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Abstract 
 

The treatment of coronary bifurcation lesions represents a challenge for the interventional cardiologists 

due to the lower rate of procedural success and the higher risk of restenosis. The advent of drug eluting 

stents (DES) has dramatically reduced restenosis and consequently the request for re-intervention. The 

aim of the present work is to provide further insight about the effectiveness of DES by means of a 

computational study that combines virtual stent implantation, fluid dynamics and drug release for 

different stenting protocols currently used in the treatment of a coronary artery bifurcation. An explicit 

dynamic finite element model is developed in order to obtain realistic configurations of the implanted 

devices used to perform fluid dynamics analysis by means of a previously developed finite element 

method coupling the blood flow and the intramural plasma filtration in rigid arteries. To efficiently 

model the drug release, a multiscale strategy is adopted, ranging from lumped parameter model 

accounting for drug release, to fully 3-D models for drug transport to the artery. Differences in drug 

delivery to the artery are evaluated with respect to local drug dosage. This model allowed to compare 

alternative stenting configurations (namely, the Provisional Side Branch, the Culotte and the Inverted 

Culotte techniques), thus suggesting guidelines in the treatment of coronary bifurcations lesions and 

addressing clinical issues such as the effectiveness of drug delivery to lesions in the side branch, as 

well as the influence of incomplete strut apposition and overlapping stents. 

 

Introduction 
 

The treatment of coronary bifurcation lesions occurs up to 16% of coronary treatments [1,2] and 

represents a major challenge for interventional cardiologists due to a lower rate of procedural success 

and a higher risk of restenosis. 

Before the advent of stents, these lesions were treated using balloon angioplasty. The main limitations 

of such treatment were the plaque shift that could lead to lateral vessel occlusion and the acute elastic 

recoil of the vessel wall. The final kissing balloon (FKB) dilatation, consisting in the simultaneous 
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balloon expansion in both the main branch (MB) and the side branch (SB) allowed to overcome the 

plaque shift, but the elastic recoil of the vessel still remains an unsolved problem.  

Bare metal stents (BMS) were designed to scaffold the arterial wall avoiding the acute vessel closure. 

Nevertheless, the development of neointimal hyperplasia, occurring after BMS implantation, impairs 

the performance of the device and results in long term in-stent restenosis. The choice of the most 

convenient technique for stenting bifurcations is controversial. On the one hand, studies on BMS [3,4] 

showed that a two stents procedure was associated to a higher rate of restenosis with respect to the 

single stent procedures and a longer interventional time [5]. On the other hand, implantation of only 

one stent in the MB may compromise the flow in the SB through a combination of plaque shift and 

“pinching” by the stent struts [5]. 

The advent of drug eluting stents (DES) in the treatment of coronary artery diseases has dramatically 

reduced in-stent restenosis and consequently the request for re-intervention [6]. As suggested in Park et 

al. [7], the previous indications on stenting techniques performed using BMS should be reinterpreted in 

the DES era. In particular, stent pattern, strut geometry, interactions with luminal flow, arterial tissue 

transport and uptake properties are expected to significantly affect arterial drug distribution, which is 

hardly evaluated by means of experimental techniques.  

Several computational models have been recently proposed to analyze drug release in the arteries using 

one-dimensional [8,9], bi-dimensional [10-13], or three-dimensional approaches. These 3-D models 

consist of either using a simplified geometry [14] or deriving it from the simulations of stent expansion 

[15,16]. The arterial wall is generally modeled as a homogenous porous medium, including drug 

advection due to plasma leakage. In addition to this model setting, some authors account for drug 

binding to tissue proteins, others include anisotropic drug diffusivity or the presence of atherosclerotic 

plaque. Other studies [17-22] are focused on local hemodynamics neglecting anisotropic diffusion, 

coating and tissue porosity, plasma filtration in the tissue, and protein effects. 

The aim of the present work is to provide further insight on the effectiveness of DES by means of 

computational analyses that combine virtual stent implantation, fluid dynamics and drug release for 

three different procedures (Provisional [1], Culotte [23,24] and Inverted Culotte [25]) used in the 

treatment of a coronary artery bifurcation. First, an explicit dynamic structural finite element model is 

implemented to obtain realistic configurations of the implanted device. Then, fluid dynamics is 

achieved by means of a previously developed [26,27] finite element method coupling the blood flow 

and intramural plasma filtration in rigid arteries. In particular, the former is described using Navier-

Stokes equations and the latter is addressed by means of the Darcy law. Finally, to efficiently model the 

drug release, a multiscale strategy is adopted, ranging from lumped parameter models, accounting for 

drug release to fully 3-D models for drug transport to the artery [28] (Fig. 1).  

Figure 1: Computational model of DES: a) 3D geometry of the DESs implanted in the coronary bifurcation via a 

structural finite element model; b) 1D model of DESs built form the 3D geometry; c) drug concentration in the arterial 

wall (blue to red code), blood velocity in the arterial lumen (streamlines) and 1D geometry of the two DESs. 
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Differences in drug delivery to the artery in the MB and in the SB are evaluated, thus suggesting 

guidelines in the treatment of coronary bifurcations lesions. The proposed model might be useful to 

address clinical issues such as the effectiveness in the treatment of lesions in the SB, the influence of 

incomplete strut apposition and stent overlap on drug delivery. 

 

Materials and Methods 
 

A computational model for DES 

Two consecutive modeling phases are carried out: in the former the stents are expanded into the 

bifurcated coronary artery by means of structural simulation performed with ABAQUS/Explicit 

commercial code (Dassault Systèmes Simulia Corporation, RI, USA); in the latter, starting from this 

deformed configuration, the analysis of fluid dynamics and drug release is performed with an in-house 

code [26,27]. 

 

Phase I: Realistic structural model of a stented artery 

A model of coronary bifurcation is created with an angle of 45°, a thickness of the arterial wall of 0.9 

mm and internal diameters of the MB and SB equal to 2.78 and 2.44 mm, respectively. 

The geometry of the investigated stents resembles two commercial devices: the standard Multilink 

Vision (Abbott Laboratories, Abbott Park, IL; USA) and Tryton (Tryton Medical Inc, Durham, NC, 

USA), a new dedicated BMS for coronary bifurcations.  

 
Figure 2: Coronary bifurcations after stents implantation using provisional side branch (PSB), culotte (CU) and Inverted 

Culotte (ICU) techniques, and Inverted Culotte (ICU) technique with Tryton stent (TRY). 

 

Three different stenting procedures are simulated using the Multilink stent model: the Provisional Side 

Branch (PSB), the Culotte (CU) and the Inverted Culotte (ICU) (Fig. 2). The PSB is a one-stent 

technique that consists in the implantation of a stent in the MB across the bifurcation followed by a 

FKB inflation that allows to free the SB access from stent struts. The CU is a two-stent technique in 

which, after a PSB stenting, another stent is inserted in the SB. The procedure is ended with the FKB 

inflation. The third case investigated is the ICU technique consisting in the expansion of a stent in the 

SB followed by the implantation of the second stent in the MB and finally concluded by FKB inflation. 

The main drawback of the two Culotte techniques is the wide overlap region of the two implanted 



4 

 

devices resulting in a double metallic layer in the proximal part of the MB. To overcome this 

limitation, a new ICU approach, where Tryton is implanted as a SB stent, has been proposed in clinical 

literature and hereby investigated (TRY), too.  

In order to reach realistic geometrical configurations, the stented bifurcation model is obtained running 

structural analysis by means of ABAQUS/Explicit with the method developed in Gastaldi et al. [29]. 

Then, the final configurations are exported as triangulated surfaces and used to create the fluid domains 

for the subsequent analyses [30]. 

 

Phase II: Fluid dynamics and drug release 

Drug release, transport in the blood stream and absorption into the arterial wall are described by the 

model developed in [28] and briefly summarized below. Quantities related to the stent are denoted with 

(s), the ones related to the arterial lumen and wall are labeled by (l) and (w), respectively. The model 

takes into account diffusion and dissolution mediated drug release process with finite dissolution rate 

according to the equations proposed in [31]. Starting from an initial solid concentration, drug dissolves 

and diffuses through the interstices of the DES coating in order to finally reach the outer surface and be 

released. The solution of such equation is analytically approximated by means of asymptotic 

expansions and the profile of the drug release rate 
  
J

s
(t,x)  is explicitly quantified in [32] as  

 

  
J

s
(t,x) = !(1! a(t,x)erf (")!1 D

s
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)  

 

where !  is a correction coefficient depending on the substrate physical properties and   a(t,x)  denotes 

the drug concentration into the artery (referring either to the lumen or the wall). Drug concentrations 

are non-dimensional values referred to the saturation level of dissolved drug in water,  c , which 

assumes the unit value. For advection and diffusion of released drug in the blood steam, blood is 

modeled as a Newtonian fluid subject to Navier-Stokes equations complemented by steady boundary 

conditions, as in [26,33,34]. In particular, we impose a steady parabolic velocity profile whose peak 

reaches 240mm/s at the inflow of the vascular district and 70/30 flow division between the MB and SB 

respectively at the outflow[35]. Such conditions correspond to a physiological coronary mean flow rate 

over a heartbeat. The drug concentration inside the lumen, 
 
a

l
, is governed by an advection, diffusion 

model: 
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where the novelty consists in considering the DES as a concentrated drug source represented by the 

term 
  
2!R

s
"

l
(x)J

s
(t,x)#

s
(x) , featuring a Dirac mass 

  
!

s
(x)  located on the meanline of DES struts and 

modulated by the local intensity of drug release 
  
J

s
(t,x)  multiplied by the strut section perimeter 

  
2!R

s
 

with assumption of circular shape. The effective radius 
 
�

s
 is computed to make sure that the effective 

release surface is equivalent to the real one. Assuming that the real struts feature a rectangular section 

with perimeter P, the radius is given by 
  
R

s
= P 2! . The factor 

  
0 !"

l
(x) !1 quantifies the fraction of 

the stent surface embedded in the lumen. Drug absorption into the arterial wall is described by means 

of a system of similar equations including dynamic binding of the drug to the extracellular matrix 

[36,37]. The free drug concentration 
 
aw  and density of free binding sites 

 
b�  in the arterial wall are 

respectively governed by 
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Initial and inflow drug concentrations, as well as outflow diffusion fluxes are set to zero. At the 

interface between the lumen and the arterial wall, continuity of drug concentration and fluxes is 

enforced, to satisfy mass conservation between the two regions. Intramural plasma filtration promoted 

by the pressure drop form the inner to the outer surface of the artery convects the drug through the 

arterial wall. This flow is modeled by means of the Darcy law of filtration and computational studies 

performed in [26] suggest that physiological arterial leakage affects the release profile promoting a 

deeper penetration of drug in the artery and a quicker washout. 

The drug release and absorption model is complemented with coefficients corresponding to release of 

heparin and for this molecule validation of the release rate 
  
J

s
(t,x)  has been performed in [28] by 

comparison with the classical Higuchi model [38]. According to [39] we set the diffusivity of the drug 

in the arterial tissue to 
  
D

w
= 7.7 !10

"6
mm

2
s  and the diffusivity in the lumen to 

  
D

l
= 1.5!10

"4
mm

2
s . 

As regards the ligand/receptor interaction involving drug and proteins contributing to form the tissue 

extracellular matrix, we apply data from [37] where the binding reaction constants are 
  
k

on
= 10

2s!1and 

  
�

off
= 10

!2s!1  and the average concentration of receptors in the tissue is set to 
  
��,0

= 5  (we recall that all 

data refer to non-dimensional concentrations). For the stent struts we assume a squared section 0.08 

mm wide (which is coherent with the selected stent platform, see [40]). As a result of that, the 

equivalent radius is 
  
R

s
= 0.052mm . The coating consists of a polymeric film 

  
L = 7µ�  thick. We 

assume that the initial drug charge, 
 
c

s
, is 10 times the drug saturation level in water, namely 

  
�

s
= 10� . 

According to the model developed in [28,32], the value of 
 
c

s
 determines the coefficient !  that in this 

case is equal to 0.23. A reasonable value for heparin diffusivity in polymers (in particular aliphatic 

polyesters such as poly-lactic or poly-glycolic acids) is 
  
Ds = 10!8

��
2
� , also confirmed by [37]. These 

data correspond to a fast release profile; indeed, according to an estimate provided in [28,32], after 

  
T = L

2 (4D
s
!

2 ) = 6h21'  about 95% of the available drug has been released. As a consequence, the 

final time of the computational simulations for drug release is set to  T . If the drug chemical formula or 

coating material are modified, drug diffusivity, release rate and consequently the release profile can 

vary over several orders of magnitude. However, since this study has a comparative nature, the 

conclusions of this work are substantially insensitive with respect to the release profile. 

 

Design of Experiments 

The DES model is used to compare different configurations when varying the stenting technique 

among PSB, CU or ICU options. Regarding the Culotte techniques, both configurations with one (-MB 

and -SB) and two (-MBSB) stents releasing drug are analyzed. 

The systematic combination of these two factors gives rise to 7 significant tests, which are labeled as 

Test PSB-MB (PSB, MB active), Test CU-MB (Culotte, MB active), Test ICU-MB (ICU, MB active), 

Test CU-SB (Culotte, SB active), Test ICU-SB (ICU, SB active), Test CU-MBSB (Culotte, MB+SB 

active), Test ICU-MBSB (ICU, MB+SB active). The simultaneous comparison of all cases will suggest 

guidelines to select what stenting procedure provides an optimal distribution of drug in regions at risk 

of restenosis, without reaching toxic drug concentrations. In addition, we also compare these cases, 
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which coherently refer to the same Multilink Vision DES platform, with the Tryton platform [41], 

specifically developed for the treatment of bifurcations and labeled as Test TRY-MB in the 

forthcoming analysis. For this case, stents are implanted by means of the ICU technique and drug 

elution is activated for the MB stent only. 

 

The main feature characterizing the present model with respect to other examples proposed in literature 

is the ability to handle fully realistic stent geometries with moderate computational effort. Since the 

stent is accounted by means of its mean line solely and it is completely independent from the other 

components of the geometrical model, we can easily manipulate the stent pattern without affecting the 

computational mesh for approximating fluid dynamics and mass transport. Such feature of the model 

helps us to quantify the losses of released drug due to strut superposition in case of two-stent 

techniques, which is a significant issue to be addressed, as highlighted in Kolachalama et al. [33]. This 

task is achieved by complementing each test case with an idealized one, where only the configuration 

of the struts is slightly modified to perfectly adhere to the arterial wall. The results of drug release for 

such idealized configuration are systematically compared to the realistic one obtained by finite element 

analysis of stent expansion. In such a way, we are able to isolate the influence of incomplete strut 

apposition to the arterial wall from other factors affecting drug uptake. 

 

Quantities of interest 

Local concentration profiles inside the arterial wall are the results of the numerical simulations. 

However, such large datasets do not seem to be very helpful to analyze DES efficacy and driving 

conclusions. In alternative, we consider averaged data such as drug dose, which is the time-averaged 

drug concentration at each point of the arterial wall and its mean value on a portion (V) of the artery. 

More precisely, given the distribution of free 
  
(a	(t,x))  and bound drug 

  
(b
w,0

! b
w
(t,x))  in a control 

volume   (V ) , we denote by 
  
c

w
(t,x) = a

w
(t,x)+ b

w,0
! b

w
(t,x)  the total drug concentration. The drug 

delivered to  �  at time  
  is 

  

M (c
w
,V ,t) = c

w
(t,x)dV

V

!  and the corresponding mean value is 

  
cw(V ,t) =V

!1
M (c

w
,V ,t) . Drug dose is a scalar field defined by 

  

d
w
(x) = T !1

c
w
(t,x)dt

0

T

"  and its mean 

value is 
  
d�(V ) =V

!1
M (d� ,V ) . Also the maximum dose 

  
�


��� (� ) = ����!� �
(�)  is addressed. 

Concerning the definition of  � , beside the entire arterial wall (denoted with 
 
�TOT  in Figure 3), we 

analyze drug delivery to three specific regions (see Figure 3), namely the proximal part of the MB with 

respect to the bifurcation (denoted with 
 
��BP ), the distal part of the MB (denoted with 

 
���� ) and the 

central part of the side branch (denoted with 
 
V

SB
).  

 

Figure 3: Regions 
 
� ! , 

 
"#$% , 

 
&'() , 

 
*S+ depicted from left to right, respectively. 

 

In order to compare different delivery systems under normalized conditions with respect to active 

surface for drug delivery, diffusion properties of the substrate matrix and time scales, a non-
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dimensional drug delivery indicator is also introduced. To this purpose, for each delivery system we 

define a reference amount of deliverable drug within a time interval   (0,T ) , quantified by 

  
M

ref
(V ) = c

s
A
ref

(V ) D
s
!T  where 

  
c

s
= 10c  is DES nominal drug charge, 

  
A

ref
(V )  is the DES active 

surface in  V  and 
 
D
s
 is the diffusion coefficient in the coating releasing the drug. Then, 

  
,eff = , (- ,t) ,ref (- )  represents a normalized amount of delivered drug and it is independent of the 

release rate and of the active stent surface. The comparison of this quantity for different stenting 

configurations provides information on the effectiveness of drug delivery. Finally, it should be noticed 

that in all the aforementioned tests the quantity   . (/ ,0)  evolves with time as  1 , because the release 

rate 
  
J

s
(t,�)  is proportional to 

  
1 2 . Since  3  is monotonically increasing, it is sufficient to analyze 

the amount of drug released at the final time  T  to characterize the entire release history. 

 

Results and Discussion 
 

The results of the computational DES model are reported in Figures 4, 5, 6, 7 in terms of 
  
4
w
(x) , 

  
67(9,:) , 

  
;
w

<=> (? ) , 
 
@ACC , respectively. Note that scales for the panels 

 
EFGF  and 

 
HIJK  are different from 

those in 
 
NQUW  and 

 
V

SB
. 

 

FIGURE 4: the mean value of the dose, namely 
  
XY(Z ) =Z !1

[ (XY,Z ) , quantified over the regions 
 
\]^] , 

 
_`gh , 

 
ijln and 

 
opq  from left to right, top to bottom.  
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FIGURE 5: the mean value of the total drug concentration evaluated at final release time T, namely 
  
cw(V ,t = T ) , quantified 

over the regions 
 
uvyv , 

 
z{|} , 

 
~��� and 

 
��� from left to right, top to bottom.  

FIGURE 6: the normalized amount of delivered drug, namely, 
 
����  quantified over the regions 

 
uvyv , 

 
z{|} , 

 
���D

and 
 
���  

from left to right, top to bottom.  
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FIGURE 7: the maximum value of the dose 
  
��
��� (� ) =����!� ��(�) , quantified over the regions 

 
�TOT , 

 
���� , 

 
���D

and 
 
���  

from left to right, top to bottom.  

 

For each test, we report the total amount of drug delivered to 
 
��O� , 

 
 ¡¢£ , 

 
¤¥¦D

 and 
 
V

SB
. The amount 

of delivered drug is quantified by means of bars for both the incomplete and idealized apposition cases. 

Their differences are visualized superposing the increment corresponding to the idealized case upon 

each bar relative to the real configuration. The concentration scale refers to non-dimensional 

concentration units relative to  § , that is the saturation level of dissolved drug in water. The histograms 

in Fig 4 and 5 show the mean values of dose and drug concentration,   ¨©(� )  and   cw(V ,t = T )  

respectively, in different control volumes within the arterial wall. Since the dose quantifies the drug 

accumulation over time and the drug release profile behaves as ª , plots of mean values of drug 

concentration and dose are similar. 

 

One-stent versus two-stent implantation: effect of drug delivery in the SB 

One-stent and two-stent procedures are compared in order to evaluate the adequacy of the one-stent  

procedure in delivering drug to the SB. The main difference between these cases is that, in a one-stent  

procedure, the drug delivery to the SB is mainly achieved by flow mediated drug transport. On the 

other hand, if two DESs are implanted in both branches, drug is delivered through contact with the 

arterial wall, too. Moreover, minor variations could also depend on the fact that each stenting procedure 

deforms the vascular district differently and results in different local hemodynamic conditions. The 

influence of arterial deformation is evaluated (despite of other factors) by comparing the one-stent  

procedure with the CU and ICU techniques where only the stent in the MB is pharmacologically active.  

The comparison of tests PSB, CU-MB, ICU-MB with CU-MBSB and ICU-MBSB in Fig. 4 suggests 

that to achieve a more effective delivery in the artery, the implantation of two DES is mandatory. More 

precisely, for all stenting techniques, if the SB is treated with a BMS, drug delivered to the MB hardly 
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reaches the SB. Drug convection from the MB to the SB, which explains the amount of drug 

accumulated in the SB treated by a BMS, does not deliver a significant dosage in that area. Similar 

conclusions hold true for the control volume located at the distal part of the MB, namely 
 
«¬­D

. If the 

CU or ICU procedures are performed by implanting a DES in the SB solely, then luminal drug 

transport would not be sufficient to adequately treat the arterial wall distal to the bifurcation. 

Finally, in Fig. 7 the peaks of dose occurring within the entire artery as well as the local peaks relative 

to each control volume 
 
®¯°± , 

 
«¬­D

 and 
 
V

SB
 are reported. Peaks of dosage are rather uniformly 

distributed in the artery, with a small variability from region to region. In our view, this happens 

because local drug distribution depends on the stent pattern, i.e. on the local configuration of struts. 

Since the unit stent cell is periodically repeated along the artery, similar peaks of drug accumulation are 

observed, while stent implantation procedure and strut superposition barely affect maximal drug 

dosage. 

 

Effects of stent overlap and struts apposition to the arterial wall 

Each stent implantation technique is characterized by different contact surfaces between the stent and 

the artery and this factor highly affects the drug release. In particular, culotte techniques are 

characterized by a wide region in the proximal part of the MB where the two implanted devices 

overlap. Its influence on drug elution can be extracted from Fig. 4 and 6, in particular from the 

incremental part of the bar plots, which quantify the difference between the case of idealized apposition 

with respect to the realistic configuration. 

In the one-stent case the drug loss due to incomplete strut apposition is the smallest, meaning that stent 

is almost completely apposed to the arterial wall. On the other hand, considerable losses take place 

when multiple stents are implanted. In particular, more than the 50% of the drug delivered by the 

superposed DES is lost in the blood stream and does not significantly contribute to healing the arterial 

wall. This finding is visible looking at incremental bars of cases CU-SB and ICU-MB where the active 

DES is obstructed by the superposition of another device between the DES and the artery. Conversely, 

CU-MB and ICU-SB, characterized by a direct contact between the DES and the artery, seem to be 

satisfactory. These conclusions are also confirmed by the comparison in Fig. 8 of the dose contour plots 

for ICU-MB in the case of incomplete and idealized strut apposition.  

 

Figure 8: Dose contour plots for ICU-MB with realistic (left) and idealized strut apposition (right). The effect of strut 

superposition in limiting drug penetration into the arterial wall is clearly visible in the proximal part of MB where the two 

stents overlap. 

 

The limitation of drug penetration into the arterial wall due to strut superposition is evident on the left. 

Another interesting evidence found is that average dosage in the whole artery in case of two DES 
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implanted is not doubled but it is only about 3/2 larger than in the case of one DES implantation into 

the MB. Due to stent superposition, a significant part of the drug charge is washed out in the blood 

stream. Furthermore, observing the amount of drug delivered to the entire vascular district, we notice 

that Culotte and Inverted Culotte techniques are almost equivalent, while some differences appear in 

the delivery to different sub-regions in the artery. The direct dependence of active surface of release 

with dosage is more accurately verified for ideal strut apposition than for the real case.  

Similar conclusions are also confirmed by Fig. 6, reporting the normalized amount of delivered drug 

with respect to active surface of delivery, namely 
 
²³´´  for t=T. Looking at the bars quantifying the 

release in the entire arterial wall for the ideal strut apposition, we notice that the effectiveness of 

delivery is almost equivalent in all cases, suggesting that strut apposition is the most important factor to 

ensure a good delivery. Respect to this variable, the best delivery performance is achieved for 

configurations PSB, CU-MB, ICU-SB, because there are no obstacles between the struts and the 

arterial wall. As expected, the configuration with two active stents (CU-MBSB and ICU-MBSB) are 

slightly penalized because the latter DES is superposed to the former. Clearly, CU-SB and ICU-MB 

cases are not efficient. Moreover, idealized efficiency of release is quantified around the value 2.5 in 

the regions 
 
�	O	 , 

 
V

MBP
 and 

 
V

SB
, while it is slightly higher in the distal part of the MB (plot 

 
V

MBµ ) 

where it reaches values above 3.0. This effect may be due to the fact that part of the drug delivered to 

this region comes from drug washed out by blood flow from struts located upstream.  

 

Use of dedicated stents for bifurcations 

The comparison of cases ICU-MB and TRY-MB allows us to evaluate the performance of a dedicated 

stent to bifurcations and it highlights that this new approach might lead to some improvements in drug 

delivery. Its dedicated design, characterized by a lower metal density, guarantees a better apposition of 

the stent implanted in the MB and, consequently, a more effective drug delivery. Indeed, figure 4, 5 and 

6 show a higher difference between the real and the idealized configurations in the ICU-MB case with 

respect to the TRY-MB case when evaluated in the proximal part of the MB. It means that the drug 

losses due to the stents superposition is minimized by the use of dedicated stent thanks to its design and 

the lower surface area in 
 
V

MBP
. The different performance of the two configurations is also highlighted 

by Fig. 9 showing the drug distribution in the arterial wall for ICU-MB and TRY-MB cases. When 

compared to the CU technique, i.e. CU-MB case, Tryton stent slightly improves drug delivery to the 

distal part of the MB as well as to the SB (see Fig. 4, 
 
V

MBµ  and 
 
V

SB
 plots, respectively). 

FIGURE 9: Dose contour plots for ICU-MB (right) and TRY-MB (left) with realistic strut apposition. The effect of a more 

uniform drug distribution is clearly visible for TRY-MB in the proximal part of MB. 
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Limitations 

All the aforementioned results are based on the computational DES model, which is subject to some 

limitations. First, modeling inaccuracies account for the fact that the DES model or the parameters 

selected to characterize the different DES platforms may not exactly represent the reality. We do not 

have control on these errors, but at least we know that they equivalently affect all the considered test 

cases. As a result of that, we claim that any comparative conclusion is affected by the same error. On 

the contrary, quantitative values are highly sensitive to the modeling inaccuracies. For this reason, we 

are not claiming conclusions on the absolute scale of the results. 

Lastly, all the simulations are performed to the highest accuracy allowed by the computational facility, 

which consists on a workstation equipped with a single Intel(R) Core(TM) i5 CPU 650 @ 3.20GHz 

and 4GB Ram. The sensitivity of the results with respect to the computational mesh have been 

investigated, confirming that numerical approximation errors do not significantly affect the reported 

results.  

 

Conclusions 
Computational modeling influences at multiple levels the design pathway of biomedical devices such 

as DES. First of all, it facilitates the mechanistic understanding of the significant phenomena at the 

basis of good device performance. A remarkable example for DES is provided by the sequel of papers 

[17,18,33,34] illustrating the interactions between drug release, intravascular drug metabolism and 

luminal flow patterns in determining arterial drug deposition. The present work stems from these 

models with the objective to upgrade the impact of computational modeling to the comparison of 

alternative clinical stenting protocols (such as PSB, CU or ICU). To succeed in this aim, it is mandatory 

to complement the aforementioned models for drug release, transport and absorption, with a realistic 

geometrical description of the devices and their deformations induced during stenting. By this way, we 

are able to study the inhomogeneity of drug delivery to a realistic bifurcating coronary model, or to 

quantify how much stent superposition affects drug losses in the blood stream. We hope these results 

may stimulate further research on the design of dedicated stents to arterial bifurcations and may help to 

refine guidelines to prescribe one or another stenting protocol to specific patients. The final stage of 

computational models applied to biomedical devices consists in providing reliable quantitative results, 

which, unfortunately, is far from being reached yet. 
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