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Abstract: The coronary artery constitutes a vital vascular system that sustains cardiac function, with
its primary role being the conveyance of indispensable nutrients to the myocardial tissue. When coro-
nary artery disease occurs, it will affect the blood supply of the heart and induce myocardial ischemia.
Therefore, it is of great significance to numerically simulate the coronary artery and evaluate its blood
supply capacity. In this article, the coronary artery lumped parameter model was derived based on the
relationship between circuit system parameters and cardiovascular system parameters, and the blood
supply capacity of the coronary artery in healthy and stenosis states was studied. The aortic root pres-
sure calculated by the aortic valve fluid-structure interaction (AV FSI) simulator was employed as the
inlet boundary condition. To emulate the physiological phenomenon of sudden pressure drops result-
ing from an abrupt reduction in blood vessel radius, a head loss model was connected at the coronary
artery’s entrance. For each coronary artery outlet, the symmetric structured tree model was appended
to simulate the terminal impedance of the missing downstream coronary arteries. The particle swarm
optimization (PSO) algorithm was used to optimize the blood flow viscous resistance, blood flow iner-
tia, and vascular compliance of the coronary artery model. In the stenosis states, the relative flow and
fractional flow reserve (FFR) calculated by numerical simulation corresponded to the published liter-
ature data. It was anticipated that the proposed model can be readily adapted for clinical application,
serving as a valuable reference for diagnosing and treating patients.
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1. Introduction

The report released by the American Heart Association states that cardiovascular disease maintains
its status as the primary global cause of death, claiming over 17.6 million lives annually, with forecasts
suggesting this figure will rise to exceed 23.6 million by 2030 [1]. The coronary artery, the vascular
system dedicated to providing nutrients and energy to the heart, has been the main research focus in
recent years.

The lumped parameter model, also known as the OD model, was first developed by Otto Frank
in 1898. It is the simplest mathematical model to describe the cardiovascular system and it is fre-
quently employed to simulate the systemic characteristics of the cardiovascular system. The 0D model
is known for its simple structure, easy-to-understand features, low computational cost, and efficient
computing power. It has a wide range of simulations and can cover many fields and application scenar-
i0s. Compared with the coronary artery multi-scale model, its accuracy is relatively low and difficult
to handle in the simulation of some complex physiological conditions, but it is still an effective mod-
eling method in many fields [2]. Rideout et al. simulated the human pulmonary circulation system [3],
accounting for the interactive effects of left atrial and right ventricular contractions on pressures in the
pulmonary veins. They also developed an analog computer model to research the human cardiovascu-
lar system [4,5], with a particular emphasis on pressure and flow dynamics within veins, encompassing
gravitational effects, respiration, venous collapse, and valve function. Liang et al. [6] developed a hu-
man cardiovascular system lumped parameter model featuring a detailed compartmental representation
of both the main vascular circulations and the heart.

Wang et al. [7] employed a closed-loop circuit model to simulate the left coronary arterial system
and studied the impacts of stenosis, heart rate, and other factors on coronary hemodynamics. Mantero
et al. [8] studied the role of the coronary artery bed in the cardiovascular system. Pietrabissa et al. [9]
improved the cardiovascular system closed-loop circuit model, incorporating a more intricate depiction
of the left coronary artery, which was also utilized to assess the coronary artery hemodynamics of
surgical reconstruction. Duanmu et al. [10] established a new closed-loop lumped parameter model
for the whole coronary network (including the right coronary artery). They first proposed the head
loss model, which describes the physiological phenomenon of a sudden pressure drop at the coronary
artery’s entrance.

Since considering the entire coronary artery becomes prohibitively expensive computationally, the
model needs an outflow boundary condition to simulate the truncated tree. The three-element Wind-
kessel model, put forth by Westerhof et al. [11], is the most classical lumped parameter model and is
widely employed as the outflow boundary condition. At present, there is no strict theoretical support
for the selection of parameters in the Windkessel model, which is usually obtained through experi-
ments. Olufsen et al. [12—14] proposed the structured tree model that can also serve as a boundary
condition, with its evaluation based on the root radius of each blood vessel.

Arterial system stenosis can cause a variety of cardiovascular diseases. Zhang et al. [15] stud-
ied carotid artery stenosis. Pagiatakis et al. [16, 17] studied the influence of stenosis eccentricity and
stenosis severity on coronary bifurcation lesions. The fractional flow reserve (FFR), a nondimensional
index, can combine the physiological effects of the coronary artery with the severity of stenosis to
evaluate the hemodynamic significance of the coronary artery disease noninvasively. FFR is referred
to as the ratio of the maximum hyperemic blood flow in the coronary artery with stenosis to the maxi-
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mum hyperemic blood flow that occurs in the same coronary artery under normal conditions [18-20].
Clinical research has demonstrated that FFR between 0.75 and 0.8 (that is, under maximum conges-
tion conditions, when the pressure of the distal coronary artery is 75-80% of the proximal) is usually
considered to be the threshold for ischemic attacks. Lesions below this threshold are considered to be
the cause of ischemia [21,22].

Our purpose is to establish a coronary artery lumped parameter model that can effectively simulate
its blood supply capacity. The aortic valve fluid-structure interaction (AV FSI) simulator can simulate
the interaction between the heart and the arterial system and provide an in-depth understanding of the
function of the cardiovascular system. The 0D model simplifies the description of the cardiovascular
system and provides a series of algebraic equations to simulate changes in blood flow and pressure. In
this paper, combining the AV FSI simulator and the 0D model can make full use of the advantages of
both to achieve more accurate simulation and prediction. The head loss model is incorporated at the
entrance of the coronary artery. The outlet connects with the symmetric structured tree model proposed
by Olufsen et al. The resistance-inductance-capacitance (RLC) parameters in the OD coronary artery
model are optimized in a special way. In addition, the coronary artery stenosis model is established
by changing the local RLC parameters, and the blood supply capacity of the coronary artery under
different degrees of stenosis is analyzed using FFR and relative flow.

2. Models

2.1. AV FSI simulator

The AV FSI simulator is built using a porcine pericardial valve, as demonstrated in our previous
research [23,24]. The thickness of the valve leaflet is 0.04 cm, and the outer wall connecting with
it has a thickness of about 0.15 cm and an inner diameter of 1.3 cm. The length of the whole blood
vessel is 13 cm. The three-element Windkessel model, frequently used to simulate the afterload [25],
is coupled in the outlet. Figure 1 shows the schematic illustration of the AV FSI simulator.

PLV PAO

Figure 1. A schematic illustration of the AV FSI simulator.

Aortic valve leaflets are considered to be nonlinear, incompressible, anisotropic, and hyperelastic.
Specifically, the strain energy function of aortic valve leaflets [26] is
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in which k;, k,, Cyo, and Cy, are material parameters; k;, k, are the material constants related to the
stress and the dimensionless parameter, respectively; Cyg, Cp; are utilized to characterize the properties
of the matrix material. There are two strain invariants, I, = tr(C) and I = f; - (Cf), along with the
reference fiber direction (fy). C is the right Cauchy-Green deformation tensor. These parameter values
are presented in Table 1.

Table 1. The parameters of the AV FSI simulator, adapted from [23] and [27].

CiokPa) Co k(kPa) kK, C(ml/mmHg) R,(mmHg-s/ml) R, (mmHg-s/ml)

1.21 7.99 2423 57.62 1.75 0.79 0.033
The Windkessel model [28] is
dP P
C—= + == = Qso.
dt R,
(2.2)

PAO - PWK — Q

—RC AO»

in which C represents the vascular compliance, Py represents the pressure stored within the Wind-
kessel model, R, represents the peripheral resistance, and R. represents the characteristic resistance.
These parameter values are presented in Table 1.

In the Immersion Boundary/Finite Element (IB/FE) method [29], the fluid domain (£2/(0)) uses
the Eulerian grids and finite difference discretization, while the structure domain (€24(0)) employs the
Lagrangian grids and finite element discretization [23,30]. The influence of the structure on the fluid is
represented by incorporating a force source term into the Navier-Stokes equation [31]. The Dirac delta
function 6(x) is utilized to establish the coupling between the structure described in Lagrangian form
and the fluid represented in Eulerian form. The IB/FE method can be described as follows [31,32]:

P(aug’ 2 u(x, 1 - Vu(x, t)) ==-Vp X0+ pdu(x, 1) +1(x,1),
V'U(X,t):O’
£ (x.f) = F (X, 1) 6 (x — y (X, 1) dX,
(x, 1) fg o X, 06 (x-x(X,1) (2.3)

NXD _ fu(x,t)é(x—X(X,f))dX,
ot O

f FF(X,n)-VX)dX = — f P°(X, 1):VxV (X) dX,
Q,(0) Q,(0)

where X = (x1, X, x3) € Q represents the Euler coordinate system, and Q represents the physiil region
occupied by the aortic valve model. X = (X, X, X3) € Q(0) represents the Lagrange coordinate sys-
tem. y(X,r) € Q represents the Eulerian coordinate of the position that a Lagrangian coordinate point
X occupies at time t. u (X, t) represents the Eulerian velocity, and p (X, 7) represents the Eulerian pres-
sure. f¢ (x,r) and F¢ (X, 7) are the Eulerian elastic force and the Lagrangian elastic force, respectively.
P¢(X, 1) represents the first Piola-Kirchhoff stress tensor, which can be derived from the strain energy
function. In general, the density of blood (p) and its dynamic viscosity (¢) are assumed to remain
constant, e.g., p = 1.0 g/cm® and u = 4.0 x 1073 kg/m - s. For more details of the AV FSI simulator
and the IB/FE method, see [24,29, 30].
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2.2. Coronary artery lumped parameter model

The blood regarded as a continuous, incompressible Newtonian fluid, and the blood vessel has a
cylindrical wall that is rigid [33,34]. According to the analogy between the hemodynamic system
and the circuit system, we can establish an equivalent circuit model of a blood vessel; see Figure 2.
The blood flow satisfies the Newton equation and the continuity equation for any minuscule artery

P p P, R L P
0. |- \ Qu Qu o= Qur
\ J

(a) (b)
Figure 2. Based on the simplified structure model of arterial vessel (a), the corresponding
equivalent circuit model (b) is obtained.

length [7]. The governing equations [7,35] for flow rate and pressure of each blood vessel is

Pin - Puut = Laan + RQin’
t op (2.4)
in — Your = C Uut’
O~ Qo = €22

in which P;, and P,,, are the average inlet and outlet pressures that vary with time. Similarly, Q,, and
Q... represent the average inlet and outlet flow rates changing with time, respectively. R, L, and C are
the blood flow viscous resistance, blood flow inertia, and vascular compliance, respectively, analogous
to the resistance, inductance, and capacitance in the circuit system.

The coronary artery emerges from the aortic sinus at the root of the aorta and is divided into the left
and right branches that contain many vascular branches. Based on the CT of a patient-specific coronary
[10] and literature [9], we consider a coronary artery model composed of 20 segments: 17 segments
attributed to the left coronary artery (three additional septal branch (SPT) vascular segments are added)
and 3 segments pertaining to the right coronary artery. The schematic diagram of the coronary artery
simplified structure model is shown in Figure 3, and the OD model of the whole coronary artery is
detailed in Figure 4. Each segment of the coronary artery can be modeled with Eq (2.4). The complete
system can be mathematically modeled by the ordinary differential equations (ODEs) as

Jy

—~ = Ay +Db. 2.5
Ey y + (2.5)

In this system, y denotes the vector consisting of unknown vessel flow rates and pressures, A represents
a square matrix composed of parameter values, and b represents a column vector derived from the
specified boundary conditions.

Initial conditions, inlet and outlet boundary conditions, bifurcation boundary conditions, and so on
are needed to solve the hemodynamics of the coronary artery described by Eq (2.5). In this study, we
give the following conditions:
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| symmetric structured tree

RCA

Aorta

Figure 4. The whole coronary artery lumped parameter model, adapted from [7]. In
the model, the left main coronary artery (LMCA) includes left anterior descending branch
(LAD), left circumflex branch (LCX), SPT, diagonal branch (DIAG), and marginal branch
(MARG), and the right coronary artery (RCA) includes posterior descending artery (PDA)
and posterior lateral artery (PLA). R;, is a variable resistance related to flow rate [10]. Z1-Z13
are the root impedances for the symmetric structured tree models. The ventricular pressure
generator (VPG) simulates the feedback pressure in the myocardium.
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(1) After several numerical simulations, it is observed that the initial conditions mainly have a signifi-
cant effect on the speed of reaching the stable solution but have a small effect on the final numerical
results of the steady state. According to the Wiggers diagram [36], the initial pressure and flow
rate at each segment can be set to 80 mmHg and 0 ml/s.

(2) In order to obtain the physiologically realistic blood pressure and flow rate in the coronary artery,
the aortic root pressure calculated by the AV FSI simulator (see Section 2.1) is selected as the inlet
boundary condition.

(3) At the entrance of LMCA and RCA, the sudden decrease in blood vessel radius will lead to an
abrupt decrease in blood pressure. The pressure drop can be described by the following empirical
formula:

s

=5

where ¢ = 2.88 is the local energy loss coefficient [37] and v is the average velocity. Therefore, the

flow resistance R, can be calculated using the following Eq [10]:

Ap (2.6)

_Ap _ dp

R — SF

(2.7)
in which A represents the cross-sectional area of the blood vessel. It can be seen that R), is a variable
flow resistance proportional to the flow rate.

(4) Each vessel’s terminal is connected to the capillaries downstream, making it challenging to assess
the boundary conditions at the outlet. An outflow boundary condition, the structured tree model
presented by Olufsen et al. [12], has been used in literature, in which each vessel is modeled as
a compliant linear segment, and the root impedance (Z) depends largely on the minimum vessel
diameter at the end truncation (r,,;,). The structured tree has nothing to do with the actual geometry
of the vessel but a topological structure based on the literature data [14]. In order to simplify the
model, we choose the symmetric structured tree model and set r,,;, = 0.01 mm, indicating that
the structured tree terminates when the vessel radius is less than 0.01 mm. The root impedance
calculation formula [13] of the N-generation symmetric structured tree model is

_ 8ud 2a° - (2&3)_N

ary 2a% -1 ’

Z (2.8)

in which 4 = 50 defines the ratio of vessel length to radius [38], r, represents the root radius of the
initial vessel, and the ratio of the radius of the daughter vessel (r,) to the radius of the parent vessel
(rp) is @ = 0.778. The terminal impedance of each coronary artery outlet is shown in Table 2.

(5) Blood flow in the coronary artery is distinct from that in other parts of the arterial system, as it is
significantly affected by the relaxation and contraction of the heart. In order to simulate coronary
blood flow veritably, it is necessary to include the cardiac pressure acting on the coronary artery
vessel (i.e., ventricular pressure) [39]. At the end of the model, the VPG is connected to simulate
the intramyocardial pressure, which selected left ventricular pressure according to the location of
the coronary artery.
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(6) The principles of flow conservation and pressure continuity are ensured at the points where blood
vessels bifurcate. Specifically, the blood flow in the parent vessel is equivalent to the aggregate
sum of the flows in all its daughter vessels, and the blood pressure of the parent vessel is equal to
the blood pressure of each daughter vessel.

In this paper, a fourth-order Runge-Kutta method [40] is employed for the solution of the ODEs de-
scribing the hemodynamics of the coronary artery. In order to obtain stable numerical results, each
simulation performs three cycles.

2.3. RLC parameters optimization

Generally, there are two methods to determine the RLC parameter values in the 0D coronary artery
model. One is the manual estimate method, which depends on experimental measurements, empirical
data, or iterative adjustment of parameters. This method takes a lot of time. The other is calculated
through the lumped parameter modeling formula, but the formula is not unique, there is [7],

R = 128ul/nD*,
L = 4pl/nD?, (2.9)
C = nD’l/4Gh,

in which the Young’s modulus of blood vessel G = 2% 10° Pa[41], lis the length of the blood vessel, D
represents the diameter of the blood vessel, and the thickness of the blood vessel wall 7 = 0.08D [42].
These parameter values related to the anatomical structure of the patient’s coronary artery can be ob-
tained through a series of medical examinations, such as coronary angiography and echocardiography.

In order to obtain realistic coronary artery blood pressure and flow rate, the value range of RLC
parameters in the OD coronary artery model is preliminarily estimated by Eq (2.9), and then optimized
by the intelligent optimization algorithm, common artificial intelligence [43], genetic algorithm [44],
and particle swarm optimization (PSO) algorithm [45]. The PSO algorithm was first developed by
Russell Eberhart and James Kennedy in 1995, inspired by the foraging mode of birds (the birds allow
groups to find optimal purposes through information sharing). In the PSO algorithm, each optimization
solution is simulated as a ‘particle’. Each particle navigates through the search space, continually
updating its position and velocity information to iteratively converge toward the optimal solution. The
algorithm is simple, easy to understand, and easy to program. It has fast convergence speed and can find
the approximate optimal solution to the problem in a short time. The number of parameters is small,
and the adjustment of parameters is relatively simple [46]. It is suitable for solving high-dimensional
optimization problems. The summary of the PSO algorithm can be seen in Appendix A.

The optimization objective function is defined as the root mean square error between the reference
solution (y,) and the numerical result (y;,), expressed as:

K

F= J%Z

n=1

2

) (2.10)

Yn = Yn
in which K represents the number of sample points. The optimal results are obtained when the objective
function attains its minimum value. The termination condition is to reach the maximum number of

iterations or obtain an acceptable satisfactory solution.
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2.4. Coronary artery stenosis model

Coronary stenosis leads to diminished blood flow reaching the heart, causing myocardial ischemia,
which in turn leads to various cardiovascular diseases. It is necessary to research the influence of
coronary artery stenosis on local blood flow. To establish the lumped parameter model of coronary
artery stenosis, we adjust the RLC parameter values of the corresponding vascular segments in our
0D coronary artery model. The reduction rate of the vascular cross-sectional area () is defined as the
ratio between the stenosed vessel’s cross-sectional area (Ay) and the healthy cross-sectional area (A),
namely,

B==2 (2.11)

According to the Eq (2.9), the relationship [47] between the RLC parameter values in the stenosis state
and the healthy state can be derived as follows:

R, =RyB*,
Ly=LpB™", (2.12)
Cs = C0ﬁ3/2,

where Ry, L, and C represent the resistance, inductance, and capacitance in the stenosis state, respec-
tively. Ry, Ly, and C, represent the ones in the healthy state. The value (1 — ) represents the vascular
stenosis rate, usually expressed as a percentage. It is assumed that other parameters remain constant in
the stenosis state.

FFR quantifies the percentage of normal, hyperemic myocardial blood flow retained when the sup-
plying artery has stenosis [17], has become an important clinical indicator for judging the degree of
arterial stenosis that prevents blood flow from reaching the myocardium [20], and is also the gold stan-
dard for evaluating whether coronary artery stenosis causes ischemia [48]. In clinical practice, FFR can
be expressed as the ratio between the time-averaged proximal pressure P, and the time-averaged distal
pressure P, in coronary artery stenosis (under conditions of maximal myocardial hyperemia) [20], i.e.,

P
FFR = -2, (2.13)
P

p

For the flow rates predicted by the OD model, the average flow is calculated by integrating the flow rate
waveform over one heartbeat. This average flow is subsequently normalized by dividing it with the
average flow rate that would occur in the absence of stenosis, thus obtaining the relative flow [7]. Rel-
ative flow represents the change of flow under different stenosis degrees based on normal conditions.
It can be employed to compare the blood flow under different conditions and is an effective index for
gauging the coronary artery’s ability to supply blood to the myocardium.

The cross-sectional area of the coronary artery is decreased by 20%, 40%, 60%, and 80% to simulate
different degrees of stenosis. The pressure-related FFR and flow rate-related relative flow are analyzed
to study the blood supply capacity under coronary artery stenosis.
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3. Results

3.1. Numerical results of the AV FSI simulator

In all numerical simulations, the heart rate is set to 75 beats/min, so one cardiac cycle is 60/75
= 0.8 s. Using the IBAMR open source software platform (http://github.com/IBAMR/IBAMR) to
implement the AV FSI simulator introduced in Section 2.1, the aortic root pressure and the flow
rate through the aortic valve are in line with the real physiological conditions, as shown in Figure 5.
The systolic/diastolic blood pressure of the aorta is maintained within the normal physiological range
(120/80 mmHg). With the aortic valve opening, blood flows into the aorta, and the flow rate increases
to a peak of 572.43 ml/s. When the aortic valve closes, regurgitation occurrs and the backflow rate
can reach up to 170.70 ml/s. Over the course of a single cardiac cycle, the volume of blood that flows

into the aorta is 89.73 ml. The numerical results align well with the experimental data reported in
articles [49] and [50].

140 600
Aorta
120 P Left ventricle

100 400

®

200

Pressure (mmHg)

Flow ratc (ml/s)

0 -200
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8

Tims (s) Tims (s)
(@) (b)

Figure 5. Aortic and left ventricular pressure (a), aortic valve flow rate (b) in a cardiac cycle.

It should be noted that there are oscillations in the pressure and flow rate curves in Figure 5, which
are mainly caused by numerical effects and also involve physiological effects. The oscillations occur
at about 0.4 s. This period is the stage when the aortic valve is about to close completely, and the

hemodynamic behavior is particularly complex. The AV FSI simulator cannot accurately simulate
this phenomenon.

3.2. Parameter optimization results

In order to obtain the parameters that can better describe the properties, the RLC parameters in
the coronary artery lumped parameter model are optimized as introduced in Section 2.3. For the right
coronary artery model, the numerical results of Duanmu et al. [10] (the flow rate and pressure of RCA
and PLA) are selected as the reference solution, and their left ventricular pressure and aortic pressure
are used as the boundary conditions to complete the parameter optimization. The comparison results
are shown in Figure 6. The black circular data are the results of Duanmu et al. [10], and the red trian-
gle data are numerical results after parameter optimization. It can be seen that the numerical results of
the flow rate and pressure after parameter optimization are in good agreement with the reference so-
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lution. The fitness values of pressure and flow rate waveforms are calculated separately. Specifically,
the pressure-related fitness value is 0.195, while the flow rate-related fitness value is 0.239. There-

fore, the optimization result of the pressure waveform seems to be more ideal than that of the flow
rate waveform.

RCA PLA
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Figure 6. Comparison of right coronary artery flow rate and pressure (RCA and PLA).
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Figure 7. Comparison of left coronary artery flow rate (LMCA, LAD, and SPT2).

For the left coronary artery model, the numerical results of Pietrabissa et al. [9] (the flow rate of
LMCA, LAD, and SPT2) are selected as the reference solution, and their left ventricular pressure
and aortic pressure are used as the boundary conditions to obtain the parameter optimization values.
Figure 7 presents the comparison of the flow rate numerical results with those obtained by Pietrabissa
et al. [9]. It can be seen that the numerical results of the flow rate after parameter optimization are
similar to the waveforms of the reference solution. After parameter optimization, the objective function
values of the left and right coronary arteries calculated by Eq (2.10) are 0.526 and 0.209, respectively.
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This shows that optimizing the right coronary artery model is easier than optimizing the left coronary
artery model. On the one hand, the complexity of the structure of the left and right coronary arteries is
different; the left coronary artery has more branches, its structure is more complex, and the parameter
optimization is more difficult. On the other hand, the choice of the reference solution is different.
The left coronary artery lacks the pressure reference solution, and the number of reference solutions is
relatively scarce. To address this issue, we employed two strategies. First, the RLC parameters with
an ideal optimization effect are fixed, reducing the number of variables while dynamically adjusting
them based on optimization outcomes. Second, the numerical results with an ideal optimization effect
can be approximated as a reference solution, increasing the available data. Table 2 lists the optimized
parameter values of the OD coronary artery model.

Table 2. Parameter values for the coronary artery lumped parameter model.

Results of Eq (2.9) Optimization results
Segment | p L C R L C Z
LMCA | 0.139 0.034 0.001 |2.0159 0.01 0.00218
LAD 0.473 0.069 0.001 | 0.3685 0.001 0.0012
LADI 3.190 0.238 0.001 |2.9761 0.2064 0.00163 | 145.6
LAD2 0.922 0.100 0.001 | 0.747 0.0017 0.00107
SPT1 3.184 0.235 0.001 |2.689 0.2031 0.0012 | 155.6
SPT2 2906 0.287 0.002 | 3.8576 0.0017 0.0001 | 407.5
SPT3 2.819 0.281 0.002 | 3.6832 0.0014 0.0001 | 327
LAD3 6.803 0.238 0.0002 | 3.6025 0.009 0.00018 | 155
LAD4 4775 0353 0.001 |3.731 0.1658 0.00188 | 80.2
DIAG 1.941 0.184 0.001 |2.0509 0.094 0.00194 | 55.1
LCX 0.336  0.050 0.001 | 0.4362 0.001 0.00104
MARGI1 | 1.477 0.140 0.001 | 1.5214 0.184 0.00146 | 155
LCX1 0.401 0.048 0.001 |0.2699 0.0264 0.00075
MARG2 | 2.292 0.161 0.001 |2.014 0.150 0.001 168.4
LCX2 0.856 0.082 0.001 | 0.9891 0.0082 0.00049
MARG3 | 2.463 0.186 0.001 | 2.7604 0.0794 0.00083 | 72
LCX3 2.807 0.203 0.001 |3.7397 0.1812 0.00095 | 170.1
RCA 1.602 0.257 0.049 | 2.5284 0.5 0.02061
PLA 1.195 0.138 0.013 |5.0 0.1896 0.01017 | 59.81
PDA 2.078 0.170 0.008 |4.6671 0.001 0.00913 | 139.72
F 1.228 0.345

3.3. Healthy condition

We first set the aortic root pressure calculated by the AV FSI simulator as the inlet boundary condi-
tion, and the corresponding flow rate of each segment of the left coronary artery is shown in Figure 8.
The blood flow dynamics in the coronary artery differ from those in other sections of the arterial sys-
tem. During the systolic period (the time is 0-0.39 s), the left ventricle contracts, the intramyocardial
pressure increases, the extravascular pressure of the left coronary artery increases, and the blood flow
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is restricted, resulting in a decrease in the flow rate, which is not synchronized with aortic flow. Then,
it increases with the decrease in intramyocardial pressure until entering the diastolic period (the time
is 0.39-0.8 s). The trend is well-captured in Figure 8. The relative position of the coronary artery in
the heart also has an effect on the flow rate. For example, the flow rate of the epicardial coronary artery
(e.g., LMCA, LAD, and LCX) in the systolic period is not as pronounced as that of the endocardial
coronary artery (e.g., SPT2). Specifically, the flow rate of the endocardial coronary artery decreases
rapidly at the beginning of the systolic period and maintains a low level for a period of time. The
flow rate of the epicardial coronary artery decreases slowly during systole, and there is a slight in-

crease. During diastole, the flow rate of the endocardial coronary artery and epicardial coronary artery
increases rapidly.
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Figure 10. Flow rate and pressure of each segment of the right coronary artery.
Figure 9(a) depicts the flow rate waveforms at various spatial locations along the main trunk, start-
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ing from the entrance of the LMCA trunk (LMCA, LAD, LAD2, and LAD4). It can be observed that
the magnitude of the flow rate wave decreases significantly, but the waveforms remain basically un-
changed. The flow rate waveforms in the LCX trunk (LCX, LCX1, LCX2, LCX3) shown in Figure 9(b)
also present the same trend. In contrast, the pressure waveforms change little at different positions in
the same trunk, as illustrated in Figure 9(c).

Figure 10 shows the flow rate and pressure of each segment of the right coronary artery. In the
systolic period, the flow rate in the right coronary artery does not significantly decrease compared
with the left coronary artery. This is mainly due to the lower pressure environment in which the right
ventricle functions, with its peak pressure being only about one-fifth of the mean aortic pressure [51].
Based on the numerical results obtained from the 0D coronary artery model, it is estimated that during a
single cardiac cycle, the blood flow entering the coronary artery distributes as follows: 3.96 ml into the
overall coronary artery, with 3.11 ml flowing to the left coronary artery and 0.85 ml directed toward

the right coronary artery. In total, the coronary artery blood flow accounted for about 4.41% of the
cardiac output.

3.4. Stenosis conditions

Coronary artery stenosis is very important for the study of coronary artery blood supply capacity,
which leads to a decrease in the cross-sectional area of blood vessels, hindering blood flow. In severe
cases, it can cause myocardial ischemia. The coronary artery stenosis model is established by changing
the RLC parameters of a specific segment; see Eqs (2.11) and (2.12). In these simulations, we observe
the changes in flow rate and pressure at different degrees of stenosis (20%, 40%, 60%, and 80%) to
study how the stenosis rate affects flow rate and pressure. Figure 11 illustrates the relationship between
flow rate, pressure, and stenosis rate in the PDA of the right coronary artery. We find that when the
stenosis rate rises, the flow rate and the pressure decrease, and when the stenosis rate is higher than
60%, the blood pressure decreases significantly.

1 100
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7
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(a) (b)
Figure 11. The flow rate (a) and pressure (b) of PDA under different stenosis rates.

In the left coronary artery, six typical blood vessels (LAD, LAD2, SPT1, LCX, LCX2, and
MARG?2) are selected for stenosis simulation according to different locations (different branches and
different generations). The relationship between flow rate, pressure, and stenosis rate of the left coro-
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nary artery is similar to that of the right coronary artery. Figure 12 displays the variations in flow rate
and pressure across six different segments at varying stenosis rates. The relationship between flow
rate, pressure, and stenosis rate in the left coronary artery is analogous to that in the right coronary
artery. Compared with flow rate, pressure decreases gradually with an increase in stenosis rate, which

indicates that blood pressure is a more stable diagnostic criterion than flow rate in clinical medicine.
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Figure 14. The relative flow and FFR of some segments of the left coronary artery.

According to the flow rate and pressure at different stenosis rates, the relative flow and FFR can
be calculated. Figure 13(a) shows the relative flow of the right coronary artery PDA when PDA is
stenosed, and its FFR is shown in Figure 13(b), which is calculated by Eq (2.13). The FFR of PDA in
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healthy state is 0.98. With the increase in stenosis rate, the relative flow and FFR both decrease. The
rate of change in relative flow and FFR increases significantly when the stenosis rate exceeds 60%,
consistent with Figure 11. When the stenosis rate is higher than 72%, the FFR is lower than 0.8,
reaching the threshold of myocardial ischemia.

In the left coronary artery, the relative flow and FFR of LMCA trunk (LAD, LAD2, and LAD4),
LCX trunk (LCX1, LCX2, and LCX3), and MARGs at different locations (MARG1, MARG?2, and
MARGS3) are calculated and shown in Figure 14. Similar to PDA, the relative flow and FFR of the left
coronary artery decrease with increased stenosis. The FFR of each vessel segment of the LMCA trunk
in the healthy state is 0.990, 0.989, and 0.967, respectively. The FFR of the LCX trunk and MARGs
are also above 0.97. When the stenosis rate is between 50% and 60%, the relative flow and FFR begin
to decrease significantly. In addition, for the LMCA trunk, LCX trunk, and MARG:sS, the decrease in
relative flow and FFR becomes more and more significant with the increase in generation.

4. Discussion

In a cardiac cycle, the movement of the aortic valve occurs mainly in the systolic period. The strong
contraction of the ventricular myocardium leads to a dramatic rise in the intraventricular pressure.
Once the left ventricular pressure surpasses the aortic pressure, the aortic valve opens, and the blood
starts to flow into the aorta. When the left ventricular pressure reaches its peak, the aortic valve is
completely opened, and blood rushes into the aorta. The maximum flow rate was 572.43 ml/s. As
the left ventricular pressure decreases below that of the aorta, the aortic valve begins to close. The
AV FSI simulator can well simulate the hemodynamics of the aortic valve in a cardiac cycle and is
consistent with clinical measurement data and published literature results [49, 50]. Therefore, the AV
FSI simulator can provide the boundary condition in a healthy state for the 0D model to achieve a more
realistic simulation. In the future, we plan to introduce more boundary conditions in different states to
simulate the performance of the cardiovascular system in various complex situations.

Taking the results of the coronary artery published by Pietrabissa et al. [9] and Duanmu et al. [10]
as the reference solution, the PSO algorithm 1is utilized to optimize the RLC parameters in the 0D
model. Because the right coronary artery has a simple structure (including only three vessels) and
gives more reference solution, its optimization outcome has superior performance compared to that of
the left coronary artery. Table 2 presents the RLC parameter values for each segment of the coronary
artery. These optimized parameters are then implemented in subsequent studies.

The 0D coronary artery model established in this paper can simulate the flow rate and pressure of all
vessel segments in a cardiac cycle and evaluate the blood supply capacity of the coronary artery. The
predictions align well with previous research findings and clinical experimental data. However, there is
oscillation in the numerical result, which may be due to the influence of discretization error, mesh ac-
curacy, boundary condition processing, and other factors. The flow rate in the coronary artery is highly
correlated with the heart and arterial system. During the systolic period, the driving force for perfusing
the left myocardial is the difference between the intramyocardial pressure and the aortic pressure, and
the flow rate decreases with myocardial contraction [10, 17,51] and then increases with the reduction
of intramyocardial pressure until the beginning of diastole. However, the flow rate in the right coronary
artery does not significantly decrease during the systolic period because the lower pressure environ-
ment within the right ventricle is compared to the left ventricle [9,39]. In addition, we also studied the
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flow rate and pressure waveforms along the different spatial positions of the trunk. Since the different
cross-sectional areas of vessels along the trunk, the flow rate shows different amplitudes. Concretely,
the flow rate waveforms tend to scale (normalized relative to their average) into a curve except for a
small phase difference, and the pressure waveforms change little. Huo et al. [52] discovered that the
attenuation of the pressure waveforms’ amplitude is particularly pronounced in blood vessels with a di-
ameter less than 10 um. Under normal circumstances, the average coronary blood flow constitutes 4%
to 5% of the total cardiac output [51], and our numerical result is 4.41%.

To investigate the impact of coronary artery stenosis on both flow rate and pressure dynamics and
evaluate the blood supply capacity of the stenotic coronary artery, the stenosis model is established to
simulate the flow rate and pressure of each segment of the coronary artery when the stenosis rate varied
between 20% and 80%. As the stenosis rate increases, the flow rate and pressure decrease to varying
degrees. In clinical medicine, pressure is a very stable diagnostic criterion because the reduction of
pressure is more regular [10]. The flow rate-related relative flow and pressure-related FFR show good
concurrence with the previously published experimental data [7,53]. With the increase in stenosis rate,
the relative flow and FFR have the same trend, which is decreasing. Hamilos et al. [54] showed that the
FFR value of the stenosis rate between 60% and 70% is between 0.68 and 0.97. Koo et al. [55] found
that when the stenosis rate 1s 79 + 11%, the average FFR is 0.81 + 0.12, and only one-third of lesions
exhibit an FFR value below 0.75. For intermediate blood vessel segments, the FFR in healthy status is
not less than 0.97, while for the terminal vessels, the range is between 0.9 and 0.97 [16].

However, the coronary artery model still has some limitations. This model ignored the interplay be-
tween the heart, the arterial system, and the coronary artery, and it could not predict wave propagation.
We assume that the RLC parameters are always constant, which is approximately true in the diastolic
period, but in the systolic period, the parameters will change due to ventricular contraction [7]. For a
solitary lesion, the occurrence of ischemia is affected by many factors, such as the shape and location
of the lesion, the size and function of the myocardium being perfused, and the degree of collateral
circulation [56-58]. These factors are not taken into account in the coronary artery stenosis model.

5. Conclusions

In this paper, we establish a complete coronary artery lumped parameter model based on the simi-
larity between the circuit system and the cardiovascular system, including the left and right coronary
arteries. The model uses RLC parameters to describe each vessel segment and introduces the AV FSI
simulator to calculate the inlet boundary condition. It can predict the pressure and flow rate distribution
throughout the coronary artery tree up to the terminal blood vessel and evaluate the blood supply ca-
pacity under health status and different degrees of stenosis. The relative flow and FFR align well with
the published literature. The model can effectively simulate the common characteristics of coronary
artery hemodynamics and be easily transformed into clinical practice for real-time clinical diagnosis.
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Appendix A The PSO algorithm
The PSO algorithm is programmed on the MATLAB platform without relying on any ready-made

libraries or toolkits. It is constructed according to the core idea of the PSO algorithm. Its pseudocode
is as follows:

Algorithm 1 PSO algorithm.

for each particle i do
Initialize velocity v; and position x; for particle i
Evaluate particle i and set optimal position of individual history pBest; = x;
end for
Optimal position of group history gBest = min {pBest;}
while no stop do
fori=1toNdo
Update the velocity and position of particle i using Eq (A.1)
Evaluate particle i
if Frin(X;) < Fnin(pBest,) then
pBest; = x;
end if
if Frin(pBest;) < Fiix(gBest) then
gBest = pBest;
end if
end for
end while

K+l _ ok ko Lk k _ Lk

Vi, = wvy+cirand, (pBestid - xid) + corand, (gBestd - xid) , (A1)
k+l _ ok k ’
Xig = Xig T Vigs

Mathematical Biosciences and Engineering Volume 21, Issue 4, 5838—-5862.


http://dx.doi.org/https://doi.org/10.1093/eurheartj/ehn045
http://dx.doi.org/https://doi.org/10.1161/01.cir.87.4.1354
http://dx.doi.org/https://doi.org/10.1016/j.jacc.2011.09.077
http://dx.doi.org/https://doi.org/10.1016/j.ejrad.2013.10.005

5862

where N is the particle swarm size set to 200. k is the current number of iterations and cannot exceed
the maximum number of iterations of 400. d represents the particle dimension, that is, the number
of independent variables, and there are 60 RLC parameters to be optimized in this paper. The inertia
weight w = 0.7, the individual learning factor (c;), and group learning factor (c;) are set to 0.5. rand,
and rand, are two random numbers over [0,1] intervals.
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