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Abstract 

Myocardial bridging (MB) is an arterial disease and presents 

as a dynamic stenosis where in systole the artery is squeezed 

due to the heart contraction, while in diastole it remains 

uncompressed and normal. The prevalence of MB is high on 

autopsy cases and functional MB may lead to coronary 

syndromes or even the sudden cardiac death. Fractional flow 

reserve (FFR) has been proposed to evaluate the severity of 

coronary stenosis, including in cases of MB, and is the gold 

standard in clinic. FFR is simplified as a ratio of two pressures 

trans-stenosis in hyperemia, and is a unitless index ranging 

from 0 to 1. The cut-off value is 0.75 and if measured FFR is 

less than this, further intervention may be considered. The 

main objective of this research is to explore the impact of the 

heart compression force in systole on FFR using the fluid-

structure interaction (FSI) study. The blood flow is assumed to 

be incompressible and Newtonian, and the vessel wall is 

assumed to be linear elastic. A force function was applied in 

solid domain and the length of force region was varied, in 

terms of 1D (Diameter, mm), 4D, 8D, 12D, 16D, 20D. The 

distributions of the blood flow velocity, the vessel wall stress 

and the pressure are presented. The results showed that the 

value of FFR was slightly reduced with the increase of force 

range. 

Introduction  

Epicardial coronary artery underlying the muscle is termed as 

myocardial bridging (MB). MB is a congenital disease and on 

average is present in one third of adults [5]. MB is observed as 

many as 40% to 80% of cases on autopsy and mainly occurs in 

the middle of the left anterior descending coronary artery 

(LAD) [3]. In systole, the vessel is compressed due to the 

heart contraction, while in diastole it remains uncompressed 

and normal. MB is a dynamic stenosis and the length of the 

bridging is one of the main factors contributing to the 

occurrence of myocardial ischemia [1]. 

In clinical diagnosis, vessel anatomy is frequently used for 

disease identification and percent diameter stenosis (DS%) 

provides a simple yet appropriate metric of lesions. DS% is 

typically calculated as the difference between the minimal 

luminal diameter (MLD) and the target reference vessel 

diameter (RVD), divided by RVD and multiplied by 100 to get 

the percentage of stenosis. Based on the definition, DS% 

would be the same if two cases have the same MLD and RVD 

but different lesion length, which indicates that DS% does not 

include much effect of the length of the stenosis. 

Fractional flow reserve (FFR) was proposed [6] to more 

accurately evaluate the functional severity of coronary 

stenosis. And FFR-guided percutaneous coronary intervention 

(PCI) may bring about better clinical outcomes compared with 

angiography-based therapy [4, 9]. FFR is defined as the ratio 

of the flow in stenotic artery to the flow in the same artery in 

the hypothetical case that the stenosis were removed in 

hyperemia condition. Due to the applicability and accessibility 

in clinic, FFR is simplified as a ratio of the distal pressure (Pd) 

to the aorta pressure (Pa) [2]. 

In this research, a force function was created to mimic the 

heart compression force in systole, and different lengths of 

force region were applied to investigate their effects on MB. 

FFR was used as an evaluation method of MB and a smaller 

value indicates that the disease is more severe. 

Method 

The simulations were performed in the commercial software 

of COMSOL Multiphysics 5.3 based on finite element method 

(FEM). A “2D Asymmetric” component was selected with 

polar coordinates (r, z). Two rectangles were built and by 

revolving the plane along z axis, the three-dimensional 

geometry was constructed automatically (figure 1). The 

diameter (D) of the vessel is 3 mm and the wall thickness is 

0.5 mm. 

 

Figure 1. Schematic illustration of the ideal model. L denotes the 

length of the force region applied in the vessel wall. The lengths of 
entering and exiting the compression part are both 20D. The block 

diagram in red colour presents the meshing of the computed model. 

The studies of the fluid-solid interaction (FSI) were employed. 

The incompressible flow of a Newtonian fluid in steady state 

is governed by the continuity and Navier-Stokes equations, 

respectively: 

∇ ∙ 𝒖𝒇 = 0     (1) 

and 

𝜌𝑓𝒖𝒇 ∙ ∇𝒖𝒇 − ∇ ∙ 𝝈𝒇 = 0   (2) 



where 𝑢𝑓  is the fluid velocity vector, 𝜌𝑓 is the density of the 

fluid and 𝜎𝑓 is the stress tensor of the fluid. The motion of the 

structure is described by: 

−∇ ∙ 𝝈𝒔 = 𝜌𝑠𝒇𝒔     (3) 

where 𝜎𝑠 represents the stress tensor of the solid, 𝜌𝑠 represents 

the density of the solid and 𝑓𝑠 represents the load applied on 

the structure. At the FSI interface, the fluid and solid 

velocities are equal based on kinematic coupling equation: 

𝒖𝒇 =
𝜕𝝃𝒔

𝜕𝑡
      (4) 

where 𝜉𝑠 represents the displacement of the solid. And the 

normal stresses are opposite based on the dynamic coupling 

equation: 

𝝈𝒇 ∙ 𝒏𝒇 = 𝝈𝒔 ∙ 𝒏𝒔     (5) 

where 𝑛𝑓 and 𝑛𝑠 are the unit vectors normal to the interface 

inwards from the fluid and solid side. 

The flow was set as laminar with a density of 1050 kg/m3 and 

a dynamic viscosity of 0.00365 Pa∙s. The material of the solid 

domain was linear elastic. The Young’s modulus of it is 3106 

Pa and the Poisson’s ratio is 0.3. The density of the arterial 

wall was defined as 1150 kg/m3 as well. 

The discretization of the geometry was based on “Mapped” 

scheme. The nodes were distributed by prescribing different 

numbers and element ratios along the edges of the model. The 

quad meshing was generated and the elements close to the FSI 

interface were refined and optimized (figure 1). The quality of 

the meshing ranges from 0.9 to 1 in all of the computed 

models. And the deformation of the meshing in the 

computation was set as “Winslow” smoothing type. 

The pressure of 100 mmHg was applied at the inlet, and the 

normal outflow velocity of 0.4 m/s was applied at the outlet. A 

force function was generated [7] and was applied in the solid 

domain (equation (6)). The “Direct” and “Segregated” scheme 

were used in the stationary solver. 

𝑓(𝑧)  = 200 ×  𝑒

−4×𝑧2

(
𝐿
2)2

        (−
𝐿

2
≤ 𝑧 ≤

𝐿

2
)   (6) 

Numerical models with different values of L were studied, 1D, 

4D, 8D, 12D, 16D and 20D respectively. FFR was calculated 

by the ratio of Pd/Pa, where Pd was obtained at the central 

point of the plane 10D down the narrowing [8], while Pa was 

obtained at the central point of the plane of the inlet. 

Results and Discussion 

The stability and accuracy of the simulations were analysed in 

the six models. Pd is a significant parameter and was chosen 

for the convergence study. The results of the tolerance 

analysis of the model with L of 8D are presented in table 1. 

The tolerance was set as 110-3, 110-4, 110-5, and 110-6. 

However, the value of Pd remained the same as 1.2689104 

Pa. Therefore, the tolerance of the simulation was defined as 

the default number of 110-3. 

Tolerance Level Pd (Pa) 

110-3 1.2689104 

110-4 1.2689104 

110-5 1.2689104 

110-6 1.2689104 

 

Table 1. The convergence study of the tolerance level in the model 
with L of 8D. 

Different meshing sizes were created, in terms of 5104, 

1105, 2105 and 4105. Similarly, table 2 shows the meshing 

convergence study of the model with L of 8D. The variable of 

Pd was selected and the values in different meshing size were 

compared. According to the results, the increasing of the mesh 

size did not affect the outcomes of Pd. The main difference 

and the grid convergence index (GCI) are both zero. 

Therefore, the meshing with 5104 elements was selected to 

compute the convergent results. 

Meshing Size Pd (Pa) 

5104 1.2689104 

1105 1.2689104 

2105 1.2689104 

4105 1.2689104 

 

Table 2. The convergence study of the meshing size in the model with 

L of 8D. 

 

Figure 2. Velocity contours of the central cut-plane. The height 

presented is only 20D in the middle of the entire model. The arrows in 
black represent the flow direction. 

 



The ideal artery model is compressed and the stenosis of the 

models with different L are shown (figure 2). The velocity 

contour of a cut-plane was drawn and the maximal velocity of 

the six models is around 1 m/s. If the value of L is too small, 

like 1D, the velocity in the position of 
3

4
D is close to 0.1 m/s. 

However, when the value of L increases, the magnitude of 

velocity in that place is about 0.5 m/s. 

 

Figure 3. Von Mises Stress distributions of the arterial wall. A to F 
represent the model with L of 1D, 4D, 8D, 12D, 16D, 20D, 

respectively. 

 

The region of the large value of the von Mises stress mainly 

distributes near the compression part (figure 3). The 

magnitude of the stress in the entry and exit region is around 

0.5105 N/m2. In addition, with the increase of L, the maximal 

value of the stress is reduced, from 5.7105, 4.9105, 4.0105, 

3.7105, and 3.5105, to 3.2105 N/m2 (table 3). 

L of The Model Maximal Value of Stress (N/m2) 

1D 5.7105 

4D 4.9105 

8D 4.0105 

12D 3.7105 

16D 3.5105 

20D 3.2105 

 

Table 3. The maximal value of the von Mises stress of the solid 

domain in the six models. 

Generally, the pressure contours of the six models dose not 

show much difference (figure 4). However, if the lesion length 

of the stenosis is very small, the value of pressure jumped 

more rapidly than the case with a larger L. The value of Pd is 

decreased if the value of L increases, in terms of 1.2861104, 

1.2766104, 1.2689104, 1.2619104, 1.2552104, and 

1.2486104 Pa (table 4). Therefore, FFR values were slightly 

decreased, from 0.96 to 0.94. Clinically, the value of FFR 

detected in the patients may be less than 0.75. Results in the 

simulations with the FFR value larger than 0.9 may be because 

of the amplitude of the force. 

 

Figure 4. Pressure distributions of the numerical models. The length of 

the presented contours is only 20D in the middle of the entire model. 

 

L of The Model Pd (Pa) FFR DS% 

1D 1.2861104 0.96 15 

4D 1.2766104 0.96 23 

8D 1.2689104 0.95 20 

12D 1.2619104 0.95 18 

16D 1.2552104 0.94 16 

20D 1.2486104 0.94 14 

 

Table 4. The results of FFR and DS% of the six models in different 

value of L. 

The results of the DS% are shown in table 4 as well. If the 

DS% is chosen as the evaluation tool, according to the 

definition, the severest case of the six models is the second 

one of 23% narrowing. However, if choosing FFR as the 



assessment tool, the severest case is the last model. That may 

further imply the inconsistency of using different methods to 

evaluate MB. 

Conclusion 

FSI studies of the ideal MB models were analysed in the 

commercial software and the impact of the length of 

compression force region on FFR was identified. The contours 

of the flow velocity, the von Mises stress and the pressure 

were presented as well. It was found that FFR value was 

slightly decreased if the force region enlarged. 

Limitations and Future Work 

There are several limitations of this study. Firstly, an ideal 

cylinder model was simulated rather than the patient-specific 

case. Clinically, the artery of the patient may be highly 

tortuous and the haemodynamic research of that may show 

different outcomes. Secondly, the simulation is in steady state. 

However, MB is a dynamic stenosis and the characteristics in 

systole and diastole are varied, which implies that a transient 

study would reveal more of the mechanism of the disease. 

Thirdly, the deformation of the FSI model is not very large 

and a more severe case may be constructed in the future. 

The experimental study and data from the hospital would be 

used to validate the computational results in the future as well. 

At present, the bridging rig has been built mimicking the 

morphology of MB and measurements of FFR have been 

performed in the laboratory. 
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