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Abstract 

In this study, we aim to identify the importance in employing 

an individualised pulsatile waveform on the prediction of future 

clinical events after stent deployment. By systematically 

analysing the micro-recirculation developments of a stented 

coronary artery under different pulses, it is demonstrated that 

micro-recirculation environments enlarge in size at systole and 

diminish as flow accelerates towards peak flow at diastole. 

However, the size of these recirculation environments is very 

sensitive to the characteristics of each individual pulsatile 

waveform even though both pulses have identical time-

averaged flow rate. The differences are most pronounced at 

systole for both apposed and malapposed stent configurations, 

but discrepancy can also be observed at late diastole in a 

malapposed strut. The present investigation has contributed to 

better fundamental knowledge in post-stenting pulsatile 

haemodynamics, and hence improvements in personalised stent 

development and/or deployment strategies.  

Introduction  

The human cardiovascular system is a sophisticated flow 

network with complicated haemodynamic environments. At the 

core of the cardiovascular system, our heart periodically 

supplies blood to maintain functionalities of our bodies. These 

periodic blood flow movements change from time to time, and 

from person to person. Yet despite increasing awareness on the 

effects of pulsating flow environments (especially the macro [1] 

and micro-recirculations [2] in the coronaries), typical 

computational fluid dynamics (CFD) modelling of 

haemodynamics in the cardiovascular system often relies on 

population-specific pulsatile waveform rather than direct 

patient-specific flow measurement [3-6].  

In this study, we investigate the impacts of different pulsatile 

waveforms of the left coronary arteries on micro-recirculations 

development in the vicinity of the scaffolded coronary arterial 

segment based on co-workers’ recent findings in [4,5]. 

Pulsatile, non-Newtonian CFD analyses are performed on a 

two-dimensional idealised stent strut. Under the effect of 

different pulsatile coronary flows, micro-recirculation 

environments are carefully analysed. These fundamental CFD 

studies will shed light on the importance of personalised 

pulsatile CFD simulations, and ultimately lead to more precise 

medical treatments/devices.  

Methods 

Two-Dimensional Stent Strut Geometry 

Figure 1 shows the two-dimensional stent strut geometries 

considered in this study. The stent strut has a square cross-

section and is 150 μm thick. Three strut configurations are 

chosen [7]. These cover both an apposed stent strut and 

intermediate malapposed stent struts that are commonly 

observed in intracoronary optical coherence tomography 

imaging data [7].  

Computational Fluid Dynamics 

Pulsatile blood flow through the coronary artery model is 

numerically simulated by directly solving the incompressible 

Navier–Stokes equations: 
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∇ ∙ 𝒖 = 0 (2) 

where 𝜌 = 1060 kg/m3 is the constant blood density and the 

apparent viscosity, 𝜇, of human blood is approximated using the 

Quemada model [8]. Equations (1) and (2) are discretized into 

finite-volume formulations using an in-house modified 

OpenFOAM-2.1.1 (OpenCFD Ltd., ESI group, Bracknell, UK) 

package. Details of the numerical method, including validation, 

can be found in [4]. 

Two physiological waveforms, Pulse 1 and Pulse 2 hereinafter 

refer as P1 and P2, from the left anterior descending artery are 

prescribed as the inflow boundary condition and results are 

Figure 1. Schematic diagram showing the 2-dimensional stent strut 

configurations. On the left, the strut is apposed (touching) the arterial 

surface; Two additional strut malapposition distances are considered 

which are 150 and 300 𝜇m from the arterial surface.  

Figure 2. Pulsatile waveforms from the left anterior descending. Pulse 

1 (P1) and Pulse 2 (P2). (1) systole, (2) early diastole, (3) peak flow and 

(4) late diastole. 
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analysed at 4 major time points during a cardiac cycle: (1) 

systole, (2) early diastole, (3) peak flow and (4) late diastole 

(see figure 2) [9,10]. The two waveforms are decomposed into 

16 Fourier coefficients and artificially adjusted such that both 

have a mean flow rate of 39 mL/min. Similarly, both 

waveforms have a frequency of 75 beat per minute. No-slip 

boundary conditions are used at both rigid arterial wall and stent 

strut, whereas a zero pressure is employed at the outlet.  

Results  

Instantaneous Streamlines Pattern 

Figures 3 and 4 demonstrate the evolution of the micro-

recirculations for both the apposed stent strut and malapposed 

stent strut with malapposition distance (MD) = 150 μm under 

the two different pulses considered. The difference between the 

micro-recirculating environments of a malapposed stent strut 

with MD = 300 μm for the two pulses is somewhat similar to 

the cases demonstrated in figures 3 and 4 and hence is not 

presented.  

In an apposed stent strut, micro-recirculations are formed both 

proximal and distal to the strut. For pulse 1 (P1), micro-

recirculations are most pronounced during systole (low 

coronary flow, first panel). In fact, the two micro-recirculations 

almost join together to form a large region of flow reversal 

enveloping the stent strut. Micro-recirculations are almost 

suppressed at early diastole (rapid increase in coronary flow; 

second panel). However, they enlarge in size again at peak 

Figure 4. Instantaneous 2-dimensional streamlines showing the evolution of the micro-recirculations near a 150 𝜇m malapposed stent strut at 4 important 

time points over a cardiac cycle. From left to right: systole; early diastole; peak flow and late diastole. Velocity contour levels are same in figure 3. 

Figure 3. Instantaneous 2-dimensional streamlines showing the evolution of the micro-recirculations in the vicinity of an apposed stent strut at 4 

important time points over a cardiac cycle. From left to right: systole; early diastole; peak flow and late diastole. (Top) Pulse 1 and (Bottom) Pulse 2.  



 

 

diastole (peak flow) and remain almost identical for the rest of 

the cardiac cycle. 

The micro-recirculation environments of an apposed strut for 

pulse 2 (P2) almost follow an identical pattern as P1 (see figure 

3), except that there are notable differences in the size of the 

micro-recirculations at both systole and early diastole. At 

systole, the micro-recirculations formed in P2 are significantly 

smaller than P1. The recirculating environments remain 

confined to the proximal and distal side of the strut unlike those 

in P1. In contrast, the micro-recirculations are relatively larger 

in P2 than in P1 at early diastole. These recirculations are 

almost identical in size for both pulses at peak flow and late 

diastole.  

Strut malapposition leads to completely different 

haemodynamics as the strut is subjected to higher blood flow 

velocity away from the arterial wall (see figure 4). For P1, 

micro-recirculation is again most pronounced during systole. 

Instead of individual micro-recirculations proximal and distal 

to the stent strut, a large flow reversal region is formed that 

completely encompasses the stented area and results in reversal 

of flow near the arterial wall and a single focus distal to the stent 

strut. Although blood flow is distributed by the malapposed 

strut causing vertical deflection of streamlines distally, no 

micro-recirculation is observed for the rest of the cardiac cycle.  

More micro-recirculations are observed for a malapposed strut 

in P2. During systole, multiple micro-recirculations are obverse 

for the first time – one proximally, one distally and one centred 

between the bottom of the strut and the arterial wall. The 

recirculations are also more compact in size as compared to P1, 

with both proximal and centre micro-recirculations barely 

exceed 150 μm in height and distal micro-recirculation almost 

flush with the top of the strut. The haemodynamics in the 

vicinity of the malapposed strut becomes nearly identical for 

both P1 and P2 for the next two time points. However, 

differences are again observed at late diastole where a single 

detached micro-recirculating zone is found at approximately 1 

strut thickness (~150 μm) from the malapposed strut in P2.   

Endothelial Shear Stress 

The effects of pulsatile waveforms on the endothelial shear 

stress (ESS) for both apposed and malapposed strut are 

individually analysed and presented in figure 5. Changes in ESS 

are compared at systole as the differences between micro-

recirculations are most significant as demonstrated in figures 3 

and 4. In general, the arterial surface is subjected to a higher 

value of ESS under P2 than P1. However, when considering 

atherogenic shear stress region (i.e. |ESS| < 0.5 Pa) [11], it is 

interesting to note that a malapposed stent strut with MD = 

150 μm in P2 performed poorly in between the bottom of the 

strut and arterial surface (within grey box) as compared to the 

same strut configuration in P1. ESS for MD = 150 μm in P1 > 

0.5 Pa and hence the endothelial cell linings are protected, 

maintaining essential vascular homeostasis.  

Elevated Blood Viscosity 

The clinical significance of the presence of multiple micro-

recirculations in the vicinity of a 150 μm malapposed strut in 

P2 is also highlighted by the variations of local blood rheology 

as shown in figure 6. The elevation in viscosity ratio, 𝜇 𝜇∞⁄ , is 

employed to investigate not only the changes in blood viscosity 

near the lumen surface, but within the full computational 

domain. An elevated 𝜇 𝜇∞⁄  value represents an increased in 

“stickiness” of blood. These high viscosity regions are clustered 

near the micro-recirculations and hence demonstrate a 

significant correlation between the two. Specifically, the high 

viscosity regions in between the bottom of the strut and arterial 

surface are substantially larger in P2 than in P1, which signify 

a higher chance of thrombogenic event in P2.  

In fact, there are three instants where the local viscosity is 

elevated by more than 3-fold in between the bottom of the strut 

and arterial surface in P2 (see figure 7a). And the maximum 

local viscosity is almost double of that in P1. This combines 

with the nearly zero local velocity (refers to figure 7b) in 

between the bottom of the strut and arterial surface in P2 has 

therefore created a favourable environment for thrombosis 

formation. In contrast, the same may not be true for P1 as 

Figure 5. Endothelial shear stress (ESS) at systole. Grey colour box 

indicates the axial location of the stent strut. ESS on arterial surface is 

displayed and hence discontinued for apposed strut.  

Figure 6. Contours of locally elevated blood viscosity relative to the 

infinitely shear thinning viscosity, 𝜇∞.   

Figure 7. (a) Local elevation in blood viscosity and (b) local blood flow 

velocity along the centreline of the strut. Grey colour box indicates the 

radial location of the stent strut. P1 - Green line; P2 – Red line. 



 

 

relative high blood flow is observed at where local blood 

viscosity is elevated. 

Discussions and Conclusion 

In this study, CFD research tools are employed to better 

understand the changes in micro-recirculation environments 

under different pulsatile waveforms. Under the effect of 

pulsatile coronary flow, micro-recirculation environments are, 

in general, most pronounced at systole. The difference in these 

micro-recirculation environments between pulses is also most 

significant during systolic phase (see figures 3 and 4). In 

addition, the existence of these micro-recirculations depends 

strongly on the stent malapposition distance. In particular, one 

pulse may perform better than other in an apposed stent (figures 

3), but poorly (with increasing number of micro-recirculations, 

suboptimal ESS, high local blood viscosity and low blood flow 

velocity) in a malapposed stent strut configuration (figures 4, 5, 

6 and 7).  

With the propensity to form abnormal thrombosis is commonly 

conceptualized through Virchow’s triad [12], the presence of 

micro-recirculations represents stases in the blood stream and 

the attendant effect on local elevation in viscosity due to the 

formation of “Rouleaux” – stacks of red blood cells (RBCs). A 

similar effect was also reported in Ref. [4], wherein the large 

regions of high blood viscosity immediately distal to the 

malapposed stent signify the local accumulation of RBCs. It has 

been suggested such a condition may be a significant 

contributor to in-stent thrombosis [4,5], a highly complex and 

tightly regulated series of biochemical reactions involving 

RBCs, shear activated platelets, and coagulation factors 

interacting with dysfunctional endothelial cells and/or 

thrombogenic foreign bodies (struts).  

Study Limitations 

One of the major limitations is the lack of distensibility of the 

artery wall. The effects of cardiac systole on the coronary artery 

and the corresponding wave intensity on coronary 

haemodynamics are therefore unknown [13]. Another factor 

that might affect the present CFD analyses is the use of a 

developed velocity inlet boundary condition where turbulent 

intensity at the coronary ostia is not considered [14]. 
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