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Abstract: This paper analyzed the primary resonance of a novel fractional-order coronary artery
model, exploring cardiovascular diseases related to vascular behavior from the nonlinear dynamics
perspective. By applying the averaging method, approximate analytical solutions and the amplitude-
frequency equation were derived, whereas Lyapunov stability theory was utilized to analyze the
steady-state behavior. Numerical simulations validated the accuracy of the analytical approach,
demonstrating close agreement between theoretical predictions and computational results. Key
findings include the identification of parameter-driven bifurcations that modulate resonance amplitude
and stability. Specifically, a lower fractional order ¢ and reduced damping u amplify resonant
responses, while increased pulse pressure F correlates with elevated spasm risk. These results provide a
theoretical framework for understanding how blood vessel viscoelasticity and external stimuli influence
cardiovascular dynamics, offering insights for developing diagnostic tools and therapeutic strategies to
mitigate coronary artery spasm and related cardiovascular diseases.
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1. Introduction

Cardiovascular diseases (CVDs), including coronary artery spasm and myocardial infarction, are
the leading global cause of death. Alarmingly, over 75% of related fatalities occur in low- and middle-
income countries [1]. At the root of CVDs lies the impaired function of the heart or blood vessels,
which disrupts the body’s efficient physiological processes. The coronary arteries, specific branches
of muscular blood vessels in the heart, share close associations with general muscular blood vessels
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in structure, function, and pathological mechanisms. These arteries play a crucial role in delivering
oxygen and nutrients to the heart muscle. However, they are highly susceptible to pathological changes,
such as spasms. Coronary artery spasms, characterized by chaotic contractions, can severely disrupt
blood flow, leading to life-threatening conditions like variant angina [2—4].

Given its critical significance, coronary artery research has captured the extensive attention in recent
years. For example, Meng et al. found that there is at least one periodic solution in the biological
mathematical model of muscular vessels, indicating that when such vessels are subjected to certain
periodic stimuli, the biomathematical model can reveal their corresponding periodic variations [5]. Lin
et al. [6] explored the nonlinear behavior and chaos suppression in a coronary artery chaotic system.
Karimi et al. [7] numerically investigated the initiation and propagation of a crack in the intraluminal
and radial locations of the healthy and atherosclerotic human coronary arterial walls. Carvalho et
al. [8] reviewed recent numerical studies on coronary arteries, addressing blood viscosity models
and physiological flow conditions. Ding et al. [9] investigated the chaos suppression of coronary
artery systems and designed the smooth second-order sliding mode controller to suppress the chaos
phenomenon. El Khaloufi et al. [10] addressed synchronization of pathological changes in coronary
artery obstruction patients with nominal system models.

To date, most cardiovascular research models rely on integer-order calculus to describe vascular
dynamics, providing a basic framework for arterial wall mechanics but failing to capture the complex
viscoelastic properties of biological tissues—articularly the “memory” effects inherent to arterial walls.
Fractional-order calculus addresses this gap by incorporating derivatives that mathematically model
historical stress-strain dependencies and long-range memory in biological materials. This allows for
more accurate representation of vascular tissues’ layered structure and continuous relaxation behavior,
which are unaccounted for in integer-order models. For instance, the investigations in [11-13]
employed fractional calculus and fractional-order viscoelasticity to model the viscoelastic behavior of
arteries. Researchers in [14-16] explored the application of fractional calculus in modeling diverse
biological systems, highlighting its ability to capture complex dynamical behaviors in biological
phenomena. The scholars in [17] replaced integer-order derivatives with fractional derivatives in a
muscular blood vessel model to characterize its chaotic dynamics.

While coronary artery models have been widely studied, their resonant behaviors remain
underexplored. As a key phenomenon where the system exhibits large-amplitude responses at specific
excitation frequencies, in-depth analysis of primary resonance characteristics in the fractional-order
coronary artery model helps reveal the potential pathogenesis of coronary artery diseases. The
influence of fractional derivatives on nonlinear system dynamics, a burgeoning research area, has
unveiled novel dynamic behaviors in fractional-order damped systems (see [18-22]). Motivated by
these findings, this paper investigates the primary resonance of a novel fractional-order coronary artery
model. Through meticulous analysis of the model’s frequency response curves and the interplay
between external excitation frequency and amplitude, we aim to clarify how the fractional-order
parameter modulates the system’s amplitude-frequency characteristics. These insights are expected
to advance our understanding of coronary artery biomechanics.

The paper is organized as follows: In Section 2, the amplitude-frequency equation for primary
resonance is derived, along with conditions that determine the stability of the steady-state solution.
Section 3 presents different types of amplitude-frequency curves. The utility of the amplitude-
frequency equation for estimating primary resonant solutions is numerically validated in Section 4.
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Finally, concluding remarks are provided in Section 5.
2. Primary resonance

2.1. Fractional-order coronary artery model

The work in [5, 6] showed that the coronary artery system can be mathematically modeled as

dx

— = —-by —cx,

g; i @.1)
AN Yo 3_ 1—

o (—x+x —y)+ O

where x denotes the change in the inner radius of the vessel, y is the pressure change in the vessel,
t is the non-dimensional time variable, and A, b, ¢ are the coronary artery system parameters.
Equation (2.1) can be written as
d’x 3 dx
el =((bA—c)x—bAx" — (A +bA + C)E'
Letu = A+bd+c, a = cd—bA, vy = bAd. The disturbance term F cos wt is then introduced.
In a biological context, this term can be interpreted as the periodic stimulation of blood vessels.
Thus, the integer-order coronary artery model as reported in [5] is described through the following
Duffing equation,
¥+ ux + ax +yx’ = F cos wt, 2.2)

where x denotes the change difference of vessel diameter, F coswt can be explained as a periodic
stimulation of blood vessels, and «, u, y are positive constants related to the blood flow resistance and
the elasticity of the vessel wall.

The integer-order coronary artery model (2.2) effectively describes basic blood flow dynamics but
overlooks the history-dependent viscoelasticity of arterial walls. Soft biological tissues, such as arterial
walls, exhibit non-local behavior, which is incompatible with integer-order calculus. Fractional-order
derivatives, defined via the Caputo operator DY x(r), address this limitation by incorporating a history-
dependent integral term:

Dix() = F(l;—q) fo X()(t — )",

in which I'(z) is the Gamma function satisfying I'(z + 1) = z['(2).
The fractional derivative is introduced to describe the structure of the arterial wall, and the
constitutive equation describing the stress-strain relationship can be expressed as [23,24]

o(t) = nD{e(),

where o (¢) and &(¢) represent stress and strain, respectively, and 0 < g < 1. This formulation mimics
the arterial wall’s ability to “remember” past stresses, making it suitable for modeling viscoelastic
phenomena like stress relaxation and creep.

By replacing the integer-order damping term wux with uD?x, the proposed fractional-order
model (2.3) captures the memory-dependent nature of arterial mechanics, providing a more realistic
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representation of blood vessel behavior under pulsatile flow. The new model to describe the coronary
artery is proposed as follows:
¥+ uD?x + ax +yx* = F cos wt. (2.3)

This modification is crucial because clinical observations show that arterial wall dysfunction,
such as reduced elasticity in atherosclerosis, strongly correlates with abnormal viscoelastic
properties. Fractional-order calculus bridges the gap between mathematical modeling and biological
reality, offering a robust framework to study how historical mechanical loads influence current
cardiovascular health.

2.2. Amplitude-frequency equation

The averaging method, a useful tool for finding approximate solutions to nonlinear differential
equations, simplifies these complex equations by replacing them with a more manageable averaged
system: It integrates the right-hand side over a period or cycle and uses this average to form new
equations that capture the original system’s long-term, slow-varying behavior, making it easier to
analyze aspects like stability, periodic solutions, and overall dynamics [25-27]. As a simple yet
accurate model derived this way offers reference value for general system stability decisions, we will
use it in this section to study related problems.

Using the coordinates transformation (this transformation satisfies, formally, the averaging method
requirement) as follows:

g = p,wo = Va,ey, =vy,6f = F,

Equation (2.3) becomes
¥+ & Dix + wix + ey X’ = ef cos wt, (2.4)

where wy is the natural frequency. In this transformation, y,v,, f are dimensionless quantities, and
the transformation is only to satisfy the requirement of the averaging method formally. The primary
resonance means the excitation frequency is close to the natural one, i.e., w ~ wy, and we have:

w? = wj + &0,
where o is the detuning factor. Equation (2.4) can be rewritten in the following form:
¥+ w'x = g[f coswt — u DIx + ox —yx°]. (2.5)
Suppose Eq (2.5) has the solution as

x(t) = acosg, Xx(t) =—-wasing,

where the amplitude a and the generalized phase ¢(¢ = wt + ) are slow varying functions of . In
accordance with the averaging method, one could obtain:

a= %[P1 (a,) + P(a, 0)] sin g, (2.6a)

ah = %[Pl(a, 0) + Py(a, 6)] cos ¢, (2.6b)
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where
Pi(a,0) = g[f cos(¢ — 0) + cacos ¢ — y,a° cos® ¢], (2.7a)

Py(a,0) = —guy Dl (acos ). (2.7b)

Moreover, one could apply the standard averaging method [25-27] to Eqs (2.7a) and (2.7b) in time
interval [0, T'], which means

-1 T
a4=— f [P1(a,6) + Px(a,6)] sin ¢de, (2.8a)
TC() 0

=1 (T
af = — f [Pi(a,0) + Py(a,0)] cos ede. (2.8b)
Tw 0

Based on the averaging method, one could select the time terminal 7" as T = 2r if Pi(a,0)(i = 1,2)
is a periodic function, or T = oo if P;(a,0)(i = 1,2) is an aperiodic one. Thus, the simplified forms of
the first term of Egs (2.8a) and (2.8b) would be:

21

i = " Pia.oysingds = —L sing, (2.92)
2w 2w
-1 [ ef eoca 3eya’
ab, = — Pi(a,0)cospdp = ———cos — — + (2.9b)
2nw Jy 2w 2w 8w

Substitute Eq (2.7b) into Eqgs (2.8a) and (2.8b). When 0 < ¢ < 1, the second part of these equations
can be calculated as:

) ) 1 T —&gua sin(wT + 9) )
a = _71'1—1;130 m‘fo P;(a, ) sin pdp = 11_r>1010 T - ) f f =) dt}sinedp,  (2.10a)

, . 1 T —&gua sm(wT + 9)
ab, = —Th_r)r(}0 E‘[o P>(a,0) cos pdyp = h_I)Iolo T - ) f f =) dr}cosede. (2.10b)
Two important integral formulas from [19] are used in Eqgs (2.10a) and (2.10b),
T .
t
lim fo Smt(:" )it = w'T(1 - g) cos(%), 2.11a)
T
t
lim fo COS;‘“ Ddr = w1 - g) sin(%), (2.11b)
and we can get
g-1
i, = —% sin(%), (2.12a)
. q_l
aby = F1E cos( L, (2.12b)
2 2
From Egs (2.9a), (2.9b), (2.12a), and (2.12b), Egs (2.8a) and (2.8b) can be expressed as
g—1
a= —% sing — % sin(%), (2.13a)
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. ef goa 3eyia®  sujaw!™! qn
f=———cosf— —-). 2.13b
a o cos o + S > cos( 5 ) ( )
Substituting the parameters with the original ones, Eqgs (2.13a) and (2.13b) become
F a
1=——sinf — < , 2.14
a 0 sin 2C (@) ( a)
! F
af) = —=—— cos 6 + —[~w? + K], (2.14b)
2w 2w
where )
3
K=a+ ra + K(q),

K(q) = po COS(%T),

Cg) = pw™! sin(%y

We define these two combined parameters as the equivalent damping coefficient and equivalent
stiffness coefficient of Eq (2.2). When ¢ = 1, we can get K(q) = 0, C(g) = u. Notably, the fractional
order q is a critical parameter governing the system’s dynamics. The results indicate that g influences
the system through power and trigonometric functions in the analytical solution, enabling the derivation
of an approximate solution for the system.

The steady-state solution is studied which is an important achievement in vibration engineering.
Leta = 0and af = 0.

When 0 < g < 1, from Egs (2.14a) and (2.14b), we have

Fsinf = —waC(q), (2.15a)

Fcosf = —w’a + ak, (2.15b)

in which @ and @ are the steady-state amplitude and phase, respectively.
Eliminating 6 from Eqs (2.15a) and (2.15b), one could obtain the amplitude-frequency equation as

a*{wW*[C(g)]* + [w* — K1} = F?, (2.16)

and the phase-frequency equation as
_ wC(q)

0 = arct . 2.17
arc an[w2 — K] ( )
The maximum steady amplitude is
F
max = —A 0 (2.18)
wC(q)
which is related to the equivalent damping coeflicient and exists at the excitation frequency
w= VK

that is related to the equivalent stiffness coefficient. The results obtained from Eqs (2.16)—(2.18) exhibit
excellent consistency with the findings reported in [19]. Notably, when ¢ = 1, the result derived
from Eq (2.16) aligns exactly with the integer-order model presented in [32], illustrating the model’s
capability to degenerate into the classical integer-order case under specific conditions.
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2.3. Stability of the steady resonant solutions

In the final part of this section, we analyze the stability of the steady-state solutions using Lyapunov
stability theory. Lyapunov stability theory is a mathematical framework used to analyze the stability of
dynamical systems, particularly for determining whether solutions to differential equations converge to
an equilibrium point over time. Developed by Aleksandr Lyapunov in the late 19th century, the theory
offers two primary approaches: Lyapunov’s first method (indirect method) and Lyapunov’s second
method (direct method) [31]. Below, we employ Lyapunov’s first method, which involves linearizing
the system around an equilibrium point and analyzing the eigenvalues of the resulting Jacobian matrix.
If all eigenvalues have negative real parts, the equilibrium is asymptotically stable. If any eigenvalue
has a positive real part, the equilibrium is unstable. If eigenvalues have zero real parts, additional
analysis (such as center manifold theory) is needed to determine stability.

The steady-state solution can be expressed as

X, = asin(wt + 0),

in which @ and 6 satisfy Eqs (2.15a) and (2.15b). The small perturbations near the periodic motion
x, can be assumed as Aa and Af. Leta = a + Aa, # = 6 + Af. Substituting them into Eqs (2.14a)
and (2.14b), ignoring higher-order terms, yields

dAa F C(g) .

4ad _ L cosing - =2 2.19
a 20 2 (2.192)
dN0  3ya Fcosé F . .
= + Ad + —— sin GAG. 2.19b
i~ o T e At 2 S (2.19b)

Eliminating # from Eqgs (2.19a) and (2.19b) based on Eqs (2.15a) and (2.15b), the characteristic
determinant can be obtained as

~Aj - —LA,

det 2_1[1A3 A -

=0, (2.20)

. . i’ a*
inwhichA; = S2 4, = 2C _ ) + K2 4, = 2C _ ) 4 K@

Expanding the determinant, the characteristic equation can be obtained as
B +2A10+ AT + ArA; = 0. (2.21)
From Eq (2.21),due to A| = % > (), the stability condition for the steady-state solution is

A2+ ArA; > 0. (2.22)

This condition shows that when there are three solution branches in the amplitude-frequency equation,
the median solution branch is unstable.

3. Analysis of amplitude-frequency characteristics

In this section, through a comparative analysis of the amplitude-frequency curves of the system’s
primary resonance under varying parameters, the patterns of how each parameter influences the
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system’s vibration state can be deduced. Specifically, by examining the changes in resonance
amplitude and frequency across different values of fractional order ¢, damping coeflicient y, and pulse
pressure F, we aim to clarify their quantitative and qualitative effects on the dynamic behavior of
the fractional-order coronary artery model. This analysis helps reveal how physiological/pathological
factors (e.g., arterial wall elasticity, blood viscosity, blood pressure fluctuations) modulate resonance
characteristics, providing a theoretical basis for understanding cardiovascular dynamics and potential
spasm mechanisms.

3.1. Bifurcations of primary resonance

In our study of the fractional-order coronary artery model, this section focuses on the bifurcations
of the primary resonance for a given set of parameters with w = 1.2. The key parameters within the
model play a decisive role in shaping the system’s behavior. Specifically, by leveraging the analytical
solution of Eq (2.16), we can systematically deduce how the resonance amplitude behaves as each
parameter of the system varies independently. Moreover, based on Eq (2.18), we can draw a significant
conclusion regarding the primary resonance. The peak value of the primary resonance is closely
related to the amplitude of the pulse F, the natural frequency w, and the order of fractional-order
derivative q. The peak value of the primary resonance trends to increase along with an increasing
F and a decreasing |uw?™! sin(%)]. The obtained results are visually presented in Figures 1 and 2.
These figures are essential for understanding how different parameter variations affect the resonance
amplitude in the coronary artery model. The fractional damping coefficient u is of particular interest,
as its fluctuations can modify the energy-storage and dissipation characteristics of the arterial wall,
thereby directly influencing the resonance amplitude.

-

3

P21 SN SR

Steady amplitude
[
)]

0.5

0 1 1 1 1
0 0.2 0.4 u 0.6 0.8 1

Figure 1. Resonant amplitude with u forg = 0.9, F = 0.3, w = 1.2.
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Figure 2. Resonant amplitude with F for g = 0.9, u = 0.3, w = 1.2.

The unstable region within the model is determined using Eqs (2.21) and (2.22). A detailed
examination of the associated graphs reveals the presence of multi-solutions and a jump phenomenon.
In the context of the coronary artery model, this indicates that under specific parameter combinations,
the system is capable of manifesting various stable states, with sudden transitions occurring between
them. Notably, our analysis confirms that the intermediate solution is unstable. This instability may
potentially be linked to the emergence of abnormal blood flow patterns, such as those observed during
coronary artery spasm or other cardiovascular dysfunctions.

In summary, a comprehensive understanding of these bifurcation behaviors is not only essential
for unravelling the intricate dynamics of the coronary artery system but also provides valuable
insights for future research on cardiovascular diseases. Such knowledge deepens our comprehension
of the underlying mechanisms and can guide the development of more effective diagnostic and
therapeutic strategies.

3.2. Influence of parameters on the fractional-order model

Based on Eq (2.16), we can explore the impact of several key parameters on the amplitude-
frequency curve. In the context of our coronary artery model, we focus on the effects of the fractional
order ¢, damping coeflicient i, and pulse pressure . When these parameters vary, the corresponding
results are presented in Figures 3-5, respectively.

For Figure 3, the specific parameter values are set as @ = 1, u = 0.3,y = 1, and F = 0.3.
The fractional differential term’s behavior varies with the fractional order g. When ¢ approaches 0,
the fractional differential term approximates linear stiffness, while when ¢ approaches 1, it behaves
more like linear damping. These theoretical properties have significant real-world implications for
cardiovascular health. Arterial stiffness, analogous to the state when g nears 0, is linked to aging,
hypertension, and atherosclerosis, which can increase the heart’s workload and raise the risk of
heart failure or stroke. Damping behavior, prominent as g approaches 1, affects the artery’s energy
dissipation during blood flow; reduced damping can lead to abnormal blood pressure fluctuations.

Figure 3 also shows that a smaller g value results in a larger system maximum amplitude, with
the integer-order model yielding the lowest amplitude. This indicates that past integer-order models
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may have underestimated risks. In medicine, the fractional-order model enables more accurate
assessment of arterial damage, guiding earlier interventions for patients with coronary artery diseases.
Using a constitutive model calibrated for coronary arteries, which considers their viscoelastic and
fractional-order properties, is essential for analyzing dynamic stability. In medical device development,
integrating these properties into stents and artificial blood vessels can enhance performance, reducing
restenosis risk and improving patient outcomes.

15
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Figure 3. Effect of the fractional order ¢ on the amplitude-frequency curves.

In Figure 4, the parameters are set as ¢ = 0.9, @ = 1,y = 1, and F = 0.3. From an analysis of
Figure 4, it becomes evident that in the coronary artery model, as the damping coefficient u decreases,
the amplitude of the system increases. This increase in amplitude is particularly significant in the
context of the coronary artery, as it implies a higher likelihood of irregular blood flow patterns.
Specifically, a higher amplitude can lead to an elevated risk of coronary artery spasm. This is
because the reduced damping fails to adequately regulate the oscillatory behavior of the arterial system,
potentially causing the artery to contract spasmodically.
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Figure 4. Effect of the fractional damping coefficient u on the amplitude-frequency curves.
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In medical device design, understanding this relationship is crucial. For example, when developing
stents, engineers can adjust the material properties to mimic appropriate damping coefficients. Stents
with optimized damping can better stabilize arterial oscillations, reducing the likelihood of amplitude-
induced complications and improving long-term patency rates. Similarly, in the creation of artificial
hearts or assist devices, accurately modeling damping coefficients based on Figure 4 insights can
enhance blood flow regulation, ensuring more physiological operation and patient safety.

The impact of pulse pressure F' on the amplitude-frequency curve is illustrated in Figure 5, where
the fractional order is maintained at ¢ = 0.9. The other parameters in Figure 5 are @ = 1, u = 0.3,
and y = 1. According to the data presented in this figure, a clear relationship emerges: Larger values
of F result in a larger maximum amplitude. This finding aligns well with real-world observations. In
clinical practice, coronary artery spasm is more prevalent in individuals with certain risk factors, such
as smokers, those with high cholesterol, or those with high blood pressure. High blood pressure, which
is related to increased pulse pressure, is indeed associated with an increased likelihood of coronary
artery spasm.

Steady amplitude

1 2 3 4 5 6
w

Figure 5. Effect of the pulse pressure F on the amplitude-frequency curves.

In the clinical treatment of coronary artery spasm, strict blood pressure control is of utmost
importance. Nitroglycerin, a vasodilator drug first approved in 2000, plays a crucial role in this
regard. Nitroglycerin acts on vascular smooth muscle, causing it to relax and leading to the dilation
of both arteries and veins. By doing so, it effectively reduces cardiac preload and afterload, alleviates
coronary artery spasm. The reduction in cardiac work achieved by nitroglycerin is considered the
primary mechanism through which it relieves angina pectoris symptoms. Additionally, its ability to
dilate small arteries further contributes to improving blood flow and reducing the risk of coronary
artery spasm [33].

It should be pointed out that, in clinical practice, the acquisition of accurate parameters for the
fractional-order coronary artery model requires sophisticated measurements of arterial wall properties
and hemodynamic data, such as viscoelastic modulus, fractional order g, and pulse pressure F, which
currently face significant challenges. Direct clinical measurement of these parameters demands high-
resolution imaging techniques and specialized mechanical testing, which are not yet routinely available
in standard diagnostic settings. Additionally, individual variations in coronary artery structure and
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function across patients further complicate parameter calibration. To address this, the parameters used
in this study are selected primarily for illustrative purposes to demonstrate the model’s theoretical
behavior and parameter influence trends, rather than reflecting precise physiological values. While
these values are inspired by simplified mechanical analogs and existing literature, they require
validation through future clinical experiments.

4. Comparison between the approximate analytical solution and numerical solution
According to Eq (2.16), the primary resonance amplitude-frequency response curve of the

system can be drawn. For comparison, this paper adopts the power series method introduced in
references [34, 35], and its calculation formula is

DYyt ~ h ) Oyt )), (4.1)
=0

where 1, = nh are the sample points,  is the sample step, and C? is the fractional binomial coefficient
with the iterative relationship

1+¢g
Ci =1, C;%’ =(1- T)Cj?_l. 4.2)
According to Eqgs (4.1) and (4.2), the numerical scheme for Eq (2.3) can be expressed as

x(t) = y(tu-)h = ) Cha(a), (4.32)

J=1
Y(tn) = [F cos(wty) — ax(ty) = yx () = pz(ta-1)1h = Z Ciy(ta-y), (4.3b)

j=1

2t) = (D' = > €2t )). (4.3¢)

=1

All the parameter values in (2.3) should be identified from measurements of periodic motion of
the blood circulation system, but they are currently not available. For simplicity, the selection of
parameters is referred to [28—30], which needs further experimental support. The sample step is set
as h = 0.005, and the total computation time is 150 s. After omitting the temporary response in
frontal 60 s, the peak value of the posterior response is taken as the steady-state amplitude by the
numerical results.

Based on Eq (2.16), the amplitude-frequency response curve can be obtained analytically, as shown
in Figure 6. According to Eqgs (4.3a)—(4.3c), the amplitude-frequency response can be obtained by
numerical integration, which is also shown in Figure 6 and represented by a circle. The parameter
settings for the analysis are provided in two sets: (a) With g = 0.84, @ = 1, u = 0.2, y = 0.1,
and F = 0.1; (b) withg = 085, « = 1, u = 0.3,y = 1, and F = 0.2. Upon careful examination
of Figure 6, it becomes evident that the approximate analytical solution shows a high degree of
consistency with the numerical results. This agreement validates the effectiveness and reliability of
the analytical approaches employed in this study.
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Figure 6. Comparison between the approximate analytical solution and numerical solution.

5. Conclusions

From the above-mentioned results, it is evident that the fractional order and the fractional damping
coeflicient play crucial roles in the fractional-order coronary artery model. For instance, an increase in
both the fractional order and the fractional damping coefficient can effectively reduce the resonance’s
effective amplitude and modify the resonance frequency. This finding is instructive when it comes
to selecting or designing appropriate fractional parameters for controlling blood vibrations within the
coronary artery model. In addition to the fractional-related parameters, factors such as blood flow
resistance, the elasticity of the vessel wall, and pulse pressure also significantly influence the model’s
results. A large pulse pressure, in particular, will cause an elevation in the resonance amplitude. In
a real-world context, this corresponds to the phenomenon where fluctuations in blood pressure may
trigger coronary artery spasms, which can have serious implications for cardiovascular health.

Notably, coronary artery primary resonance is linked to disease pathogenesis: Resonance-induced
high stress/strain damages vessel walls, promoting atherosclerotic plaques, while turbulent flow
exacerbates narrowing and triggers heart attacks. Studying resonance in fractional-order models
reveals mechanical mechanisms, inspiring new diagnostic and therapeutic approaches—such as
modifying arterial elasticity or reducing external disturbances to prevent resonance and curb disease
progression. While model parameter selection relies on medical experiments, this study provides
theoretical insights. Optimizing parameters based on clinical trials is a critical topic, requiring
collaboration between theorists and medical professionals to advance the model’s medical application.
Moving forward, integrating patient-specific parameters with clinical data will refine the model,
enhancing its accuracy and clinical relevance to bridge theoretical modeling with personalized
cardiovascular diagnostics and treatments.
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