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ABSTRACT 

The deployment of a coronary stent near complex lesions can sometimes lead to incomplete 

stent apposition (ISA), an undesirable side effect of coronary stent implantation. 3-

dimensional computational fluid dynamics (CFD) calculations are performed on simplified 

stent models (with either square or circular cross-section struts) inside an idealized coronary 

artery to analyse the effect of different levels of ISA to the change in hemodynamics inside 

the artery. The clinical significance of ISA is reported using hemodynamic metrics like wall 

shear stress (WSS) and wall shear stress gradient (WSSG). A coronary stent with square 

cross-sectional strut shows different levels of reverse flow for malapposition distance (MD) 

between 0mm and 0.12mm. Chaotic blood flow is usually observed at late diastole and early 

systole for MD = 0mm and 0.12mm but are suppressed for MD = 0.06mm. The struts with 

circular cross-section delay the flow chaotic process as compared to square cross-sectional 

struts at the same MD and also reduce the level of fluctuations found in the flow field. 

However, further increase in MD can lead to chaotic flow not only at late diastole and early 

systole, it also leads to chaotic flow at the end of systole. In all cases, WSS increases above 

the threshold value (0.5Pa) as MD increases due to the diminishing reverse flow near the 

artery wall. Increasing MD also results in an elevated WSSG as flow becomes more chaotic, 

except for square struts at MD = 0.06mm.  

1. Introduction 

The introduction of coronary stents with dual antiplatelet therapy has significantly 

improved the safety of percutaneous coronary intervention for treatment of coronary artery 

disease (Garg and Serruys, 2010a; Stefanini and Holmes, 2013). However, restenoses 

remained common with first generation bare metal stent (BMS) and thus led to the 

development of second-generation polymer coating drug-eluting stent (DES). Early trials of 

DES demonstrated outstanding results, but long-term safety of DES was questioned after 

studies showed higher rate of very late stent thrombosis (ST) (Martin and Boyle, 2011). Over 
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the years, advances in metallurgy and polymer technology have substantially improved the 

design of coronary stents (Garg and Serruys, 2010b). Although the use of stents has proven to 

be highly successful (Morlacchi and Migliavacca, 2013), incomplete stent apposition (ISA), 

detected using either intravascular ultrasound (Degertekin et al., 2003a, 2003b; Hoffmann et 

al., 2008; Hong et al., 2006; Serruys et al., 2002; van der Hoeven et al., 2008) or optical 

coherence tomography (Ferrante et al., 2013; Gonzalo et al., 2009; Santos et al., 2011), 

remains a challenge in complex lesions that has been linked with adverse clinical outcomes 

(Ako et al., 2005; Nakamura et al., 2003; Tanabe et al., 2005; Weissman et al., 2005). The 

linkage between ISA and ST/ISR is yet to be understood (Colombo and Latib, 2008). De 

Santis et al. (2013) suggested that ISA disturbs blood flow and results in a high shear force as 

one of the contributing factors to ST/ISR. Foin et al. (2014) also reported an increasing shear 

rate with large ISA. However, neither studies addressed the temporal and spatial distribution 

of shear force. 

In recent years, computational fluid dynamics (CFD) has become a powerful research 

tool to provide insight into the hemodynamic changes in the proximity of a coronary stent. 

CFD can provide quantitative analysis on the negative effect on wall shear stress (WSS) and 

wall shear stress gradient (WSSG), that are associated with ST and ISR (Carlier et al., 2003; 

Ladisa et al., 2005c; Wentzel et al., 2008, 2001) and thus maybe used to optimise a stent 

design to limit regions of non-physiological flow (Balossino et al., 2008; Gundert et al., 

2012a; Murphy and Boyle, 2010a). Despite the advancement of CFD in the hemodynamic 

performance of coronary stents from a relatively simple geometry (Balakrishnan et al., 2005; 

Duraiswamy et al., 2010; Gundert et al., 2012b; LaDisa et al., 2005b) to patient specific 

studies (Chiastra et al., 2013; Morlacchi et al., 2013; Rikhtegar et al., 2014), the approval of 

coronary stents is a long process that involves initial numerical and experimental tests and 

multiple tiers of clinical studies in animals and humans but not any initial assessment on the 

hemodynamic performance of coronary stents (Food and Drug Administration, 2013). An 

excellent review on the effects of different coronary stents in a simplified coronary artery was 

provided by Murphy and Boyle (2010b). They concluded that flow reattachment is essential 
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to maintain functional endothelial cells. Berry et al. (2000) and Frank et al. (2002) suggested 

a distance of 6 times greater than the strut thickness between adjacent struts for flow 

reattachment. However, this may come at the expense of increased platelet deposition (Frank 

et al., 2002) and an undesirable WSSG (LaDisa et al., 2005a). 

In this study, we aim to improve our knowledge of the hemodynamic changes in the 

presence of a coronary stent. We focus on ISA and its clinical significance by systematically 

studying the level of ISA of a simplified coronary stent in an idealised coronary artery. This 

study will lead to a fundamental understanding of the level of ISA and the associated 3 

dimensional hemodynamic changes in order to help model more complex vessel geometries 

and improve future coronary stent designs and deployment techniques.  

2. Methodology 

2.1. Computational fluid dynamics methods 

The hemodynamics around a malapposed stent inside a coronary artery are numerically 

simulated using CFD. Blood is assumed to be Newtonian with a constant density of 

1,000kg/m
3
 and kinematic viscosity of 2.5×10

-3
Pa∙s (Gousios and Shearn, 1959). The artery 

wall is assumed to be rigid and blood flow inside is computed by directly solving the 

incompressible Navier—Stokes equations using a finite-volume solver OpenFOAM 

(OpenCFD Ltd.) with the convective term approximated by Gauss linear corrected scheme; 

Gauss self-filter central differencing scheme and Crank-Nicolson scheme for diffusive and 

unsteady terms, respectively. Relaxation factors for pressure and velocity are 0.5 and 0.7, 

respectively. Pressure and velocity coupling are through a standard PISO algorithm with a 

time step size of ~0.0014s (640 time steps per cardiac cycle). Convergence criteria for both 

pressure and velocity residuals are 10
-5

 for accurate solutions (Balossino et al., 2008). A time-

dependent velocity profile (Womersley, 1955) is prescribed at the inlet to mimic pulsatile 

blood flow behaviour. The physiological waveform is obtained from Sherwin and Blackburn 
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(2005). Both the artery wall and coronary stent are considered no-slip, and a zero pressure is 

employed at the outlet boundary.    

2.2. Idealised coronary artery and simplified stent models 

Fig. 1 presents a schematic diagram of the idealised coronary artery, simplified stent models 

and the chosen physiological waveform. The coronary artery is assumed to be a cylindrical 

tube with a constant diameter of 3mm (Bhimalli et al., 2011; Dodge et al., 1992; Ilayperuma 

et al., 2011; Spiller et al., 1983). In this study, the coronary stent is simplified as either square 

or circular cross-sections rings (red colour). Similar simplified stent models have been 

utilised by Jiménez and Davies (2009) to study the hemodynamic changes of different strut 

shapes. The stent struts have a thickness of T = 0.12mm. A total of 10 rings with ring-to-ring 

distance of L = 4.2mm is considered. The geometry and computational mesh were generated 

by ICEM-CFD (ANSYS INC., Canonsburg, PA, USA), which has approximately 7 million 

hexahedral cells. A grid resolution study was also performed by doubling the number of 

hexahedral cells and found no significant difference in the important hemodynamic metrics. 

The pulsatile waveform is shown at the bottom left of Fig. 1. The first peak of the 

waveform represents diastole followed by systole at the second peak. We simulated a patient 

undergoing light to moderate exercise with a diastolic blood velocity of 3.61m/s, which is 

approximately 5 times the resting blood flow velocity reported by Nagel et al. (2003) and 

Ofili et al. (1993). i.e., a coronary flow reserve approximately equal to 5 (Gould et al., 2013; 

Schwartzkopff et al., 1998). The mean blood flow velocity is 1.44m/s which corresponds to a 

mean blood flow rate of 600mL/min (Thibodeau and Patton, 2007). We considered the heart 

beat to be 70beats/min.  

2.3. Hemodynamic metrics 

In order to understand the effects of hemodynamic changes as a result of ISA, two of the most 

important hemodynamic metrics, WSS and WSSG, are employed. The WSS and WSSG are 

shown to have significant correlations with excessive neointimal hyperplasia (NH), which is 

the main reason for ISR (Buchanan et al., 2003, 2000; Hyun et al., 2001; Murphy and Boyle, 
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2007). Low WSS (< 0.5Pa) affects the shape and alignment of the endothelial cells that 

increase the permeability of the endothelial layer and thus excessive NH (Malek et al., 1999). 

On the other hand, endothelial cells that act as a barrier to NH grows are pushed away from 

high WSSG regions (>5,000Pa/m) (DePaola et al., 1992).  

3. Results 

CFD studies are carried out for four cardiac cycles (CC). The chaotic flow field around a stent 

is revealed by plotting the time evolution of WSS at the fourth CC. Statistical behaviour of 

WSS and WSSG are time-averaged over the fourth CC and report as TWSS and TWSSG. 

Fig. 2 presents the WSS contours of the simplified square struts attached to the idealized 

coronary artery. As the flow field is 3-dimenisonal and changes along the azimuthal direction 

(ϕ), the artery wall is artificially cut open and unwrapped into a 2-dimensional plane (Z 

versus ϕ) to clearly demonstrate 3-dimenional nature of the flow field.  

3.1. Effect of malapposition distance  

Figs. 3, 4 and 5 present the WSS contours over a CC for square struts at MD = 0mm, 0.06mm 

and 0.12mm, respectively. When the struts are attached to the wall (MD = 0mm), WSS 

decreases sharply and becomes negative distal to the square struts throughout the acceleration 

stage of diastole and initial deceleration stage of diastole from point (a) to (c). The WSS 

contours increase slowly and become positive again proximal to the subsequent strut. The 

WSS contours maintain a constant value along the ϕ-direction. The negative WSS contours 

indicate reverse flow distal to the struts as the presence of the attached struts resembles the 

flow past backward-facing steps (Biswas et al., 2004). The flow is reattached behind these 

reverse flow regions and WSS returns positive. This is consistent with Berry et al. (2000) and 

Frank et al. (2002) who stated that flow attachment is observed for strut distances > 6T. 

Chaotic WSS patterns are observed from the end of diastole (d) to early systole (f). In (d) 

WSS is highly irregular after the sixth strut. The WSS patterns remain chaotic in (e), but the 

variation in WSS magnitude decreases significantly. In (f), irregularity of WSS is only 
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observed distal to the eighth strut. In other words, the fluctuations in the flow field decreases 

in (e) and (f). During systole ((g) to (h)), the WSS is constant along the ϕ-direction indicating 

laminar blood flow.  

For MD = 0.06mm, the WSS contours are constant along the ϕ-direction through (a) to 

(d). Negative WSS in (b) and (d) are detached from the square struts. This is because reverse 

flow distal to a malapposed strut is governed by a different mechanism: the roll-up of 

vorticity in between the struts and the artery wall (Lei et al., 2006; Price et al., 2002; Wang 

and Tan, 2008). The WSS patterns show signs of irregularity distal to the tenth strut in (e) but 

this irregularity subsides for the remainder of the CC. i.e., chaotic flow is suppressed for MD 

= 0.06mm. 

For MD = 0.12mm, WSS values are positive through (a) to (b) and irregular WSS 

patterns are observed distal the seventh strut as early as (b). The WSS is highly chaotic 

throughout (c) to (e). WSS becomes irregular distal the fifth strut in (c). This irregularity 

travels downstream and only appears after seventh strut in (d) and eighth strut in (e). WSS is 

constant along the ϕ-direction for the remainder of the CC. The positive WSS value in (a) 

shows that there is no longer any reverse flow at this MD. This is because the square struts 

are considered to be isolated from the artery wall (Price et al., 2002). As a result, the blood 

flow behind the struts interacts less with the boundary layer from the artery wall. However, 

the struts are subjected to higher blood flow velocity near the centre of the artery (see velocity 

profile at the bottom right of Fig. 1). The higher local velocity leads to earlier onset of flow 

instability and longer period of chaotic flow. Chaotic blood flow is also observed proximal to 

the sixth strut for MD = 0.12mm.  

3.2.  Square struts versus circular struts 

Fig. 6 presents the WSS patterns for circular struts at MD = 0.12mm. The WSS are positive 

and constant along the ϕ-direction through (a) to (b). It becomes irregular in (c); highly 

chaotic in (d) and irregularities subside in (e). However, unlike square struts at MD = 0.12mm 

(see Fig. 5), these irregular WSS patterns are confined to the last three struts. The WSS 
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remains positive and constant along the ϕ-direction for the rest of the CC. The deployment of 

circular struts has dramatically reduced flow fluctuations. This is because the flow past a 

circular cylinder is known to have a later onset of flow instability. In fact, the flow instability 

begins at Re = Ο(10) for square (Gera et al., 2010) but Re = Ο(100) for cylinder (Smits, 

2000).  

3.3. Large malapposition distance  

The effect of large MD on the hemodynamics is also investigated and WSS patterns for 

circular struts at MD = 0.24mm are shown in Fig. 7. From (a) to (b), the WSS is positive and 

constant along the ϕ-direction. Chaotic WSS patterns begin in (c) just proximal to the eighth 

strut. The variations in WSS are more pronounced at MD = 0.24mm as struts are closer to the 

centre of the artery and thus are subjected to a higher blood flow velocity. WSS becomes 

highly chaotic in (d) distal to the fifth strut. The variation in WSS decreases in (e) and is only 

observed distal to the seventh strut. The WSS becomes constant along the ϕ-direction until (h) 

when chaotic WSS patterns are once again observed in the vicinity of the tenth strut.  

3.4.  Time averaged WSS and WSSG 

The long-term hemodynamic behavior for ISA is studied using TWSS and TWSSG as 

presented in Fig. 8. Square struts always lead to TWSS < 0.5Pa regardless of MD. On the 

other hand, the deployment of circular struts only shows low TWSS for MD = 0.12mm 

proximal to the tenth strut. The low TWSS for the square struts is attributed to the reverse 

flows behind the struts. In fact, square struts at MD = 0mm act as backward-facing steps that 

lead to strong reverse flows and lowest TWSS. As MD increases, reverse flows are less 

strong and TWSS increases gradually until MD = 0.12mm, where TWSS above 60Pa (similar 

to the TWSS reported by De Santis et al., 2013) is observed from the first to the eighth strut. 

The low TWSS distal to the eighth strut maybe attributed to the chaotic flow.  

The deployment of square and circular stent struts at different levels of ISA also affects 

the TWSSG. For attached square struts, because of the reverse flows and flow reattachments, 

they show the highest TWSSG in between the first seven struts. Increasing MD leads to low 
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TWSSG in between the first seven struts. After the seventh strut, TWSSG is substantially 

higher at MD = 0mm and 0.12mm as flow is chaotic. However, for square struts at MD = 

0.06mm, chaotic flow is suppressed and thus TWSSG is below the threshold (5,000Pa/m). 

For circular struts at MD = 0.12mm, flow is less chaotic as compared to square struts at the 

same MD. Therefore, TWSSG < 5,000Pa/m proximal to the eighth strut. Further increase in 

MD results in high TWSSG (>5,000Pa/m) distal to the sixth strut.  

Fig. 9 presents the lumen area affected by low TWSS or high TWSSG over the stented 

area. Despite the decrease in TWSS for square struts with increasing MD. The lumen area 

affected by low TWSS increases initially for MD = 0.06mm before it decreases at MD = 

0.12mm. For square struts at MD = 0.06mm, more than 50% of the lumen area is affected by 

TWSS < 0.5Pa as a result of elongated reverse flow regions. The chaotic flow at MD = 

0.12mm increases the lumen area affected by low TWSS. The use of circular struts minimises 

chaotic flow and significantly reduces the affected area. At MD = 0.24mm, the circular struts 

do not result in any low TWSS area. 

The lumen area affected by high TWSSG is the highest for square struts at MD = 

0.00mm followed by MD = 0.12. MD = 0.06mm shows the smallest affected area as the 

chaotic flow is suppressed. Circular struts have a smaller affected area at MD = 0.12mm as 

compared to square struts but increases with large MD. In general, chaotic flow increases the 

area affected by high TWSSG.  

4. Discussion 

The effect of ISA on the hemodynamic changes in a coronary artery is studied systematically 

using CFD. The coronary stent is simplified into either square/circular strut rings inside an 

idealised coronary artery. The employment of such a simplified model allows for a better 

understanding of different levels of ISA and their clinical significance on ST/ISR by studying 

WSS and WSSG and provides the foundation of further studies of more complex stent and 

vessel geometries.  
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The presence of square struts attached to the artery wall (MD = 0mm) leads to reverse 

flow similar to the flow past backward-facing steps (Biswas et al., 2004). As a result, 

low/negative WSS is calculated (see Fig. 8) and a large lumen area covered by low TWSS 

(Fig. 9). However, long separation between adjacent struts results in flow reattachment. Both 

rapid changes in flow direction and chaotic flow lead to a high WSSG. This configuration 

also results in the largest coverage of TWSSG above threshold (> 5,000Pa/m) on the lumen 

surface. At MD = 0.06mm, reverse flows governed by the interaction between the wall 

boundary layer and the presence of the square struts (Lei et al., 2006; Price et al., 2002; Wang 

and Tan, 2008) are observed, but are less strong. Longer reverse flow regions cause an 

increase in lumen area with low TWSS. Chaotic flow is supressed for this MD that reduces 

the lumen area with TWSSG > 5,000Pa/m. Further increase in MD leads to an elongated 

period of chaotic flow. The highly chaotic blood flow results in high WSSG (affected lumen 

area increases to 23% at MD = 0.12mm as shown in Fig. 9). However, as MD increases, there 

is less interaction between the wall boundary layer and the flow past the square struts. As a 

result, reverse flow is diminished and WSS is almost always higher than the threshold along 

the artery (lumen area with TWSS < 0.5Pa decreases to 14%). 

Replacing the square struts with circular struts delays the occurrence of chaotic flow due 

to later onset of flow instability for circular cylinder. The chaotic blood flow also occurs 

further downstream (distal to the eighth circular strut as shown in Fig. 6 as compared to the 

fifth square strut in Fig. 5). This results in a significantly lower WSSG distal to the fifth 

circular strut and a smaller lumen area (11%) above the TWSSG threshold. A further increase 

MD (0.24mm) enhances chaotic flow. Chaotic flow is observed just distal to the fifth strut 

which increases the affected lumen area (from 11% to 33% as reported in Fig. 9). However, 

both absolute maximum TWSS and TWSSG remain lower than square struts at MD = 

0.12mm (Fig. 8). Lumen area with TWSS < 0.5Pa is almost insignificant for circular struts.  
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4.1.  Limitations and further studies 

In this in-silico study, it is interesting to note that deployment of square struts at MD = 

0.06mm led to suppression of chaotic flow. It also outlines several other contradicting results 

such as an increase in both WSS and WSSG above the threshold with increasing MD, one of 

which leads to ST/ISR (high WSSG) while the other gives a false secure reading (high WSS). 

However, due to the idealised geometry of the stent, this study can only provide an initial 

preliminary (and general) assessment on how the WSS and WSSG are affected by various 

degrees of ISA. The results in this study should thus be interpreted with care.  

Furthermore, the idealised coronary artery disregards any curvature and stenosis. This 

can have a direct consequence on both WSS and WSSG as any secondary flow and radial 

forces are not considered. The distensibility of the artery wall and the effect of 

intramyocardiac pressure are also neglected. In some sense, some of these assumptions are 

justified as stent deployment has been shown to straighten and reduce the compliance of the 

artery wall (Balossino et al., 2008). In addition, the intramyocardiac pressure may affect the 

instantaneous WSS but not TWSS (Chiastra et al., 2013). On the other hand, simplification of 

a coronary stent to either square or circular strut rings will have a more pronounced effect on 

the hemodynamics. The fluid interactions with the stent cross members and the artery wall 

may introduce more fluctuations into the flow field and change both WSS and WSSG 

substantially. However, the employment of a commercially available stent to study the effect 

of ISA may require extensive computational power and storage. Therefore, a simplified 

model was proposed in this study to identify the MD that would lead to hemodynamic metrics 

for the “worst case scenario”. This information will be utilised in future CFD studies with the 

deployment of an accurate representation of commercially available stent in either a circular 

coronary artery or patient specific artery.  

Blood acts as a Newtonian fluid for shear rate above 100/s and is assumed to be 

Newtonian in the present study as Foin et al. (2014) demonstrated that ISA leads to shear rate 

above threshold. Due to the difficulties and limitations in in-vivo blood velocity measurement 

(Chiastra et al., 2013), blood flow velocity for an exercising patient is considered to be 
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approximately 4-5 times the resting blood flow velocity measured by Nagel et al. (2003) and 

Ofili et al. (1993). i.e., with CFR ~ 4-5 (Gould et al., 2013; Schwartzkopff et al., 1998). 

Lastly, zero pressure outlet may induce unrealistic physiological transient pressure, but is 

offset by the prescribed Dirichlet velocity boundary condition (Murphy and Boyle, 2010b) 

and lengthen outlet boundary from the strut rings (Carlier et al., 2003). 
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