Value Ref.no

� Blood density kg/m3 1050 [48]
� Dynamic viscosity pa × s 0.0035 [48]
KLDL Half-velocity constant g/cm3 2.7E-3 [43]
dF Death rate of foam cell 1/d 0.03 [18]
dM Death rate of macrophage 1/d 0.015 [18]
L
0

Source/influx of LDL in blood mmol/L 3 [18]
h
0

Source/influx of HDL in blood mmol/L 1.8E-3 [18]
dLDL Degradation LDL 1/s 3E-4 [49]
�max
LDL

Maximum value that EP to LDL can reach cm/s 2.09E-12 [43]
�st
LDL

Standard permeability of a healthy endothelium to LDL 
cm/s

1.07E-14 [43]

rp1 Reaction kinetics constant 1/s 5.0E-8 [50]
rp2 Reaction kinetics constant 1/s 5.0E-8 [50]
rq1 Reaction kinetics constant 1/s 5.0E-8 [50]
rq2 Reaction kinetics constant 1/s 5.0E-8 [50]
rl3 Reaction kinetics constant 1/s 1.0E-5 [50]
rh1 Consumption rate of HDL 1/s 5.0E-8 [50]
rh2 Decay rate of HDL 1/s 5.0E-8 [50]
rh3 Saturated constant of HDL 1/s 1.0E-5 [50]
Mr1 Oxidized LDL causes foam cells m3/(mol × s) 2.83E-11 [51]
Mr2 Formation of foam cells m3/(mol × s) 9.25E-24 [51]
LDLoxr Ingest oxidized LDL m3/(mol × s) 1.2E-18 [52]
rF1 Reaction kinetics constant 1/s 5E-8 [50]
rF2 Reaction kinetics constant 1/s 5E-8 [50]
rF3 Reaction kinetics constant 1/s 5E-8 [50]
rm2 Reaction kinetics constant 1/s 5E-8 [50]
rm3 Reaction kinetics constant 1/s 5E-8 [50]
rm4 Reaction kinetics constant 1/s 5E-8 [50]
rm5 Reaction kinetics constant 1/s 5E-8 [50]
p
0

Initial pressure mmHg 140
b Proportionality coefficient 1/MPa 9 [39]

Table 2   Solid tissue-related material parameters

Parameters Muscle Intima Media Adventitia

Density, �(kg/m3) 1320 1057 1057 1057
Diffusivity, DLDL,w (m2/s) – 5.4e-13 5e-14 6e-15
Diffusivity, DHDL,w (m2/s) – 5.4e-13 5e-14 6e-15
Diffusivity, DLDLox,w (m2/s) – 5.4e-13 5e-14 6e-15
 Diffusivity, DM,w (m2/s) – 1e-14 1e-14 1e-14

Diffusivity, DF,w (m2/s) – 1e-14 1e-14 1e-14
Diffusivity, DP,w (m2/s) – 1e-20 1e-20 1e-20
Diffusivity, DQ,w (m2/s) – 1e-20 1e-20 1e-20
Poisson's ratio, v 0.49 0.45 0.45 0.45
Young's modulus, E

0
 (MPa) 6 2 6 4

permeability coefficient k (m2) – 2e-16 2e-18 2e-18
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2.2.7 � Foam Cell Production and Transport in the Arterial 
Wall

For the transport and diffusion of foam cells, it is expressed 
by the following equation:

Here, CF,w is the foam cell concentration, DF,w is the dif-
fusion coefficient of foam cells. In this article, we assume 
that foam cells have the same diffusion coefficient as mac-
rophages. On the right-hand side of Eq. (18), symbol rF1 
denotes the conversion rate of foam cells transforming from 
macrophages, and rF2 indicates the reversible conversion rate 
at which some foam cells are transformed into macrophage 
pools due to RCT [33], rF3 means the number of LDLox 
converted into foam cells per second, and the last item rep-
resents the apoptosis of macrophages [38].

2.2.8 � Transport of Monocyte Chemical Attractant 
in the Arterial Wall

The concentration variation of monocyte chemical attractant 
may be expressed by the following equation [33]:

where CP,w means the concentration of monocyte chemical 
attractant, and parameter DP,w denotes the diffusion coeffi-
cient for monocyte chemical attractant. Studies have shown 
that the value of  DP,w is very small because of the weak dif-
fusion ability for monocyte chemical attractant [38]. The first 
term on the right-hand side of Eq. (19) corresponds to the 
growth number per second for monocyte chemical attractant 
producing by macrophage uptake of oxidized LDL, and the 
second term represents the reduction of monocyte chemical 
attractant due to apoptosis per second.

2.2.9 � Transport of ES Cytokine Attractant in the Arterial 
Wall

In this paper, the concentration of monocyte chemical 
attractant can be written as

(18)

��pCF,w

�t
+ ∇ ⋅

(

−DF,w∇CF,w
)

+ uw ⋅ ∇CF,w

= rF1
CLDLox,w

rl3 + CLDLox,w
CM,w − rF2

CHDL,w

rh3 + CHDL,w
CF,w

+ rF3CLDLox,w +
Mr1

Mr2
LDLoxrCM,wCLDLox,w

(19)

��pCP,w

�t
+ ∇ ⋅

(

−DP,w∇CP,w
)

+ uw ⋅ ∇CP,w

= rP1
CLDLox,w

rl3 + CLDLox,w
CM,w − rp2CP,w

where CQ,w is the concentration of ES cytokine attractant, 
parameter DQ,w refers to the diffusion coefficient for ES 
cytokine attractant, respectively. Typically, the diffusion 
coefficient of monocyte chemical attractant is very small 
[33]. On the right side of Eq. (20) the first term denotes 
the growth rate for ES cytokine attractant producing from 
macrophages, and rQ2 represents the loss rate of ES cytokine 
attractant.

Figure 2 shows a schematic representation of the bio-
chemical reactions taking place in the arterial wall for 
substances mentioned above [18, 35].

2.3 � Initial Conditions and Boundary Conditions

2.3.1 � Initial Conditions

In the arterial walls as shown in Fig. 1, the initial condi-
tions at the initial moment for the equations mentioned 
above are as follows:

2.3.2 � Boundary Conditions

We establish a two-dimensional Cartesian reference in 
which Ω = {(x, y), 0 ≤ x ≤ L, 0 ≤ y ≤ 2R0} , and assume 
that, at the blood–wall interface, the boundary conditions 
satisfy the following expressions:

(20)

��pCQ,w

�t
+ ∇ ⋅

(

−DQ,w∇CQ,w
)

+ uw ⋅ ∇CQ,w

= rQ1
CLDLox,w

rl3 + CLDLox,w
CM,w − rQ2CQ,w

CLDL(x,y,0) = 0 Ch(x,y,0) = 0 CP(x,y,0) = 0

CF(x,y,0) = 0 CM(x,y,0) = 0

CLDLox(x,y,0) = 0 CQ(x,y,0) = 0

(21)
(

∧
n ⋅Ji

)

Γ2
= 0

(

i = LDL,HDL,M, LDLox,F,P,Q,Rx

)

(22)
(

∧
m ⋅JLDL,w

)

Γ1
= −�LDLL0

(23)
(

∧
m ⋅JHDL,w

)

Γ1
= −�HDLh0

(24)
(

∧
n ⋅Jj

)

Γ1
= 0(j = M, LDLox,F,P,Q)
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Generally speaking, the flux at the damage is relatively large, 
which is expressed by the following hypothetical formulas:

where ∧m is the inner membrane boundary, excluding the 
boundary that has been damaged, 

∧

� is the boundary of inti-
mal injury, ∧n denotes a direction normal to the outer vessel 
wall, Γ2 and Γ1 represent the muscle–adventitia interface 
and blood–intima interface, respectively. ∧� indicates the 

interface between the intima and the media. 
∧

� represents the 

interface between the media and adventitia. J is the bound-
ary flux, R0 is the lumen radius of blood vessel.

It is assumed that sigmoidal function increases linearly 
with the concentration [36]. Based on the binomial the-
orem expansion, we consider the nonlinear term in this 
paper. For convenience, we assume that the permeability 
of LDL is equal to that of HDL [43]:

(25)

(∧
� ⋅Jj

)

Γ3,Intima
=
(∧
� ⋅Jj

)

Γ3, Media

(j = LDL,HDL,M, LDLox,F,P,Q)

(26)

(∧
� ⋅Jj

)

Γ4,Media
=
(∧
� ⋅Jj

)

Γ4,Adventitia

(j = LDL,HDL,M, LDLox,F,P,Q)

(27)
(

∧

� ⋅JLDL,w

)

Γ1

= −10�LDLL0

(28)
(

∧

� ⋅JHDL,w

)

Γ1

= −10�HDLh0

(29)

�LDL = �stLDL +
�max
LDL − �stLDL

2

[ WSS0

WSS0 +WSS
+

CLDL,w

KLDL + CLDL,w

]

+
(�max

LDL − �stLDL)
2

4

[ WSS0

WSS0 + WSS
+

CLDL,w

KLDL + CLDL,w

]2

Here, WSS represents the shear stress of vessel wall, 
and the reference value of WSS0 is 1N∕m2[43].

2.4 � Formation of Plaque and Necrotic Core

We use finite-element method for solving partial differential 
equations involving multi-physical field coupling problem in 
porous media with COMSOL Multiphysics [44]. The continu-
ity equation and Navier–Stokes equation are applied to predict 
the fluid flow, the pressure and the displacement of solid. In 
Fig. 1, a simple way is used to split the model into free triangle 
mesh with unit size, the maximum value of grid size is 2 mm, 
the muscle consists of 5587 triangular elements and 3107 mesh 
vertices, the blood flow consists of 9986 triangular units and 
5379 mesh vertices, and the vessel wall consists of 5366 tri-
angular units and 3303 mesh vertices. In our simulations, by 
combining boundary conditions, we will use the methods of 
freely moving and deformed meshes to solve Navier–Stokes 
equations in the fluid domain. ALE moving grid technique is 
utilized to deal with the growths of AS plaque and necrotic 
core. For the coupled system of solid and fluid equations, we 
use the PARDISO solver.

2.4.1 � Plaque Growth

AS mentioned above, the “moving grid” model is employed 
to simulate the formation and development of AS plaque 
modified by foam and macrophages cells, in which the grid 
can move locally with the change of the concentrations of 
the foam and macrophages cells. Moreover, its mesh shape 
is deformed due to the diffusion mode with the boundary 
movement. Finally, the smooth mesh deformation of the 
computational region is obtained for solving partial differ-
ential equations. In addition, the Laplace smooth deformed 
grid coordinates is obtained as the following unsteady-state 
equations [45].

The node position and deformation are expressed by the 
function X = X (x, y, t) and Y = Y (x, y, t), where (x, y) is the 
coordinates of the fixed space, while (X, Y) represents the 
moving coordinates at time t. The radial variation of foam cell 
component in the model may be written as

(30)�2

�X2

(

�x

�t

)

+
�2

�Y2

(

�x

�t

)

= 0

(31)
�2

�X2

(

�y

�t

)

+
�2

�Y2

(

�y

�t

)

= 0

(32)
dy = −kr ⋅ CF,w ⋅

(

−
((

−3.1 ⋅ 10−3 + 3.112 ⋅ 10−3
)

∕0.2∕10−3
)2 + 1

)

Fig. 2   Schematic diagram of substance reactions
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To ensure that the simulation results are consistent 
with clinical phenomena, we choose the correction factor 
kr = 0.0779, which can accurately describe the arteriosclerosis 
development in vascular wall when characterizing the vessel 
wall deformation.

2.4.2 � Necrotic Core Growth

To simplify the calculations, it is assumed that the main com-
ponents of the necrotic core are dead foam cells and dead mac-
rophages based on the growth mechanism of AS plaques [46, 
47], and the specific reaction expression is as follows:

where Cdead,w represents the total death concentration of 
foam cells and macrophages, Ddead,w denotes the diffusion 
coefficient and is equal to 0, r is the distance between the 
lumen center to the intimal boundary. On the right-hand side 
of Eq. (31), dd1 and dd2 are the death rate of macrophages and 
foam cells, respectively [18], dde represents the loss rate of 
dead cells in the arterial wall, and equals 7 × 10–7 1/s.

To reveal the growth characteristics of necrotic core, 
which the volume can be written as

In this model, lp(t) and R(t) are the length and height of 
the necrotic core at time t , respectively.

3 � Model Validation and Results

3.1 � Model Validation

Based on the above equations and material parameters in 
Table 2, the growth and development of plaques are ana-
lyzed using the fluid–structure interaction model [53–56].

Figure 3 shows the annual volume change of LRNC 
and the comparison of experimental data from Jie’s report 
[57]. It is shown that plaques without intraplaque hemor-
rhage increase the LRNC volume about (-8.8 mm3 ± 29.9) 
per year. Chang et al. [58] concluded that cases through 
propensity-score matched analysis of risk factors, demo-
graphics, and number of obstructive vessels with imaging 
technique exhibited lesser fibrofatty and LRNC volumes 
(45.6 mm3 ± 68.8) and had no difference for calcified or 
total plaque volumes. Our simulation results showed that 

(33)

�Cdead,w

�t
+ ∇ ⋅

(

−Ddead,w∇Cdead,w
)

= dd1CM,w + dd2CF,w − ddeCdead,w

(34)dd1 = dMe
0.5⋅r

(35)dd2 = dFe
0.5⋅r

(36)V(t) = −lp(t) ∙ �∙R(t)
2

the LRNC volume increased by 4.99 mm from year 3 to 
year 4 and by 10.69 mm from year 4 to year 5. Results show 
that the LRNC volume changes from simulation are rela-
tively close to the experimental results. Indeed, the LRNC 
progression in plaques may be influenced not only by living 
habits [59, 60], but also by clinical characteristics, such as 
intraplaque hemorrhage, wall thickness, and wall volume 
[57, 61].

3.2 � Model Results

It is worth noting that the concentrations and distributions 
of foam cells and macrophages within AS plaque have the 
direct impact on the formation of necrotic cores [8]. Figure 4 
shows that the change of foam cell concentration with time. 
It can be seen that the foam cells show a "downward" diffu-
sion pattern in the plaque and eventually accumulate at the 
bottom. The simulation results are consistent with findings 
from observational studies [46].

Figure 5 shows the change of macrophage concentration 
during the same time periods as mentioned in Fig. 4. The 
concentration of macrophages in the downstream is higher 
than that in the upstream, which causes the asymmetric 
growth of the plaque. This may be the reason the shear stress 
at the AS plaque downstream is relatively small, increasing 
the LDL residence time, and thus causing a higher concen-
tration of macrophages according to Eq. 29.

The growth of plaque can block the lumen and 
increase the risk of plaque instability with LRNC growth, 
causing the “vulnerable plaque” [62]. LRNC is one of the 
main characteristics for “vulnerable plaque” with LRNC is 
generally regarded as one of the decisive factors to deter-
mine whether the plaque will be broken [62, 63]. In Fig. 6, 
we obtained the volume–time curves of LRNC in the lower 
vessel wall, where LRNC began to accumulate around day 
1080 and reached a volume of 15.86 mm3 at day 1800. 

Figure 7a shows the radial height growth of the necrotic 
core in the lesion areas. Combined with the above-men-
tioned regional moving grid pattern, it can be observed that 
the necrotic core was formed at 1080 days, and increased 
by about 0.321 mm (Center distance). At the same time, 
the regional center displacement reached 1.636  mm at 
1800 days. In addition, Fig. 7b shows the height growth 
along the radial orientation of the plaque, and the maxi-
mum height of the plaque reached approximately 4.681 mm 
at 1800 days.

To further explore the growth and development of AS 
plaques, we describe the process vividly in a two-dimen-
sional space. It can be seen in Fig. 8 that the height at the 
downstream of the patch is higher than that at the upstream 
as a whole. With the AS plaque growth, the LRNC area 
reached 0.67 mm2 at 1080 days, 6.33 mm2 at 1440 days, 
and 18.13 mm2 at 1800 days, respectively. It's important to 



625Interdisciplinary Sciences: Computational Life Sciences (2023) 15:616–632	

1 3

note that the plaque growth in the lesion area will squeeze 
the walls of healthy areas, it has been confirmed in medical 
imaging research [64–66].

Many studies have confirmed that lower shear stress, 
which has lower blood velocity, is considered as a risk fac-
tor of atherosclerosis [21, 23, 32, 67], while the existence of 
high blood flow may lower the risk of plaque formation [23, 
32]. Therefore, the growth of AS plaques is associated with 
fluid hemodynamics and wall shear stress (WSS). Mean-
while, hypertension is also related to endothelial dysfunction 
[68, 69]. Figure 9 illustrates the effect of blood flow velocity 
on plaque growth. After 1800 days, the total surface area 
of the necrotic core are 4.24 mm2 at 0.5 m/s, 8.14 mm2 at 
0.4 m/s, and 18.13 mm2 at 0.26 m/s, respectively. The reason 
may be that the increase of blood flow velocity leads to the 
decrease of wall shear stress, which leads to the decrease of 
lipid permeation. We can find that blood flow velocity has a 
significant effect on plaque and plaque necrotic core growth.

Figure 10 shows the effect of blood pressure on plaque 
growth. After 1800 days, the volume of necrotic core in 
lower vessel wall are 11.99 mm3 at 80 mmHg, 14.02 mm3 
at 110 mmHg, and 15.86 mm3 at 140 mmHg, respectively. 
Therefore, controlling the body's blood pressure within the 
normal range is also the key to preventing or decreasing the 
occurrence of atherosclerosis.

Blood flow-induced shear stress covered at the plaque 
surface gets complexed during the plaque development 
due to interactions of the blood flow and plaque. Explor-
ing the mechanism between shear stress and plaque can 
help us understand the possible risks for clinical treatment. 
Figure 11 shows the change curves of shear stress at the 
damaged wall during the plaque growth. It can be seen that 
the largest value of shear stress lies near the middle of the 

plaque, and the shear stresses at the upstream, on the whole, 
are higher than those at the downstream. The results are 
consistent with the results in Fig. 9.

Fig. 3   Comparison of experi-
mental data and simulation 
results for annual LRNC vol-
ume change
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Fig. 4   Development of the atherosclerotic plaque during 5 years 
(foam cells)
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4 � Discussion

This study was the first to demonstrate the efficacy of hemo-
dynamic intervention on the formation and development of 

AS plaque and necrotic core. We found that the shear stress 
was closely related to the AS plaque growth. As reported in 
references [21, 32, 70], the stress distribution in plaques was 
an important factor for evaluating the plaque rupture under 
variable fluid forces. Figure 12 shows the stress distribution 
in AS plaque at different times under the action of fluid. 
At 1080 days, the maximum stress of plaque was 34.4 N/
m2, and the maximum blood flow velocity was 0.49 m/s. At 
1440 days and 1800 days, the maximum stress reached 96.5 
N/m2 and 1484.7 N/m2, respectively. At the same time, the 
maximum blood flow velocity was 0.72 m/s and 2.74 m/s, 
respectively. The maximum stress was mainly located at 
the necrotic core at the initial growth stage and gradu-
ally moved toward the left shoulder of the plaque with the 
AS plaque growth, which increases the plaque instability and 
the risk of the plaque shedding. In addition, necrotic core 

1080 days (Max: 1.94×10-3 nmol/mm3)

1440 days (Max: 1.95×10-3 nmol/mm3)

1800 days (Max: 1.93×10-3 nmol/mm3)

(a)

(b)

(c)

Fig. 5   Development of the atherosclerotic plaque during 5 years 
(macrophages)

Fig. 6   Volume growth curves of necrotic cores

(a)

(b)

Fig. 7   a Radial distribution of Cdegra,w (necrotic core) and b Cdegra,w 
(AS plaques)
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was thought to be the main parameter influencing plaque 
vulnerability, and the composition distribution in necrotic 
core may be more likely to induce high stress on the fibrous 
cap, and thus lead to rupture-prone plaque [70]. Our findings 
are consistent with the observed data [70–72].

AS mentioned above, hemodynamics has an important 
influence on the stability of the AS plaques. The main 
reason for this influence may likely be attributed to the 
roles of complex shear stress exerted on the plaque sur-
face [20, 21]. In addition, AS plaques undergo a long-term 
pulsatile blood pressure ejected from the heart, especially 
for AS plaques with fibrous cap, may rupture when this 
loading exceeds the damage threshold stress of the plaque 
[73, 74]. Based on the calculation conditions as used in 
Fig. 10, Fig. 13 describes the impact of blood pressure on 
the stress distribution in plaque on day 1800. When the 
blood pressure was 80 mmHg, 110 mmHg and 140 mmHg, 
the maximum stress of plaque reached 634.9 N/m2, 927.6 
N/m2 and 1484.7 N/m2, respectively. Especially, the plaque 
surface appears to have some fine cracks for the blood 
pressure of 140 mmHg. Blood pressure-derived tensile 
stress promoted the unstable (vulnerable) plaque prone to 
rupture and the consequent thrombosis [75]. It follows that 
high blood pressure is considered to be an important risk 
factor for cardiovascular disease [75, 76], and it is very 
helpful for preventing cardiovascular diseases by control-
ling blood pressure in a reasonable range.

AS illustrated in Fig. 9, there was a negative associa-
tion between blood velocity and necrotic core volume and 
plaque volume. The reason may be that a reduction of blood 
flow rate may contribute to the WSS decrease, and increase 
the adhesion and deposition of lipids. In addition, a grow-
ing plaque can modify the local stress milieu in response 
to the changes of plaque geometry in the reconstructed 

(a) 1080 days

(b) 1440 days

(c) 1800 days

Fig. 8   Contour map of the evolution of plaque lesions at different 
times. The blue indicates the necrotic core non-lesion part and the red 
area corresponds to the necrotic core

(a) U0=0.5 m/s

(b) U0=0.4 m/s

(c) U0=0.26 m/s

Fig. 9   Evolution of necrotic core at different steady velocities

Fig. 10   Volume of necrotic core in lower vessel wall changes with 
time for different blood pressure
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hemodynamic environments [77]. This can be clearly seen 
from Fig. 14, which describes the distribution of stress in 
AS plaque under different blood velocities. The maximum 
stress of the plaque are 407.2 N/m2 for U0 = 0.5 m/s, 522.8 
N/m2 for U0 = 0.4 m/s, and 1484.7 N/m2 for U0 = 0.26 m/s, 

respectively. Stress shows significant spatial oscillations 
with the plaque growth. Especially in geometrically irregu-
lar regions of plaques, the stresses can result in high spatial 
gradients [78]. It is worth noting that the maximum stress 
will migrate from the plaque center to the upstream shoulder 
of the plaque, affecting the plaque stability [21, 77].

It is widely accepted that [7, 17, 24, 41], apart 
from thin fibrous cap, a large acellular LRNC seems 
to be one  important  risk  factor for plaque instability. 
This was mainly because the eccentric distribution of LRNC 
leads to a rearrangement of stress to the plaque shoulder 
regions and thus increases the vulnerability of these local 
regions to rupture [79]. These simulation results obtained 
in Figs. 12, 13 and 14 are generally consistent with the lit-
erature results [79]. In fact, the necrotic core may help to 
accelerate the calcification of the plaque, resulting in an 
increase in the Young’s modulus of the plaque, which may 
cause a large area of plaque to fall off [77]. If we assume that 
the value of a in Eq. 13 will become twice as much as the 
original when the necrotic core appears within atheroscle-
rotic plaque, as seen from Fig. 15, there is an about 1% stress 

Fig. 11   Shear stress versus location curve

(a) 1080 days

(b) 1440 days

(c) 1800 days

Fig. 12   Stress distribution on AS plaque at different times

P0=80 mmHg

P0=110 mmHg 

(c) P0=140 mmHg

Fig. 13   Stress distribution on AS plaque at different blood pressures 
on day 1800
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increase in the maximum stress, indicating a little effect on 
plaque stability for mild calcification and uniform calcifica-
tion in the plaque center. However, calcification at the thin 
fibrous cap, or a speckled pattern of calcification in plaque 
may give rise to high stress concentrations and increase the 
risk of plaque instability [80, 81].

This paper aims to develop a qualitative model and 
attempts to help the researcher to understand the mechani-
cal factors affecting AS plaque stability. This model not only 
demonstrates the formation and development of early AS 
plaque, but also predicts plaque instability in hemodynam-
ics. One can set the model according to clinical parameters, 
and the results provide a theoretical reference for computer 
aided diagnosis. However, the model has some limitations. 
For example, angiogenesis and plaque cap formation are 
not considered, and the materials are actually diverse in the 
AS plaque development. Recent studies have shown that 
machine learning has a good effect on the classification 
of biological tissues [82, 83]. In future work we target to 
investigate the formation and development of fibrous cap, 
especially the impact of superficial calcification on plaque 
stability.

5 � Conclusion

In this paper, combined with a  full two-way coupled 
fluid–structure interaction model, the transport and deposi-
tion of major lipids on the porous blood vessel wall were 
investigated by solving the advection–reaction–diffusion 
kinetic equation with the finite-element method. Especially, 
the growth process of AS plaque, necrotic core, and stress 
in blood wall were studied. We get some main conclusions 
as follows: the plaque growth in the lesion area squeezed 
the walls of healthy areas. Low stress and high blood pres-
sure contributed to the plaque formation and promoted the 
necrotic core growth. At the late growth stage, the stress of 
the plaque shoulder increased significantly, and the stress at 
the necrotic core was relatively large. In addition, the shear 
stress in the upstream shoulder of the plaque was larger than 
in the downstream. Plaque instability increased with the 
increase of the necrotic core volume within the plaque. This 
model may better predict formation process of AS plaque 
and the plaque instability in the process of AS development.
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(a) U0=0.5 m/s 

(b) U0=0.4 m/s 

(c) U0=0.26 m/s

Fig. 14   Stress distribution on AS plaque at different blood flow 
velocities on day 1800

Fig. 15   Maximum stress on AS plaque at different times
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