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Abstract. The objective of this work is to analyze the local hemodynamic changes caused in a
coronary bifurcation by three different stenting techniques: simple stenting of the main vessel,
simple stenting of the main vessel with kissing balloon in the side branch and culotte. To car-
ry out this study an idealized geometry of a coronary bifurcation is used, and two bifurcation
angles, 45° and 90°, are chosen as representative of the wide variety of real configurations. In
order to quantify the influence of the stenting technique on the local blood flow, both numeri-
cal simulations and experimental measurements are performed. First, steady simulations are
carried out with the commercial code ANSYS-Fluent, and then, experimental measurements
with PIV (Particle Image Velocimetry) obtained in the laboratory are used to validate the
numerical simulation. The steady computational simulations show a good overall agreement
with the experimental data. Second, pulsatile flow is considered to take into account the tran-
sient effects. The time averaged wall shear stress, oscillatory shear index and pressure drop
obtained numerically are used to compare the behavior of the stenting techniques.
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1. INTRODUCTION

Flow through severely atherosclerotic vessels is of great interest. Narrowing of a blood
vessel, or stenosis, can result from substantial plaque deposit, and may cause a severe reduc-
tion of blood flow. These stenosed vessels pose grave health risks and are a major cause of
mortality in the industrialized world. The appearance and progression of the atherosclerotic
disease depend on individual characteristics, determined genetically, on the presence of risk
factors and on local factors related to the vascular anatomy and hemodynamic variables. The
consequences of local variations in the flow have been studied in different experimental mod-



els (Benard et al., 2003). Most of them suggest a correlation between low endothelial shear
stress and wall thickness, although there is discrepancy in the results (Zarins et al., 1983;
Gnasso et al., 1997 and Shaaban et al., 2000). Wentzel et al. (2000 and 2003) observed an
inverse relationship between the shear stress and the neointimal thickness for coronary arter-
ies. The appearance of low and oscillating wall shear stress appears to coincide with early
intimal thickening in the carotid artery (Ku et al., 1985) and abdominal aorta (Moore et al.,
1994). These local effects are indirectly inferred from the preferential distribution of the ath-
erosclerotic plaque on specific locations, such as bifurcations and curved arteries. Bifurcation
coronary lesions are frequent, and present a difficult challenge to the interventional cardiolo-
gist, with a high complication rate in both long and short term. Major adverse cardiac events
are significantly higher in bifurcation versus non-bifurcation lesions and this is mainly at-
tributable to vessel revascularization.

Nowadays, restenosis after percutaneous dilation is the major drawback of coronary
angioplasty. It represents a special form of atherosclerosis due to the healing process second-
ary to extensive vessel trauma induced after intracoronary balloon inflation. The use of coro-
nary stents may decrease the incidence of this phenomenon. Unfortunately, intra-stent reste-
nosis still occurs in 20-30% of the cases following the stent implantation. Garcia et al. (2006)
proposed a simplified model for the neointimal growth or decrease in stent edges and the
change in fluid dynamics parameters over time after stent implantation. They also proposed
as a criterion for restenosis the sign of the second derivative of the velocity near the wall.
There are also many studies that show that links exist between stent design, implantation
strategy and also between wall shear stress and neointimal formation, thrombosis, re-
endothelialization and restenosis (Al Suwaidi et al., 2000; Balossino et al., 2008; Benard et
al., 2003; Berry et al., 2000; Charonko et al., 2009 and Deplano et al., 2004).

A critical situation appears when the atherosclerotic lesions are found within coronary
bifurcation, in those cases the implantation technique is not unique, and therefore the different
flow patterns can produce different behaviors. Although many clinical works have focused on
coronary bifurcations, few numerical or experimental studies can be found about stented cor-
onary bifurcations. A double stent implantation in an idealized bifurcation is considered by
Deplano et al. (2004). Williams et al. (2010) studied the local hemodynamic changes caused
by main branch implantation and with and without subsequent virtual side branch balloon
angioplasty in a representative coronary bifurcation. Hu et al. (2010) investigate the magni-
tude and distribution of wall shear stress after the classical crush stenting for bifurcation le-
sions. However, none of previous authors made a comparison between different stenting tech-
niques.

There are many techniques for the treatment of bifurcation lesions. In this work three
different techniques are considered: simple stenting in main vessel, simple stent in main ves-
sel and kissing balloon through the side branch, and culotte technique, see Fig. 1. In the kiss-
ing balloon an opening is made in the side branch with the inflating balloon. In the culotte



technique a stent is inserted in the side branch. There are other techniques like crush stenting,
similar to culotte technique, that are not contemplated here.

For each stenting technique, both 45° and 90 ° bifurcations are evaluated. Initially, the
flow is assumed to be stationary and the results are compared to the experimental data ob-
tained in the laboratory with a PIV equipment, to validate the numerical procedure. After that,
the same configurations are analyzed numerically but considering pulsatile flow instead. In
order to evaluate the performance of the different stented bifurcations, the wall shear stress,
the oscillatory shear index and the pressure drop are taken into consideration. Calculations
were made also to estimate the total enstrophy and the second derivative of the velocity near
the wall to be considered as additional criteria for evaluating the performance of the different
techniques; however they have been omitted here because the results obtained indicated a
similar behavior to that of the pressure drop criteria.

(a) (b) (c)

Figure 1. Stenting techniques considered in this study: (a) simple stenting in the main branch,
(b) simple stenting with kissing balloon through the side branch and (c) culotte stenting.

To validate the numerical model it is not necessary to match the experimental model to
the physical scaling and characteristics of the coronary vessels. To achieve an accurate simu-
lation of the computational flow, we adopted the same Reynolds number (Re=pvD/p) where v
and D are characteristic velocity and vessel diameter respectively, p the density and p the vis-
cosity of the fluid.



2. EXPERIMENTAL SET-UP

Due to the difficulty for experimental studies to match the physical scaling of the cor-
onary vessels, a scaled-up model with full dynamic similarity was created to validate the nu-
merical model.

A hydraulic circuit has been designed to investigate the steady flow in a plexiglass
model of a coronary bifurcation. The flow was evaluated using Particle Image Velocimetry.
PIV provides instantaneous velocity measurements in a cross section of flow containing re-
flective microparticles. The technique is based on the comparison of particles position on two
images separated by a small amount of time. Reflections and background illumination were
blocked using Fluorescent Particles of polymer (1-20pum) in the fluid and a filter to the cam-
era lens. The PIV is a Dantec Flow Map with a double Nd:Yag Laser. The maximum inherent
error is of 3%.

To perform the experimental measurements a total of four glass models have been
tested for each one of the two bifurcation angles considered, 45° and 90°. In three of them
there are one or two stents, depending on the stenting technique: simple stent, kissing balloon
or culotte. The fourth one was tested without stent and was considered the base case, repre-
senting a healthy coronary bifurcation. The arteries are represented by straight cylinders of 8
mm inner diameter. This value of the inner diameter is big for a coronary artery and has been
chosen to obtain a better experimental resolution. Therefore, instead of coronary stents, pe-
ripheral ones from Biotronik, have been employed. In Figure 1 the experimental models for
45° and 90° bifurcations are shown. The working fluid is a mixture of glycerine (60 %) and
water (40 %) with a viscosity and density similar to that of human blood (v=3.72 x 10-6
m2/s, p=1099.3 kg/m3).

The flow rate was measured by a gravimetric flow rate. The flow rate was scaled to
maintain the same Reynolds number used in the numerical calculations where a typical inner
diameter value of 3.2 mm for a coronary artery is used. Only steady cases are measured in the
laboratory. In Figs. 3 and 4, the non-dimensional velocity contours obtained experimentally
are compared to the numerical results described in the next section.

3. NUMERICAL MODEL

3.1. Steady cases

The same geometrical configurations tested in the laboratory, and commented previ-
ously, are solved numerically with the commercial code ANSY S-Fluent, but with more realis-
tic dimensions. The inner diameter in the simulations is 3.2 mm and the length of the stents is



23.6 mm. A polyhedral mesh is used, refined near the struts of the stents to capture the corre-
sponding geometry. The mesh has 3 to 5 million of cells depending on the stenting technique.
The arterial wall is considered as rigid. This is a reasonable assumption for regions where a
percutaneous intervention is made, due to the metallic struts of the stent and the existing
plaque in the vessels. The fluid is assumed to be Newtonian with a viscosity v=3.72 x 10-6
m2/s and density p=1099.3 kg/m3, (Reynolds number equal to 172). For the steady simula-
tions, at the inlet a constant velocity equal to 0.2 m/s is imposed and at the outlets a zero
gauge pressure boundary condition is specified. In order to avoid perturbations in the solution
caused by the boundary conditions at the outlets, a bigger computational domain is chosen to
perform the steady simulations. In these first configurations, the outlets were located 35 di-
ameters downstream the bifurcation.

~— o,

05 1 1 1 1 1
0 0.1 02 03 04 05 06 07 08 09 1

Time

Figure 2. Flow rate waveform versus dimensionless time used in the transient simulations.
Taken from Williams et al., 2010.

3.2 Unsteady cases

For the unsteady case the velocity is imposed at both entrance and exits. A time-
varying parabolic profile is imposed at the inlet. The inlet blood flow velocity waveform, cor-
responding to resting conditions in a coronary artery, was taken from the literature (Williams
et al., 2010), see Fig. 2 for the first period. Only its first 10 Fourier modes were considered in
this analysis. The Womersley number corresponding to this flow is equal to 2.2. For the exits,
it has been supposed that the ratio of the flow rates at the main and side outlets for the differ-
ent stenting techniques and bifurcations, are those obtained from steady simulations as shown
in Table 1. Four cardiac cycles were simulated to obtain a stable solution; all the results
shown in this work correspond to the last cycle.



4. RESULTS

4.1 Stationary case, numerical and experimental results

The results shown in this section are referred to the stented region only, or equivalent
region for the cases where the stent is not present.
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Figure 3. Contours of velocity magnitude obtained with PIV (upper images) and those
obtained numerically (lower images) for the base case (without stent), simple stent, kissing
balloon and culottte technique for a 90° bifurcation.

In Figs. 3 and 4 are shown the velocity contours obtained both numerically and exper-
imentally. It can be observed that the flow pattern is more perturbed by the simple stenting
technique, where the flow in the side branch is more uniformly distributed downstream due to
the presence of the struts. This behaviour is more noticeable for the numerical results of the
45° bifurcation (Fig. 3), producing a smaller recirculation and stagnant region in the side
branch (see also Fig. 4), and consequently smaller areas of low wall shear stress. This tenden-
cy is also observed for the transient simulations commented below. Comparing Figs. 3 and 4
it can be seen that the flow pattern depends mainly on the geometrical configuration adopted
for the bifurcation and not on the stenting technique used. In the culotte technique, the stent
through the side branch may not be completely adjusted to the wall at the flow divider, origi-
nating a low velocity region in that area. This effect is not well reproduced numerically due to
small differences in the geometrical reconstruction of the distorted struts in that zone. Howev-
er, the overall agreement between experimental and numerical results is reasonably good.
This agreement could be interpreted as preliminary validation of the non-steady results.
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Figure 4. Contours of velocity magnitude obtained with PIV (upper images) and those
obtained numerically (lower images) for the base case (without stent), simple stent, kissing
balloon and culotte technique for a 45° bifurcation.

(a) (b)

Figure 5. Velocity vectors in the middle plane for a 45° bifurcation with a simple stent
implantation. (a) Experimental results obtained with PIV and (b) numerical results.

4.2 Unsteady simulations and comparison of the different stenting techniques

To evaluate the behaviour of the different stent implantation strategies the following
results, obtained from the unsteady calculations, were considered:



- The pressure drop within the bifurcation.
- The extent of the areas with a time average wall shear stress lower than 0.4 Pa.
- The oscillatory shear index (OSI).
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Figure 6. Time average pressure drop within a 45° (left) and 90° (right) bifurcation for
the four cases studied in the unsteady simulations.

In Fig. 6 the time average pressure loss within the stented region is presented. The
pressure losses are larger for 90° than for 45 °, as it can be expected. It can be also seen that
in both cases, 45° and 90°, the pressure drop differences in the main vessel are small for all the
configurations, the differences appear in the side branch, where the simple stenting technique
produces the worst behaviour, particularly for 45° where the pressure drop is about 10% big-
ger than the one corresponding to the other techniques. The kissing balloon technique is bet-
ter in all cases. The pressure drop could be considered as a fundamental criterion for drug
eluting stents, where the restenosis would be more limited and the reestablishment of the
blood flow would be the main objective.

Table 2. Areas (mm?) where the time average wall shear stress is lower than 0.4 Pa for
the different stenting techniques.

Without stent | Simple stent | Kissing balloon Culotte
90° 16.55 13.08 17.98 39.75
45° 25.73 16.65 29.09 44.68




In Table 2 are presented the areas, in mmz, where the value of the wall shear stress is
lower than 0.4 Pa. This value is 20% of the one corresponding to the Poisseuille solution in
the proximal region. The low shear stress regions would be, in principle, the most prone to
restenosis. According to these results the culotte technique would be the worst. The simple
stent would present globally the better performance. The areas of low wall shear stress are
localized at the exterior of the bifurcation, where two recirculation zones appear, see Fig. 7.
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Figure 7. Regions where the time average wall shear stress is lower than 0.4 Pa for the diffe-
rent stenting techniques.

Obviously, a larger number of stent struts produces larger regions of recirculation behind the
struts, this effect could explain why the culotte technique implantation presents the largest
value of low wall shear stress area. On the other hand, in the simple stent implantation the
struts in the middle of the side branch inlet reduce the size of recirculation bubble.

In Fig. 8, the time evolution of the zones affected by low wall shear stress is shown
together with the corresponding velocity magnitude in the middle plane. The time is normal-
ized with the cardiac cycle period.
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Figure 8. Time evolution of the regions where the wall shear stress is lower than 0.4 Pa (upper
images) and velocity magnitude (m/s) contours in the middle plane (lower images), for a 45°
bifurcation with culotte technique.
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Figure 9. Oscillatory shear index (OSI) for the different configurations.

To take into account the pulsatile nature of the flow the oscillatory shear index (OSI)
has been also quantified. It is defined as:
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where T is the period of the cardiac pulse and 7, is the wall shear stress projected in the main
flow direction.

It is well known from clinical investigations that restenosis may occur not only in re-
gions of low wall shear stress but in that zones where the flow recirculates, or reversed flow
appears. These regions are characterized by temporal oscillations in the direction of the wall
shear stress. In Table 3, the area exposed to elevated OSI (> 0.1) is shown. When there is a
stent located in the side branch the presence of the struts produces a smaller area of recirculat-
ing flow and elevated OSI, see Fig. 9. This explains why the area with OSI > 0.1 is higher for
the culotte than the one corresponding to simple stent implantation. This tendency is more
marked for the 45° bifurcation. The best technique turns out to be again the simple stenting
because reduces the separation bubble in the side branch.

Table 3. Area (mm?) exposed to elevated OSI (OSI > 0.1)

OSI Without stent | Simple stent | Kissing balloon Culotte
90° 38.51 29.69 42.01 35.04
45° 73.87 46.17 79.90 62.83

9. CONCLUSIONS

A numerical and experimental study of the influence of different stenting techniques in
a simplified coronary bifurcation is made. The experimental results obtained with PIV for
steady cases show a good overall agreement with the numerical ones, validating the computa-
tional procedure. In the obtained results, the bifurcation angle has a great influence in the he-
modynamic behaviour of different stenting techniques. Simple stenting technique shows the
worst results in terms of pressure drop. This criterion could be applied for drug eluting stents
where the restenosis is not as critical as the reestablishment of the blood flow. Considering
the criteria that evaluate the regions of low wall shear stress (< 0.4 Pa) and elevated OSI (>
0.1), in general, the culotte procedure that increases the number of struts shows a worse per-
formance and therefore could increase the restenosis. The best option, in this case, would be
the simple stenting.



Opposite recommendations are obtained depending on the criteria chosen. Due to the
struts at the entrance of the side branch, the simple stenting technique creates additional vorti-
city that leads to higher pressure losses, whereas the regions of low wall shear stress and re-
circulating flow near the proximal wall of the side branch are reduced.

Obviously the present simulations focus only on the hemodynamic aspects and other
factors should be taken into account before choosing the most appropriate stenting technique.
Moreover, even if only fluid dynamic criteria are considered, it should be noticed that the
configurations studied are idealized coronary bifurcations. The behaviour patterns obtained in
this work should be verified in more realistic geometries.
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