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Abstract: Despite significant progress, malapposed or overlapped stents are a complication that
affects daily percutaneous coronary intervention (PCI) procedures. These malapposed stents affect
blood flow and create a micro re-circulatory environment. These disturbances are often associated
with a change in Wall Shear Stress (WSS), Time-averaged WSS (TAWSS), relative residence time (RRT)
and oscillatory character of WSS and disrupt the delicate balance of vascular biology, providing a pos-
sible source of thrombosis and restenosis. In this study, 2D axisymmetric parametric computational
fluid dynamics (CFD) simulations were performed to systematically analyze the hemodynamic effects
of malapposition and stent overlap for two types of stents (drug-eluting stent and a bioresorbable
stent). The results of the modeling are mainly analyzed using streamlines, TAWSS, oscillatory shear
index (OSI) and RRT. The risks of restenosis and thrombus are evaluated according to commonly
accepted thresholds for TAWSS and OSI. The small malapposition distances (MD) cause both low
TAWSS and high OSI, which are potential adverse outcomes. The region of low OSI decrease with
MD. Overlap configurations produce areas with low WSS and high OSI. The affected lengths are
relatively insensitive to the overlap distance. The effects of strut size are even more sensitive and
adverse for overlap configurations compared to a well-applied stent.

Keywords: hemodynamics; overlap; malapposition; stent; stenosis; thrombosis

1. Introduction

Percutaneous coronary intervention (PCI) with modern drug-eluting stents (DES) has
revolutionized the treatment of arterial diseases. However, their benefits could be compro-
mised by potential complications such as restenosis and thrombosis [1–4]. Complications of
PCI continue to be a concern, with approximately 1–2% of stent patients dying from throm-
botic occlusions and 10–15% requiring additional interventions due to restenosis [3–7]. The
deployment of a coronary stent near a complex atherosclerotic lesion (i.e., located close to a
bifurcation, near concomitant lesions or with eccentric plaque formation) may promote
the occurrence of gaps between the vessel wall and the struts, defined as malapposition
distance (MD) [8–10]. It appears in up to 33% of implanted DES and up to 75% of patients
with very late (i.e., >1 year) stent thrombosis [10–12]. Furthermore, the use of two partially
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overlapped stents (i.e., with a certain overlap distance (OD)) may be necessary in the event
of incomplete coverage of lesions with a single stent. Approximately 30% of PCI patients
requiring stenting are in situations where stents overlap [7].

Stent implantation by itself generates geometric irregularities on the vascular walls
that modify the hemodynamics along the entire length of the stent [13–15]. Local hemo-
dynamic parameters, in particular abnormal wall shear stress (WSS), critically affect the
evolution of atherosclerosis plaque and have been associated with an increased risk of
thrombosis or restenosis [1,2,5,6,16]. Moreover, stent malapposition and overlapping have
been associated with hemodynamic disturbances that may increase the risks of adverse
clinical outcomes [2,8,10,17–22].

Several studies have been performed to analyze how the presence of stents perturbs the
hemodynamics in a vessel. Computational fluid dynamics (CFD) calculations performed
on simplified stent models inside an idealized coronary artery [5,6,8,10,22] have been used
to investigate the effects of malapposed struts on the blood flow. These studies have
shown that, as the MD increases, recirculation regions located near the wall tend to grow
downstream from the malapposed struts until a critical MD is reached. Above this MD
threshold, recirculation regions gradually reduce in size until the interaction between
the wall and the misaligned struts disappears. Moreover, it has been reported that the
regions near the malapposed struts (more specifically at the gaps between the wall and
the struts) are subjected to high wall shear stress [5,6,10] and that the abnormal region
tends to increase with MD [6]. While several studies have been conducted to highlight the
hemodynamic perturbations induced by malapposed stents, few are devoted to studying
overlapping configurations. An in vitro study by [18], using the particle image velocimetry
technique with a vascular phantom under physiological flow conditions, showed that
overlapping sections tend to disrupt the flow and create a WSS deficiency. [17,19] obtained
similar conclusions after performing 3D CFD simulations based on realistic artery-stents
geometries reconstructed from computed tomography images. Additionally, a 2D CFD
study by [22] revealed also that strut overlapping increases the amount of flow recirculation
compared to non-overlapped segments. Moreover, congruent struts (i.e., one strut on top of
the other) have been identified as critical configurations due to the major flow disturbance
that they produce [22] and the important drop of WSS around them [17].

Although complex 3D studies have provided promising results, identifying areas
where malapposed and/or overlapping struts can lead to the development of abnormal
WSS and significantly disturb blood flow on patient-specific geometries, no practical
information has been given yet to clinicians to assist them in their choice when a stent is
incorrectly positioned.

This lack of knowledge is mainly due to the difficulty: (1) to model complex con-
figurations due to the computation times required (often incompatible with operational
workflow) and (2) to identify the disturbance effect of each of the different parameters
separately. Using static CFD models based on 2D geometries, researchers have found the
location and general tendency of disturbed flow regions for different degrees of strut malap-
position and overlapping [6,10,22]. However, to our knowledge, a complete parametric
study designed to highlight critical malapposition and overlapping stent configurations, for
which flow disturbance over a cardiac cycle becomes significant, has never been conducted.

Therefore, in this study, we designed and used two-dimensional parametric CFD
models to investigate the hemodynamic effect of several stent malapposition and overlap-
ping configurations while considering (1) pulsatile flow conditions, (2) the non-Newtonian
nature of blood flow and (3) the most commonly used flow-related indices to assess the
hemodynamic impact on the vessel wall over a cardiac cycle.

The use of 2D axisymmetric models requires much lower computational costs and
enables a systematic evaluation of the effect of all relevant geometrical parameters (malap-
position and overlapping distances) by means of several sequential simulations. The
identification of specific critical configurations that can promote restenosis and thrombosis
and clearly describe the temporal and spatial evolution of hemodynamic disturbances
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remain the main objectives of this study. The present study is complementary to the patient-
specific 3D studies by providing general information and cut-off values for overlapping and
malapposed distances. The purpose of this work is to provide general criteria on the effect
of misalignment and overlapping distances and not patient-specific information (which
must be assessed for each patient). The results could provide a new decision-making
tool for cardiologists by predicting the risks of complications related to malapposition
and overlapping.

2. Materials and Methods

Two distinct CFD Models of stented segments of coronary arteries were considered.
The first one mimics several cases of a single malapposed stent, while the second account
for overlapping stent configurations. Furthermore, all the boundary conditions and con-
stitutive laws used in these models will be described in the following sections, as well
as the chosen hemodynamic metrics to evaluate the impact of each configuration on the
vessel wall.

2.1. Parametric CFD Models of Malapposed and Overlapped Stents
2.1.1. Geometries

Hemodynamic disturbances produced by the stent struts near the arterial wall were
studied numerically with the CFD approach. Moreover, 2D axisymmetric geometries mod-
eling the two “stent-artery” configurations of interest (i.e., malapposition and overlapping)
were used to perform dynamic flow analyses (Figure 1A,B). The geometrical parameters
used to define and design the idealized “stent-artery” were as follows: malapposition and
overlapping distances (i.e., MD and OD) for the two models of interest. Realistic diversity
in clinical data was investigated by varying MD 0 µm ≤ MD ≤ 450 µm and OD (in the
overlapping range of 2 to 3 struts). Moreover, two strut sizes were considered in this study.
The first one is a Cobalt-Chromium drug-eluting stent (CC-DES) (Synergy, Boston Scientific,
Marlborough, MA, USA) with a section of 85 µm × 90 µm (i.e., Height (H) ×Width (W)).
The second one is a bioresorbable stent (BVS, Abbot, Abbott Park, IL, USA) with a thicker
section of 150 µm × 215 µm. The diameter of the artery lumen was taken as 3 mm. Once
deployed, the inter-strut distance is 2 mm for both types of stents. Therefore, the total
length of the stents is 10.54 mm and 11.29 mm for CC-DES and BVS respectively. The
insertion of the apposed struts in the arterial wall has also been considered with a strut
indentation of 0.15 * H + 20 µm (see Figure 1A inner box). A luminal protrusion caused
by the stent struts in contact with the arterial walls is also introduced to each model with
the aim of estimating with more accuracy the flow recirculation due to the presence of the
struts and the associated hemodynamics variables (see Figure 1A,B). The latter could be in
fact slightly underestimated, if the struts are just apposed on the arterial walls.Mathematics 2021, 9, x FOR PEER REVIEW 4 of 21  
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Figure 1. (A) Single stent geometry with three malapposed struts (# 1, 2, and 3) and three correctly
apposed struts (# 4, 5, and 6) and (B) two overlapping stents (first stent: struts # 1 to 6, second stent:
struts # I to (VI) and (C) 3 overlapping configurations, with two congruent struts, with incongruent
struts and three congruent struts.

2.1.2. Studied Malapposition Configurations

This strut configuration is displayed in Figure 1A. It illustrates one stent with three
misaligned struts and three correctly apposed ones. The MD of the first three struts was
between 0 and 450 µm for both stents (i.e., CC-DES and BVS). The three apposed struts were
placed downstream and remained fixed for all simulations. The following configurations
were studied: for the CC-DES: MD = 0, 40, 60, 80, 115, 130, 150, 180, 225, 300 and 450 µm
(i.e., n = 11 cases), and for the BVS: MD = 0, 40, 80, 115, 150, 180, 225, 300 and 450 µm (i.e.,
n = 9 cases). When MD = 0 µm the six struts are correctly apposed (i.e., total stented artery
length of 10.54 and 11.29 mm for CC-DES and BVS, respectively), these two specific cases
(one for each stent) will be considered as the optimal clinical configurations. A total of
20 distinct configurations were studied.

2.1.3. Studied Overlapping Configurations

This strut configuration is illustrated in Figure 1B,C. This configuration corresponds
to the partial overlapping of 2 stents. This overlapping is for example used to treat arteries
with multistenosis, bifurcations... The OD was between 2000 µm + 2W (strut width) and
4000 µm + 3W (strut width). For reasons of simplicity and homogeneity between the two
stents, these distances will be named without considering the width of the struts (different
for the two stents). Two types of geometric configurations were considered, congruent
and incongruent struts [17,22]. In the first case, the well-apposed and overlapping struts
are stacked one on top of the other, forming a higher obstacle. In the second case, both
struts are separated, leaving a gap between the overlapped one and the vessel wall (see
Figure 1B). For the two stent types, simulations were performed for the following con-
figurations: OD = 2000, 2500, 3000, 3500 and 4000 µm (n = 2 × 5 cases). Notice that when
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OD = 2000 µm there are two pairs of congruent struts and when OD = 4000 µm there are
three pairs of congruent struts and for intermediate cases (i.e., from OD = 2500 to 3500 µm)
there are incongruent struts at the overlapping section. A total of 10 distinct simulations
were performed.

2.1.4. Constitutive Law

Blood density was assumed to be constant with a value of 1060 kg m−3. The non-
Newtonian nature of blood flow was taken into account using the Carreau–Yasuda
model [19]:

µ = µ∞ + (µ0 − µ∞)[1 + (λ
.
S)2](m−1)/2 (1)

where µ is the dynamic viscosity, µ0 and µ∞ are the viscosity values at zero and infinity
shear rate, respectively,

.
S is the shear rate, λ is the time constant, and m is the power-law

index. These fluid constants values were taken from [19] and are used in [20] among other
studies: µ∞ = 0.0035 Pa s, µ0 = 0.25 Pa s, λ = 25 s and m = 1/4.

2.1.5. Boundary Conditions

The blood flow was considered laminar and unsteady. The Reynolds number (Re) for
the present simulations was 252.

The artery wall and struts were assumed to be rigid with the no-slip condition and a
time-dependent velocity profile (see Figure 2) was applied at the inlet of the axisymmetric
domain to mimic the pulsatile behavior of coronary blood flow (with a time period equal
to 0.908 s). The physiological waveform was adapted from [23]. The same velocity profile
was used for the outlet to guarantee mass conservation. The inlet and outlet regions were
extended about six times the radius of the artery. These lengths were chosen with precision
after the first series of simulations that proved that these extensions were sufficient to
provide a fully developed flow. Additionally, in order to minimize the effect of the initial
transients, two complete cardiac cycles were simulated for all the configurations studied
and only the results of the second cycle were considered. A third cycle was performed as a
test-case with a malapposition configuration with MD = 150 µm. However, no significant
difference in velocity responses was found compared to the results from the second cycle.
These different tests ensured the quality of the results.Mathematics 2021, 9, x FOR PEER REVIEW 6 of 21  
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profile imposed at the inlet.

2.1.6. Computational Fluid Dynamics Simulations

An APDL program file (ANSYS v19.2, ANSYS Inc., Canonsburg, PA, USA) was
developed for the two studied configurations (malapposition and overlapping) in order to
simplify the parameterization. The finite element problems are then generated and solved
automatically after the selection of the different parameters. This parametric program
allows easy utilization (for a stent designer, a clinician...). ANSYS FLUENT was used to
mesh the fluid domain with hexahedral and triangular elements and calculate the velocity
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and pressure distributions. Mesh refinement was performed on the regions around the
struts and vessel walls to improve the accuracy of the computations.

The malapposition configuration with MD = 150 µm was used to perform an analysis
of the influence of the mesh on the convergence of the results. A baseline element size was
defined for the different regions (Zone 1: central zone of the artery, Zone 2: intermediate
zone of the artery and Zone 3 in the vicinity of the struts). For each of these zones,
the average element sizes were: zone 1 = 5 µm, zone 2 = 3 µm, zone 3 = 1.5 µm. The
mesh obtained with these values was identified as the baseline mesh. A refined mesh
was obtained by dividing all element sizes by two (i.e., zone 1 = 2.5 µm, zone 2 = 1.5 µm,
zone 3 = 0.75 µm). In addition, a further refinement operation was applied to all lines
representing the struts and wall of the artery. Approximately 60,000 elements were obtained
for the baseline mesh and 180,000 for the refined mesh. After performing a steady-state
analysis, the velocity profiles obtained for the two mesh densities were compared and
were found to be similar. In addition, the maximum velocity in the whole fluid domain
obtained with the base mesh (0.539993 m/s) and the one obtained with the refined mesh
(0.540401 m/s) showed a difference of less than 0.1%.

A similar approach was carried out for an overlapping configuration with
OD = 2000 m. The conclusions were similar.

The time step was 0.001 s (908 time-steps per cardiac cycle) and convergence criteria
for both pressure and velocity residuals were 10−6.

2.2. Hemodynamic Metrics

WSS and its derived indexes, time-averaged WSS (TAWSS) and oscillatory shear index
(OSI), are of great interest while studying the impact of stent struts on hemodynamics. The
definitions of these parameters are recalled below.

TAWSS represents the average stress magnitude experienced by the vascular wall
during a cardiac cycle and is derived as follows:

TAWSS =
1
T

∫ T

0
|WSS| dt (2)

where T denotes the period of the cardiac cycle and |WSS| the modulus of the vector WSS.
TAWSS is insensitive to the direction of the WSS vector.

OSI is a non-dimensional scalar used to evaluate the oscillatory nature of vascular
flows (i.e., how much the WSS vectors change their direction over a cycle) and is calculated
as follows:

OSI =
1
2

1 −

∣∣∣∫ T
0 WSS dt

∣∣∣∫ T
0 |WSS| dt

 (3)

OSI varies between 0 and 0.5 with a value of 0 when there is no oscillatory WSS and
0.5 when it is fully oscillatory.

The RRT measures how long the particles stay near the wall of the vessel. Longer time
of contact between atherogenic particles and the arterial wall could cause a high risk of
atherosclerosis formation [20,24,25]. High RRT (RTT > 10 Pa−1) is recognized as critical for
atherogenesis and in-stent restenosis [20]. Thus, RRT was defined as follows:

RRT =

(
1

(1− 2OSI)TAWSS

)
(4)

As this previous definition shows, RRT combines the information provide by TAWSS
and OSI.
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2.3. Pathological OSI, TAWSS and RRT Thresholds

It is generally accepted that an abnormally low WSS increases the risk of resteno-
sis [1,14,26,27] A TAWSS < 0.5 Pa is a common threshold value to indicate low WSS over
the cardiac cycle [5,8,19]. On the other hand, high shear stresses (TAWSS > 2.5 Pa) have
been associated with plaque rupture [28] that could lead to thrombosis. In addition, high
shear stresses have been reported to increase the activation of platelets which are the main
cellular components of a thrombus [2,6,10,20,29]. Regarding oscillatory flow, OSI > 0.1 was
associated with an increased risk of arterial narrowing [16,19,30,31]. Additionally, other
authors have reported that thrombus formation is enhanced at areas characterized by high
OSI because slow and reversed flow promotes platelet aggregation [1,29]

In this work the following thresholds were used: TAWSS < 0.5 Pa increases the risk of
restenosis, TAWSS > 2.5 Pa promotes thrombosis and OSI > 0.1 promotes both restenosis
and thrombosis. RRT > 10 Pa−1 promotes restenosis. The threshold for RRT is variable
between studies in the literature. For instance, it is 5 Pa−1 in [20] and 10 Pa−1 in [25]. In the
present study, the RRT should be less than 8 Pa−1. According to [24], RRT is recommended
as a unique and robust measure of low and oscillating shear flow.

3. Results
3.1. Results for Malapposition
3.1.1. Effect of Malapposition on the Velocity Field

Figure 3 displays the most relevant streamlines in the vicinity of the first stent strut
at the diastolic peak (See Figure 2) when the average flow velocity is the highest and
recirculation regions reach their maximum extensions. For the well-apposed configuration
(see MD = 0 µm for both the CC-DES and BVS stents in Figure 3), there were relatively
small recirculation regions upstream and downstream from the apposed strut. It should be
noticed that the recirculation zone is much larger for the BVS stent. As soon as the stent
began separate from the wall (i.e., with further increments of MD), upstream recirculation
disappeared but the one located downstream from the malapposed strut started growing
and moving to the right until it disappeared as well (see MD = 115 µm for CC-DES stent
and MD = 300 µm for BVS stent in Figure 3). As expected, flow disturbance was more
enhanced for the large strut (i.e., BVS stent). Moreover, flow accelerated through the wall
separation gap as MD increased giving, as a result, a larger velocity gradient.
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Mathematics 2021, 9, 795 8 of 19

3.1.2. Effect of Malapposition on TAWSS

Figure 4 illustrates the TAWSS distribution along the arterial wall for the whole
extension of the stent for the most pertinent MD values. First, the normal TAWSS magnitude
of about 1.5 Pa (i.e., the shear stress value for a vessel without stent) was locally disturbed
even for well-apposed stent. Furthermore, peaks of TAWSS, sometimes with maximum
values above 2.5 Pa (see MD > 80 µm in Figure 4), developed in the malapposed region.
The amplitude of these peaks increased with MD values and was higher for BVS stent
(compared to CC-DES stent). In the well-apposed area, there were no TAWSS peaks for all
values of MD. The TAWSS plateaus between two well-apposed struts (1.5 Pa) were slightly
modified. The amplitude of the plateaus between the three well-applied struts rapidly
converges to the values of the plateaus of a well-applied stent. These perturbations were
more significant for BVS stents than for CC-DES stents.
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For small malapposition distances (see MD = 40, 80 and 115 µm for both strut sizes in
Figure 4), some segments of the vessel wall in the malapposed region were below 0.5 Pa,
indicating an abnormally low TAWSS. These segments, with low values, vanished for
MD = 300 µm (for both types of stents). These areas, with low shear stress, are located
near and downstream of the struts. Additionally, BVS struts produced larger regions with
low TAWSS.

3.1.3. Effect on the Oscillatory Character of WSS Caused by Malapposed Strut

Figure 5 displays the OSI distribution along the stented region of the arterial wall’s
five most representative MD values. First, in the case of a correctly apposed stent (see
MD = 0 µm for both strut sizes in Figure 5), the effect of recirculation was similar for
all the struts. However, as the stent began to separate from the wall, high peaks of OSI
appeared downstream from each malapposed strut. These peaks were present for small
wall separations but disappeared with further increments of malapposition distance (see
Figure 5, MD = 115 µm for CC-DES and MD = 300 µm for BVS). These results suggest that
malapposed struts promote significant flow recirculations during the cardiac cycle, which
confirms the flow perturbation in Figure 3 by considering the temporal evolution of the
flow recirculation regions.
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Figure 5. OSI distribution for malapposition configuration. For simplicity reasons, only five repre-
sentative configurations are displayed for each strut size (MD = 0, 40, 80, 115 and 300 µm). Strut
locations are indicated with black rectangles. Notice that axial distance = 0 mm corresponds to the
location of the first strut. Two OSI ranges can be defined: OSI < 0.1 (Low recirculation) and OSI > 0.1
(High recirculation).

3.1.4. Effect of Malapposition on RRT

Figure 6 displays the RRT distribution along the stented region of the arterial wall
across the stented region, for the five most representative MD values (MD = 0, 40, 80,
115, and 300 µm). Firstly, well-apposed struts produce peaks in the distribution of RRT
located around each strut, with values significantly above the thresholds. These peaks
are significantly larger for BVS stents with larger struts. They split into several peaks at
low MD values. Therefore, the arterial wall affected by RRT values above the threshold is
divided into several critical areas, very close to each other. This phenomenon is much more
important when the dimensions of the struts increase (for BVS stent). On the other hand, all
MD values do not disturb the downstream RRT distributions (for the three well-apposed
struts). When MD is higher or equal to 115 µm for the CC-DES stent and 300 µm for the
BVS stent, the amplitude of the peaks (for the malapposed struts) decreases drastically and
is significantly below the thresholds.
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Figure 6. Relative residence time (RRT) distribution for the malapposition configuration. For sake of simplicity, only five
representative configurations are displayed for each strut size (MD = 0, 40, 80, 115 and 300 µm). Strut locations are indicated
with black rectangles. Notice that axial distance = 0 mm corresponds to the location of the first malapposed strut.



Mathematics 2021, 9, 795 10 of 19

3.1.5. Relationship between OSI and TAWSS for Malapposion Configuration

Figure 7 plots the distribution of TAWSS versus OSI for all the nodal solutions on
the arterial wall. Only the configurations including an OSI peak higher than 0.1 in the
malapposed region were considered (MD = 40, 60 and 80 µm for CC-DES stent and
MD = 40, 80, 115, 150 and 180 µm for BVS stent). The high OSI values were always
associated with low TAWSS < 0.5 Pa.
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1.6 mm (at MD = 130 µm) for low shear stress, 1.75 mm (MD = 450 µm) for high shear 
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Figure 7. OSI vs. TAWSS plots. Each point represents a nodal solution of the arterial wall. The
considered configurations were MD = 40, 60 and 80 µm for CC-DES stent and MD = 40, 80, 115, 150
and 180 µm for BVS stent.

3.1.6. Effect of MD Distance on Arterial Wall Extent with a Risk of Restenosis/Thrombus

Figure 8 displays the evolution of the total wall length affected by low TAWSS
(<0.5 Pa), high TAWSS (>0.5 Pa) and high OSI (>0.1) versus malapposition distance. First
of all, the evolution of the different affected lengths was similar for both stents, but much
more significant for the BVS one. For both stents: (1) the total wall lengths affected by
high OSI and low TAWSS increased until they reached a maximum value followed by a
decreasing tendency that finished in a plateau (2) The wall extension affected by a high
OSI reached a maximum before that corresponding to low TAWSS (i.e., at about one strut
height) and (3) With regard to the total length affected by a high TAWSS, it has always
tended to increase. Three zones were identified (see Figure 7), the first one prone to develop
restenosis, the second one with risk of developing both restenosis and thrombosis and the
last one prone to develop mainly thrombosis.
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Figure 8. Evolution of affected arterial length vs. malapposition distance (MD). High risk of restenosis
(zone 1), restenosis and thrombosis (zone 2) and mainly thrombosis (zone 3).

Malapposed CC-DES struts increased the total extension of the affected wall up to
1.6 mm (at MD = 130 µm) for low shear stress, 1.75 mm (MD = 450 µm) for high shear
stress, and 0.42 mm (at MD = 60 µm) for high flow oscillation. For malapposed BVS struts,
the total affected wall raised up to 4.64 mm (at MD = 180 µm) for low shear stress, 2.65 mm
(MD = 450 µm) for high shear stress, and 1.41 mm (MD = 150 µm) for high flow oscillation.
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These affected lengths were significantly larger for BVS struts (up to 2.9 times for low
TAWSS, 1.51 times for high TAWSS, and 3.31 times for high OSI). The areas of the wall with
high risk of restenosis/thrombus increase drastically with the dimensions of the struts.

3.2. Results for Overlapping
3.2.1. Effect of Overlapping on the Velocity Field

Figure 9 depicts the effect of different OD levels on the blood flow at the diastolic
peak when recirculation regions reach their maximum extensions in the overlapping
section for the diastolic peak. For congruent struts (i.e., with OD = 2000 and 4000 µm,
see Figure 9), large recirculation regions appeared downstream from each pair of piled
struts. With intermediate OD values (i.e., for incongruent struts with OD = 3000 µm, see
Figure 9), these recirculation regions moved downstream from each overlapping strut
and reduced their extensions compared to congruent configuration. Additionally, small
recirculation regions reappeared downstream from each well-apposed strut. Moreover,
flow acceleration occurred through the gap between the overlapping struts and the vessel
wall. Finally, similar to malapposition configurations, flow disturbance was more notorious
for large struts (i.e., BVS stent).
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Figure 9. Streamlines at diastolic peak for overlapping stents. For simplicity reasons, just three
representative configurations are presented for each strut size.

3.2.2. Effect of Overlapping on TAWSS

Figure 10 illustrates the TAWSS distribution at the overlapping region of CC-DES and
BVS stents. First, the perturbation of the TAWSS distribution is localized in this overlapping
zone and up to the first strut downstream. TAWSS peaks appear at the location of the over-
lapping struts for configuration with incongruent stents (blue rectangles in OD = 1000 µm,
see Figure 10). Moreover, for all OD values, some regions with a TAWSS below 0.5 Pa
(abnormally low value) appeared on the arterial wall. For congruent configurations (i.e.,
OD = 0 and 2000 µm, see Figure 10) and small strut size, flow reattachment downstream
from each pair of piled struts allowed to recover a normal TAWSS value (1.5 Pa). However,
for large struts, the perturbation was so significant that the normal TAWSS level could not
be reached in the overlapping region.
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Figure 10. TAWSS distribution for overlapping configuration. For simplicity reasons, three represen-
tative configurations are displayed for each strut size. Strut locations on the X-axis are indicated with
black and blue rectangles for the first and second strut respectively. Notice that axial distance = 0 mm
corresponds to the location of the first stent. Three ranges can be defined: TAWSS < 0.5 Pa (Low
TAWSS), 0.5 < TAWSS < 2.5 Pa (Normal TAWSS) and TAWSS > 2.5 Pa (High TAWSS).

3.2.3. Effect on the Oscillatory Character of WSS Due to Overlapping

Figure 11 displays the OSI distribution of overlapping CC-DES and BVS stents. First,
the most important peaks of OSI were located at the overlapping region. Moreover, the
distribution of peaks was different for congruent and incongruent cases. When the struts
of two overlapping stents were piled on top of each other (see OD = 2000 and 4000 µm
in Figure 11), the highest OSI peaks were located downstream from each congruent pair.
On the other hand, when overlapping was incongruent, the highest peak of OSI was
located downstream from each of the overlapping struts of the second stent (see Figure 11,
blue rectangles in OD = 3000 µm). In general, more peaks were present for incongruent
configurations. For the BVS stent, the peaks are wider and higher for all the studied
configurations. Downstream of this zone, the OSI distribution rapidly reverts to that of a
well-apposed single stent.Mathematics 2021, 9, x FOR PEER REVIEW 14 of 21  
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Figure 11. Oscillatory shear index (OSI) distribution for overlapping configuration. For simplicity
reasons, three representative configurations are displayed for each strut size. Strut locations on the
X-axis are indicated with black and blue rectangles. Notice that axial distance = 0 mm corresponds to
the location of the first stent. Two ranges can be defined: OSI < 0.1 (Low recirculation) and OSI > 0.1
(High recirculation).
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3.2.4. Effect of the Overlapping on the RRT

Figure 12 displays the RRT distribution of overlapping CC-DES and BVS stents.
First, for the set of overlap values studied, the RRT distribution is only modified in this
overlap area and not for the upstream (stent 1) and downstream (stent 2) sections. In the
configurations with congruent struts (OD = 2000 µm and OD = 4000 µm), in addition to
the RRT peaks located in the vicinity of the struts in contact with the arterial wall, another
peak appears downstream of the congruent struts. This new peak is less wide but with
values higher than the threshold chosen for this study (8 Pa−1). For the configurations with
non-congruent struts, the RRT distribution is significantly affected with the appearance of
a weak peak upstream of the struts detached from the wall and especially a downstream
zone (up to the strut in contact with the arterial wall) with several peaks clearly exceeding
the RRT thresholds.
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Figure 12. RRT distribution for overlapping configuration. For sake of simplicity, three representative
configurations are displayed for each strut size (OD = 2000 µm, 3000 µm and 4000 µm). Strut
locations on the X-axis are indicated with black (upstream stent) and blue rectangles (downstream
stent). Notice that axial distance = 0 mm corresponds to the location of the first stent.

3.2.5. Relationship between OSI and TAWSS for Overlapping Configuration

Figure 13 shows the distribution of TAWSS versus OSI for all the configurations
including an OSI peak higher than 0.1 in the overlapping region (OD = 2000, 2500, 3000,
3500 and 4000 µm for both the CC-DES and BVS stents). It can be seen that, similarly
as found for malapposition configurations (see Figure 8), high OSI values were always
associated with low TAWSS < 0.5 Pa).
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3.2.6. Effect of Overlapping Distance on Arterial Wall Extent with a Risk of
Restenosis/Thrombus

Figure 14 displays the evolution of the total arterial extension affected by low TAWSS
(<0.5 Pa), high TAWSS (>0.5 Pa) and high OSI (>0.1) versus overlapping distance (OD). In
general, the effect of different OD levels on the arterial length affected by low TAWSS and
high OSI was rather constant for both strut sizes but more significant for the BVS stent.
Regarding high TAWSS, it did not affect significantly the vessel wall.
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Figure 14. Evolution of affected arterial length vs. overlapping distance (OD).

Overlapping CC-DES stents increased the total arterial extension affected by low
TAWSS up to 2.31 mm (at OD = 2500 µm) and the one affected by high flow oscillation up
to 0.41 mm (at OD = 4000 µm). For overlapping BVS stents, the total affected wall raised
up to 5.81 mm (at OD = 4000 µm) and up to 1.55 mm (at OD = 3500 µm) for low TAWSS
and high flow oscillation, respectively. Moreover, the increment of wall extension affected
by high TAWSS was relatively small for both stent sizes (maximum of 0 mm and 0.22 mm
for CC-DES and for BVS, respectively). Finally, the increment of wall segments affected by
low TAWSS and high OSI were significantly larger for BVS stents, up to 2.47 and 3.48 times
respectively (i.e., taking into account the mean total affected lengths shown in Figure 14).

4. Discussion

This study investigated the hemodynamic conditions in coronary arteries with malap-
posed and overlapped stents while considering a pulsatile non-Newtonian blood flow and
WSS-related indices computed over a cardiac cycle. The use of axisymmetric CFD models
simplified the systematic analysis of each geometry by performing a parametric study with
a significant number of computations (n = 30). The obtained results help to clarify the
impact of different degrees of strut misalignment on local hemodynamics (TAWSS, OSI
and RRT).

First, the regions of the vessel wall affected by high OSI were always under low
TAWSS for all the studied configurations (see Figures 7 and 14). This suggests that a
condition for OSI is the occurrence of low TAWSS as stated by [8,18,32].

4.1. Malapposed Configuration

The analysis of the malapposition geometries showed that regions of the arterial
wall affected by both low shear stress and oscillatory flow (i.e., TAWSS < 0.5 Pa and
OSI > 0.1) were present for small degrees of malapposition distance (MD). The extension
of the vessel affected by high OSI reached a maximum when MD was close to one strut
height (i.e., H = 85 µm and H = 150 µm for CC-DES and BVS stents, respectively). With
further increments of MD, the region with high flow oscillation decreased until it vanished
(see MD = 115 µm for CC-DES stent and MD = 300 µm for BVS stent in Figure 4). These
results are confirmed by the RRT distribution (see Figure 6). Indeed, when the MD values
increase (see MD = 115 µm for CC-DES stent and MD = 300 µm for BVS stent in Figure 6),
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the RRT peaks strongly decrease and fall below the threshold. The areas, in the overlap
section, affected by the adverse effect of RRT tend to vanish. In addition, low shear stresses
continued to develop on the arterial wall even when the OSI canceled out, indicating
that the velocity gradient near the wall was low but the flow was no more oscillatory.
These tendencies agree with the conclusions of previous works [8,10,22,33] and can be seen
in Figure 8.

With the increment of MD and the shift of recirculation regions downstream from the
malapposed struts, the free space near the arterial wall increased and the local resistance to
flow decreased. Consequently, fluid accelerated through the gap between the malapposed
struts and the vessel wall (see Figure 3) and caused localized regions with high shear stress
(i.e., TAWSS > 2.5 Pa, see Figure 4). Moreover, the magnitude of the high shear stress
and the size of the affected wall extensions increased gradually with the degree of wall
separation (see Figures 4 and 8, respectively), which is consistent with the conclusions
of [6,10]. Additionally, the presence of consecutive misaligned struts produced a decreasing
effect on TAWSS values. It was always particularly enhanced between the first and the
second strut (see Figure 4).

The configuration that led to the higher risk of potential restenosis occurred when
the malapposed struts were separated from the wall of approximately one strut height
(see zone 1 in Figure 8). This configuration promotes the formation of large recirculation
zones downstream from each malapposed strut, resulting in abnormally low TAWSS. On
the other hand, the risk of potential thrombosis was more significant for configurations
with large wall separations due to the occurrence of larger segments with high TAWSS
(see zone 3 in Figure 8). In such configurations, the risk of thrombus development had
previously been noted by [34]. In the intermediate zone (see zone 2 in Figure 8), the risk
of restenosis and thrombosis coexisted. The conclusions were similar for the two studied
stents. However, the concerned length is much more important for BVS stent.

4.2. Overlapping Configuration

The analysis of the overlapping geometry revealed an important deficit of shear
stress (TAWSS < 0.5 Pa) compared to non-overlapping segments of the stented artery (see
Figure 10), which was in agreement with the results of [17–19]. In general, two congruent
struts (i.e., with OD = 2000 µm and 4000 µm) were found to act as a single apposed strut
with double height. Consequently, congruent struts produced similar TAWSS distributions
than single apposed struts but with more significant hemodynamic disturbances (see
OD = 2000 µm and 4000 µm in Figure 10). Moreover, the configurations with congruent
struts were found to produce a large recirculation area downstream from the stacked struts
at the diastolic peak (see Figure 9). As the RRT is a function of the OSI and TAWSS, the
RRT provides general information combining the two previous information (see Figure 12).
A similar disturbed flow region was identified by [17,22,35] after performing steady-state
analyses on realistic and idealized CFD models, respectively. However, our transient
studies revealed that, in terms of the hemodynamic effect on the vascular wall over the
cardiac cycle, congruent struts configuration was not necessarily worse than incongruent
struts configurations. As seen in Figure 14, the total arterial lengths affected by low shear
stress (TAWSS < 0.5 Pa) and high oscillation (OSI > 0.1) are rather constant for all the
studied range of overlapping distance. It should be noted that the total stented length
varies significantly with the OD value. In fact, this length varies from 18.9 mm to 16.81 mm
for the CC-DES stent and from 19.50 to 17.35 mm for the BVS one.

For overlapping configurations, the wall lengths affected by high shear stresses
(TAWSS > 2.5 Pa) were relatively smaller than for malapposition configurations. Regarding
incongruent strut configurations, TAWSS peaks appeared in regions with significant gaps
between the vessel wall and overlapping struts (see OD = 3000 µm in Figure 10). However,
these peaks were considerably lower than those caused by malapposition configurations
(see Figure 4). Since the gap between the wall and the overlapping struts is less significant
(i.e., 52 µm and 107 µm for CC-DES and BVS struts, respectively) compared to the cases
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with large MDs (i.e., up to 450 µm), the TAWSS peaks were relatively small and in the order
of magnitude of small malapposition distances.

The potential risks of restenosis are relatively similar for all the overlapping struts
configurations studied, as highlighted by [36]. As OSI and TAWSS are fluctuating in the
non-congruent cases, the distribution of RRT is highly variable and shows several peaks in
the overlap area. As seen in Figure 14, low shear stress and flow oscillation always affected
the vessel wall for all the studied cases (i.e., OD from 2000 to 4000 µm). On the other hand,
the risk of thrombosis seems to be reduced for these configurations.

4.3. Effect of the Strut Dimensions

It is obvious that thinner struts (i.e., CC-DES in this study) represent smaller obstacles
to blood flow. So, this improves the shear stress distribution and allows a faster flow
reattachment between strut cells [5,37]. In this work, BVS struts were associated with
larger hemodynamic disturbances for all the studied configurations. The RRT plots (See
Figures 6 and 12) for malapposition and overlapping stents show the adverse effect of the
strut dimensions.

In the case of the correctly apposed stents cases (see MD = 0 µm in Figure 4), the BVS
struts increased the extension of regions with low shear stress and high oscillatory flow
2.43 times and 2.37 times, respectively. However, both strut sizes allowed flow reattachment
to reach normal shear stress values (TAWSS around 1.5 Pa).

Regarding malapposition and overlapping configurations, the performance difference
between CC-DES and BVS struts was more notorious. For malapposition cases, the use
of BVS struts increased up to 2.9, 1.51 and 3.31 times the wall segments affected by low
TAWSS, high TAWSS and high OSI, respectively. Regarding overlapping configurations,
the use of BVS struts increased up to 2.47 and 3.48 times the wall segments affected by
low TAWSS and high OSI, respectively. These results suggest that, in the case of equal
strut misalignment degrees (i.e., malapposition or overlapping), thicker struts will always
induce significantly larger hemodynamic disturbances than smaller struts and will increase
the risk of restenosis and/or thrombosis.

5. Study Limitations

First of all, the use of idealized axisymmetric models disregards the 3D effect that
coronary stents could have on the blood flow. The models in the present study are two-
dimensional, while real blood vessels are three-dimensional. The 2D models assume
rotational symmetry and no tangential flow component. However, this component exists
in the reality but it is neglected in the study. Additionally, stents are not axisymmetric. For
these reasons, the present work is useful to show tendencies of the hemodynamic variables
on the malapposition and overlapping rather than provide detailed information on the
flow structures and WSS patterns.

Moreover, our model does not consider any arterial curvature (i.e., we considered
straight arteries) or residual stenosis that may remain after PCI. These geometric simplifi-
cations affect the hemodynamic results. However, the use of realistic 3D models requires
significant computational costs, which are not compatible with parametric studies. Further-
more, a 3D model is especially justified for the analysis of a patient-specific configuration.
The use of 2D axisymmetric models let us fulfill the objectives of this work which were:
(1) to clarify the hemodynamic evolution for different degrees of strut misalignment, and
(2) to identify critical configurations that may be associated with restenosis and thrombosis.
Such goals can be only be reached with systematic parametric analysis.

In addition, the compliance of the arterial wall was also neglected. However, it is
known that stent deployment and atherosclerotic plaque reduce the compliance of the
artery wall [38]. Additionally, as demonstrated in the literature [39], the WSS and its related
indices are not affected by the vessel compliance for straight arteries.
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Finally, the biological response of the vascular wall was not considered, and only the
hemodynamic effects were investigated. Incorporating more complex models to predict
drug deposition or thrombus formation [10] could give a deeper insight into this subject.

6. Clinical Application

Stent deployment is a challenging task, especially for stenoses with complex con-
figurations (i.e., with excessive lengths, close to bifurcations, concomitant lesions, etc.).
Therefore, the ideal stent implantation is difficult to achieve in clinical practice. The fact is
that interventional cardiologists frequently encounter incomplete strut apposition and over-
lapping. The main conclusions found in this study may provide interesting information for
cardiologists and stent designers to know: (1) how different degrees of malapposition and
overlapping disturb blood flow and (2) which configurations are the most critical ones and
their potential link to poor clinical outcomes.

First, this study highlights that malapposed struts will produce the maximal flow
recirculation near the artery wall when malapposition distance is close to one strut height
(i.e., critical point for restenosis). With further increments of wall separation, recirculation
regions will disappear but the artery wall will be subjected to high shear stresses (critical
point for thrombosis). Since there is a decreasing effect on shear stress for consecutive
struts, the risk of plaque rupture and platelet activation is higher for regions close to the
first group of misaligned struts. Second, stent overlapping was more prone to increase the
risk of restenosis due to the appearance of segments of the artery wall subjected to low
shear stress and flow recirculation. In terms of critical configurations, the risk seems to be
comparable for all of them (i.e., incongruent and congruent struts). From a hemodynamic
point of view, the best is to avoid overlapping if possible. Indeed, for all overlapping
configuration, the extent of the zones where risks of stenosis/thrombus is significantly
greater than for malapposed configuration. Finally, thicker struts are more sensitive to strut
misalignment problems.

7. Conclusions

This axisymmetric numerical study allows evaluation of the risks related to a malap-
position or an overlapping stent. The numerical models show that the relative extent of
the areas with high risk (restenosis/thrombus) is considerably increased in regions with
overlapped stent compared to regions without overlapped stent and even compared to
areas of malapposed stent. Since it is generally accepted that low TAWSS (TAWSS < 0.5 Pa),
high TAWSS (TAWSS < 2.5 Pa), high OSI (OSI < 0.1) and RRT > 8 Pa−1 are important factors
for atherogenesis and thrombogenesis, the results indicate that adverse hemodynamics
caused by overlapping stents may be partly responsible for adverse clinical outcomes in
patients treated with overlapping stents. The development of risk areas for malapposition
is significantly lower than for overlap. In addition, it was shown that the size of the struts
has a very negative effect on the development of risk areas. In cases where stent overlap
cannot be avoided, deployment strategies should be optimized or new stent designs should
be considered to reduce the risk of restenosis.
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