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ABSTRACT

In this work, we investigate the effects of stent indentation on hemodynamic indicators in
stented coronary arteries. Our aim is to assess in-silico risk factors for in-stent restenosis (ISR)
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and thrombosis after stent implantation. The proposed model is applied to an idealized artery

with Xience V stent for four indentation percentages and three mesh refinements. We analyze
the patterns of hemodynamic indicators arising from different stent indentations and propose
an analysis of time-averaged WSS (TAWSS), topological shear variation index (TSVI), oscillatory
shear index (OSI), and relative residence time (RRT). We observe that higher indentations display
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higher frequency of critically low TAWSS, high TSVI, and non-physiological OSI and RRT.
Furthermore, an appropriate mesh refinement is needed for accurate representation of hemo-
dynamics in the stent vicinity. The results suggest that disturbed hemodynamics could play a

role in the correlation between high indentation and ISR.

1. Introduction

Cardiovascular diseases are the most common cause of
death worldwide. More specifically, 30% of global mor-
tality is due to coronary artery disease (Townsend et al.
2016; Roth et al. 2020). Its treatment largely consists in
a minimally invasive surgical procedure: a coronary
stent implantation. During the stent implantation, the
artery wall will be injured. This triggers an inflamma-
tory reaction which implies a number of side-effects:
endothelial damage, consequent neo-intima hyperpla-
sia (NIH), in-stent restenosis (ISR) and long term
lesions with 40% occurrence rate, accumulation of pla-
telets and possible thrombus formation, which is fatal
in 45% of the cases (Holmes et al. 2010; Farooq et al.
2011). Drug-eluting stents (DES) are coated with a
layer of polymer and infused with drug, designed to
mitigate such side-effects (Khan et al. 2012). However,
even after the introduction of DES, the percentage of
stent implantation side-effects such as ISR and throm-
bosis is still significant (Takayama et al. 2011; Douglas
2012; Buccheri et al. 2016; McQueen et al. 2021).
Research on stent implantation ranges from bal-
loon pressure, to drug elution, vessel injury, optimal

implantation and long term effects such as ISR
(Zunino et al. 2009; Antoniadis et al. 2015; Wang
et al. 2015). Complex coupled models include physical
and biochemical species involved in ISR, (Yang et al.
2017; Zun et al. 2017; Manjunatha et al. 2022), a
structural framework for the artery wall (Romarowski
et al. 2019; Silva et al. 2020), and fluid-structure inter-
action (FSI) between the blood and the wall (Forti
et al. 2017). Numerous studies have shown the impor-
tance of altered hemodynamics in stented arteries
(LaDisa et al. 2003; Zunino et al. 2009; Hachem
et al. 2023), the influence of stent designs and vessel
irregularities (De Santis et al. 2013) and flow patterns
before and after stent implantation (Chiastra
et al. 2013). Furthermore, flow patterns and recircula-
tion areas, in particular, greatly influence drug release
in DES close to the stent struts (Calo et al. 2008;
Vergara and Zunino 2008; Kolachalama et al. 2009).
Blood is approximated as a homogeneous
Newtonian fluid in large arteries with physiological
flow (Gijsen et al. 1999; Leuprecht and Perktold
2001). Various studies have been conducted to assess
shear thinning effects and blood damage in capillaries
or pathological conditions (Behr et al. 2006; Behbahani
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et al. 2009; Marsden et al. 2014; Hafller et al. 2019;
Sasse 2020). Wall shear-stress (WSS) is often used as
indicator of the well-being of the cardiovascular system
(Hsiao et al. 2012; Park et al. 2016; Morbiducci et al.
2020; Zingaro et al. 2021; Kronborg and Hoffman
2023). Blood recirculation occurs near areas of low
WSS making them particularly dangerous: they are
more prone to platelet aggregation, and therefore
thrombus formation (Rayz et al. 2010), endothelial dys-
function and induced inflammation resulting in NIH
(Wentzel et al. 2001; Stone et al. 2003; Nakazawa et al.
2008; Cecchi et al. 2011; Koskinas et al. 2012; Jenei
et al. 2016; Brindise et al. 2017). In particular, prior
studies have shown a correlation link between WSS and
ISR (He et al. 2020). Hemodynamic indicators derived
from WSS are time averaged WSS (TAWSS), oscillatory
shear index (OSI), and relative residence time (RRT)
(Soulis et al. 2011; John et al. 2017). More recently,
Morbiducci et al. have introduced a topological
WSS metric to classify the contraction and expansion
of WSS, ie., the topological shear index variation
(TSVI), which is of high interest in stented arteries,
especially to address hemodynamic effects on the
endothelial surface (Chiastra et al. 2022; Mazzi et al.
2022).

One of the biggest challenges to model hemo-
dynamics in stented arteries is to obtain the geometry
of the artery lumen after stent implantation. Stent
geometries can be very complex and difficult to
reproduce (Auricchio et al. 2013; Zunino et al. 2016)
and the arterial wall is inhomogeneous due to, e.g.,
calcified or necrotic areas. The artery model can be
patient-specific (Kim et al. 2010), obtained from
Magnetic Resonance Imaging or CT scans (Takizawa
et al. 2012; Conti et al. 2016; Colombo et al. 2020) or
an idealized cylindrical surface. Stents can also be
implanted into the artery wall at different levels of
depth, which depends on the pressure applied during
the implantation. With "stent indentation” we refer to
the impression of struts into the vessel wall after stent
implantation (Cornelissen et al. 2023). To achieve a
satisfactory minimum stent area, e.g., with calcifica-
tion, the stent has to be expanded with high pressure
which results in higher indentation. Qualitative injury
scores, such as the Schwartz score (Schwartz et al.
1992) are used for estimation of ISR risk post-mor-
tem. Low injury scores have been correlated with little
NIH and healthy neo-intima growth. Different levels
of indentation are associated with an injury score
from 0 to 3, depending on the expected side-effects.
A 0 injury score is associated with 0%-10% indenta-
tion, for 10%-25% indentation injury score is 1, 25%—

50% indentation results in injury score 2 and 3 is
reserved for higher indentation. If the stent is only
10% indented into the artery wall, a successful stent
implantation and few side effects such as ISR are
expected. High indentation percentage means that a
lot of pressure was applied during stent implantation
and higher inflammation and vessel injury are
expected. Yet the effect of indentation on hemo-
dynamics remains uninvestigated.

In this work, we propose a 3D model of stented cor-
onary artery for varying stent indentations and an in-
silico analysis of hemodynamic indicators. We obtain a
3D CAD model of the Xience V stent (Ding et al. 2009)
scanned under electronic microscope and then compu-
tationally insert it into a cylindrical idealized artery.
Blood flow is modeled with Navier-Stokes equations,
solved by means of stabilized Finite Element Method
(FEM) and Backward Differentiation Formula (BDF)
for time discretization. We investigate how indentation
can influence blood flow indicators. In particular, criti-
cal areas are detected analyzing WSS, TAWSS, TSVI,
OSI, RRT and their empirical frequency. In the next
section, we describe the in-silico model for hemo-
dynamics in stented arteries. In particular, Sections 2.1
and 2.2 introduce the geometry and computational
domain of an idealized coronary artery lumen with a
Xience V stent for varying indentations and the choice
of mesh refinements. In Section 2.3, we derive the
blood flow model and the hemodynamic indicators.
We show the numerical results obtained for four inden-
tation levels and three mesh refinements in Section 3.
In particular, WSS, TAWSS and their critical threshold
are shown in Sections 3.1, 3.2 and 3.3. We analyze the
variation of WSS topological skeleton in Section 3.4,
while OSI and RRT are highlighted in Section 3.5. We
discuss the results and draw conclusions in Sections 4
and 5, respectively.

2. Model and method

In Sections 2.1 and 2.2, we present the workflow to
obtain the computational domain of an idealized cor-
onary artery lumen with Xience V stent at different
indentation levels. The computational model for
blood flow and the derivation of hemodynamic indi-
cators are described in Section 2.3.

2.1. Geometry of expanded Xience V stent

The complex geometry of a Xience V stent is shown
in Figure 1. In particular, Figure 1(a) shows the
Xience V stent mounted on a delivery balloon. Figure
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(a) Stent mounted on catheter and deliv- (b) Crimped struts under scanning (c) Expanded struts un-
ery balloon before implantation. electron microscope. der scanning electron mi-
croscope.

(d) Discretized stent in the nominal configuration. (e) Discrete rigid cylinder utilized for crimping.

PEEQ
{Avg: 75%}

+8.407e-0.
+0.000e+00

(g) After crimping and ex- (h) Side view of 1g.
pansion in ABAQUS.

b

(i) Stent after adaptation (j) Side view of 1i.
in Pointwise.

Figure 1. Xience V stent.
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1(b) and (c) show the Xience V stent under scanning
electron microscope, in crimped and expanded state,
respectively. The strut thickness is around 80 um and
the stent length is 10.3mm. A CAD model of the
nominal configuration (factory geometry before
crimping) is obtained by CARD and consequently vir-
tually expanded to a diameter of 3.5 mm in ABAQUS
by IFAM.

The Xience V stent geometry is discretized with
22,216 trilinear hexahedral elements with embedded
incompatible modes (C3D8I) as shown in Figure 1(d).
Young’s modulus of E=222 G Pa and Poisson’s ratio
of v=10.29 are used to model the elastic behavior of
the cobalt-chromium (Co-Cr) alloy that constitutes
the stent struts. The model is also endowed with an
elastoplastic constitutive law with isotropic hardening
via the prescription of the yield stress-plastic strain
tuples extracted for the Co-Cr alloy from Poncin and
Proft (2003). A discrete rigid cylinder (see Figure
1(e)) is used in ABAQUS to crimp the stent to the
configuration shown in Figure 1(f) employing the
penalty formulation for the contact between the cylin-
der and the stent, as well as stent self-contact. Plastic
hinging is observed along the curvatures present
within each cell of the strut configuration. The
crimped stent is then allowed to spring back in an
intermediate step. Finally, the sprung-back stent is
expanded by the prescription of pressure loading on
the luminal surface to obtain the configuration in
Figure 1(g). The non-uniform expanded profile of the
stent is attributed to the non-uniform plastic hinging
induced by the crimping process. The ends of the
stents are devoid of the intermediate connecting
arches, thereby resulting in less plastification. This
then results in the ends behaving more stiffly than
the interior under pressure loading, as can be
observed from Figure 1(h).

To adapt the stent geometry to an idealized cylin-
drical artery, we apply the following workflow using
the commercial meshing software Pointwise: first, we
extract the outer-most surface of the stent, then we
project it onto a cylinder, and finally, we extrude the
projected surface inwards to retrieve the original stent
thickness of 80 um. The final geometry is shown in
Figure 1(i) and (j).

2.2. Stent indentation in lumen of idealized
artery: geometry and mesh

For the artery geometry, we consider a 20 mm long
segment, approximated as an ideal cylinder with a
3.6mm diameter. The diameter is chosen based on

average values of the right coronary artery (Dodge
et al. 1992), and the distal length is chosen such that
the artery segment completely contains the stent. This
way, we can analyze the effects of stent implantation
in the stent proximity, with a focus on the down-
stream portion.

We proceed to intersect the artery wall with the
3D model of the Xience V stent. If the stent is only
lightly pushed against the artery wall, we observe a
10% indentation.High levels of indentation, e.g.,
75%, imply that high pressure was applied during
the surgical procedure (Cornelissen et al. 2023).
Common indentation levels are between 10% and
55%, but in the scope of this work, we aim at
exploring all in silico possibilities. Hence, the stent
is uniformly expanded to obtain four levels of inden-
tation: 10%, 25%, 50%, and 75%, see Figure 2(a)-
(d). The artery diameter is kept at 3.6mm and the
stent is adjusted such that its external diameter is
ds = ds(1+In) where d, is the diameter of the
lumen before the stent implantation and In is the
indentation percentage. During the implantation pro-
cedure the stent is pushed further into the artery
wall, therefore bending it close to the stent struts.
To this extent, we define a transition area between
the stent contact surface and the artery wall, high-
lighted in purple in Figure 2(e) and (f). The transi-
tion area is estimated based on ex-vivo microscopy
imaging (Cornelissen et al. 2023). In patient-specific
geometries, different indentation percentages are
observed for single struts and depending on the
artery configuration.

For blood flow simulations, the domain we are
interested in is only the artery lumen. The lumen
boundaries are obtained intersecting the inner artery
wall I',, (cylindrical surface and transition areas) and
the inner-most surface of the struts I'y,,; (see pink
regions in Figure 2(e) and (f)). The external surface
of the stent and the struts volume are not part of the
computational domain and therefore not meshed.
Figure 2(g)-(j) show the mesh resolution of the inter-
section surface near the transition area for two inden-
tation levels. After meshing the intersection surface,
we obtain the 3D mesh for the artery lumen. For
each indentation we evaluate three mesh refinements,
as shown in Figure 2(k)-(m). The uniform mesh has
a mesh size of circa 0.1 mm. The reason for this is to
keep the mesh elements comparable in size to the
struts (Manjunatha et al. 2024). The targeted mesh
refinement (TMR) case has a varying mesh size
between 0.01 and 0.1 mm, where the smallest ele-
ments surround the stent and the transition areas. In
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(a) 10%. (b) 25%. (c) 50%.

(d) 75%.

(j) Zoom on 2i.
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Figure 2. Geometry ((a)-(f)) and mesh ((g)-(j)) of artery lumen with Xience V stent in cross-section and longitudinal view for dif-
ferent indentation percentages. Figures (k)—(m) show the different mesh refinements for 75% indentation.
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the reference case, the boundary elements (artery
wall, stent, and transition areas) are all kept at
0.01 mm mesh size and the volume elements transi-
tion from 0.01 to 0.1 mm mesh size from the bound-
ary towards the center of the lumen.

2.3. Blood flow modeling and hemodynamic
indicators

Incompressible Navier-Stokes equations in the
Eulerian configuration describe the blood flow. The
system of Equations (1)-(4) shows the momentum
and mass conservation with boundary and initial con-
ditions:

p(us+u-Vu)—=V-6=0, in Qx (0,T], (1)
V-u=0, in Qx (0, 7], (2)

u=g, on 0Q, (3)

u=n1ugy in Q at t =0, (4)

where Q is the spatial domain, (0, T] denotes the time
horizon, u = u(x, t) is the velocity vector, p = p(x,t)
is the pressure and p the blood density. The stress
tensor for incompressible and viscous fluids is defined
as

6 = —pI + 2LiE, (5)

where E(u) =1 (Vu+ Vu') is the rate-of-strain ten-
sor and yu is the dynamic viscosity which is assumed
to be constant. Given the artery diameter of circa
3.6mm and the idealized geometry of this work, we
assume a Newtonian constitutive model for the blood
(Leuprecht and Perktold 2001). Common choices for
density and viscosity are p=1056kg/m’> and =
3.5%x 107 Pa s for 45% hematocrit and 37°C. The
artery wall is assumed to be non-moving in the pres-
ence of rigid metal stents (Moore and Berry 2002).
Figure 3(a) shows the subsets of the boundary: on the
artery wall I'), and on the stent inner surface 'y,
no-slip boundary conditions are imposed; on I',,,, we
impose for the velocity to be perfectly orthogonal to
the outflow surface; and I';, has a parabolic profile.
The inflow velocity magnitude is varying in time to
mimic the periodic pulsatile regime over one heart

(a) Lumen boundaries: I';, in yellow, 'y, in grey, I'stent in pink

and T'oy: in blue.

Figure 3. Definition of I" and inflow boundary conditions.

beat lasting 0.83s (Manjunatha et al. 2024). Figure
3(b) shows the Fourier interpolation of experimental
data of the flow rate Q(¢) in the right coronary artery
(Bertolotti et al. 2001; Hsiao et al. 2012). During sys-
tole, the flow increases from a minimum flow rate of
0.31ml/s to a maximum of 2.2ml/s. The diastolic
phase shows another increase, but the peak is much
lower compared to the systolic one. Initial conditions
uy = g(x,0) are imposed in Q based on the velocity
obtained from a steady simulation with flow rate
equal to Q(0).

We discretize system (1)-(4) in space by means of
stabilized FEM and we choose P; — P} element pair.
Given the geometry and the inflow velocity, we do
not expect to be in a turbulent regime, but we expect
to see vortices close to the stent struts. The max-
imum Reynolds number is Re=300, thus GLS stabil-
ization (Donea and Huerta 2003; Pauli and Behr
2017) for the momentum equation and for the
incompressibility constraint is sufficient. For time dis-
cretization, we choose the BDF2 multi-step method
(Forti and Dede 2015). We linearize the convective
term by means of Newton-Raphson method and
solve the resulting linear system with a GMRES
solver (Saad and Schultz 1986) and ILUT precondi-
tioning (Saad 2003).

The WSS vector t is computed as (John et al.
2017):

t=o0n—[(on) -njn =2u(En — [(En) - njn),  (6)

where n is the outward unit normal vector. The WSS
magnitude is defined as WSS = |z|. To evaluate WSS
over a certain time span, a well-known quantity is
TAWSS:
17
TAWSS :—J 2(6)|dt. )
TJo
Taking (0,T) as one heart beat cycle, TAWSS
shows which areas have persistently low values of
WSS. This choice is justified if the periodic flow is
reached, and therefore one heartbeat is representative
of any heartbeat. Averaging over multiple heartbeats

n
@

© Experimental data
Fourier fit

o N

flow rate (ml/s)

=
o

0
0 01 02 03 04 05 06 07 08

time (s)
(b) Flow rate over one heart beat imposed
at inflow T'jp,.
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would be computationally more expensive but would
not add any more information.

Following Chiastra et al. (2022), we identify the
divergence of the normalized WSS vector as:

DIVWSS_V'< ! >_V'Tm (8)

||T||2

where positive values characterize expansion and
negative values correspond to contraction regions.
The importance of this quantity is shown for example
in Mazzi et al. (2022) and Morbiducci et al. (2020),
with direct correlation to restenosis. Another related
quantity of interest is TSVI, which is calculated as:

1

2

TSVI = {%JT [v *(Tu) —V-—(ru)rdt} )

0

It quantifies the variation of WSS topological skel-
eton (expansion or contraction), overarching a cardiac
cycle.

OSI is an indicator of the WSS deflection from the
main flow direction and highlights recirculation near

the artery wall:
T
t)dt
0sI =~ (1 - M) (10)
2 Jo 1z(t)|dt

It spans between 0 where shear stresses completely
align with the main flow direction and 0.5 which
indicates possible vortices and stagnation. RRT in
(11) merges the information of TAWSS and OSI in
one quantity:

1
RRT = . 11
(1 — 20SI)TAWSS (1)

High values of RRT correspond to low values of
TAWSS and recirculation areas with high OSI
values.

3. Numerical results

In this section, we analyze the numerical results
obtained for the hemodynamic indicators introduced
in Section 2.3 in stented arteries with a Xience V stent
at different indentations. Table 1 shows an overview
of mesh parameters for different refinements. The sol-
utions obtained on the finest mesh are taken as refer-
ence. For each mesh, n, is the total number of
elements, i denotes the mesh size, and the total num-
ber of nodes is n,. Meshes vary from 4 to 35 million
elements for any indentation, depending on the
refinement level. The simulation of one cycle T for a
fully resolved stented artery runs for 16-17h on 480
cores with targeted mesh refinement, while the

reference case requires much more computational
resources for a comparable run-time. The results are
obtained after three heart beats, with time step At =
0.005 s. The periodic regime is reached after one full
heart beat. Thus, hemodynamic quantities are
obtained via post-processing of the second cycle. All
simulations are obtained with the highly parallelizable
in-house code XNS (Pauli and Behr 2017) and are
performed on the supercomputers JURECA at
Forschungszentrum Jiilich (Krause and Thornig 2018)
and CLAIX 2018 at RWTH Aachen University.

3.1. WSS and TAWSS

We qualitatively analyze WSS and TAWSS, in par-
ticular on the reference mesh for 75% and 10%
indentation.

A qualitative overview of the reference WSS on the
artery wall and on the stent inner surface is shown in
Figure 4(a) and (b). In both cases, peaks of WSS near
1.7Pa are observed on the stent surface, which is
more exposed to the laminar flow in the lumen. In
line with Manjunatha et al. (2024), the WSS values on
the artery wall far away from the stent and transition
areas are very similar for both indentations. We
define a critical threshold for values of WSS < 0.4 Pa,
which are especially problematic according to Benard
et al. (2006) and Chiastra et al. (2013). Figure 4(c)
highlights areas of critical WSS at time t=0.4s. We
observe larger areas of critical WSS for 10% indenta-
tion, which decrease for higher indentations.
However, if we inspect the transition areas adjacent
to the stent struts as shown in Figure 4(d), the case of
75% indentation displays the lowest values of WSS
over the whole cycle. On the other hand, WSS values
over one cycle systematically increase for decreasing
indentation percentage.

The reference TAWSS for the two extreme inden-
tation percentages chosen in this paper is shown in
Figure 5(a)-(d). We can qualitatively observe that the
TAWSS values range from 0 (in blue) to 0.8Pa (in
red) and low values of TAWSS are detected in both
cases close to the stent struts. However, for low
indentation levels we observe a smoother transition
from 0 values to physiological TAWSS. In the case of
75% indentation the transition areas are much deeper
and sharper, resulting in a sudden change of TAWSS
from values close to 0 to physiological ones. If we
focus on a particular set of struts on the reference
mesh (see Figure 5(e), (h), (k) and (n)), high indenta-
tions show larger areas of extremely low TAWSS
(close to 0) and sharper transition to TAWSS ~ 0.8
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Table 1. Average mesh parameters for any indentation.

Ng n, h Pmin n,on T’ n,onT, # cores Wall-clock time
Uniform ~4M ~ 07M 0.1mm 0.1 mm ~ 110K ~ 80K 240 ~35h
TMR ~27M ~5M 0.1mm 0.01 mm ~ 125M ~ 310K 480 ~ 16h
Reference ~35M ~ 65M 0.1mm 0.01 mm ~2M ~ 900K 960 ~ 13h
WSS (Pa) WSS (Pa)
00e+00 03 0.6 1 1.4 1.7¢+00 0.0e+00 03 0.6 1 1.4 1.76+00
= : — | o—
(b) 10%.

WSS (Pa)
0.0e+00 0.3 0.6 1

1.4 1.7e+00

1
-

==WSS - 10% Indentation|
== WSS - 25% Indentation|

I e X WSS - 50% Indentation
014 / \ i

—WSS - 75% I
/
S /"” \H /\\j
o,oe// \\,/ : 3 \
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Figure 4. Reference WSS at time t = 0.25s for two indentation percentages (4(a) and 4(b)). Plots of critical WSS for all indenta-
tions (4(c) and 4(d)). Plots are color-coded to indentation percentages: 10% (green), 25% (blue), 50% (yellow), and 75% (red).

Pa. Simulations with targeted mesh refinement (see
Figure 5(f), (i), (I) and (o)) capture TAWSS values
very accurately, particularly on transition areas, for all
indentations. On the other hand, TAWSS values on
uniform meshes (Figure 5(g), (j), (m) and (p))
roughly reproduce the indentation patterns observed
for reference and targeted mesh refinement, but fail
to capture the microdynamics near transition areas.

3.2. Deviation from physiological TAWSS

To better estimate the effects of the struts and inden-
tation compared to healthy hemodynamics, we inves-
tigate the deviation ¢ from the physiological TAWSS
value of 0.8 Pa (Manjunatha et al. 2024), defined as:

_ [TAWSS —0.8|
- 0.8 '

o (12)

A deviation close to 0 corresponds to values within
a healthy range, while a ¢ close to 1 highlights critical
values of TAWSS. In Figure 6(a) and (b) we observe
that the transition pattern for 10% and 75% is similar
to the one observed in Figure 5: the case of 75%
indentation shows highly deviating values in the tran-
sition areas and 10% indentation gradually transitions
from deviating values in the stent vicinity to 0 devi-
ation on the non-deformed artery wall; see strut
details in Figure 6(c) and (d).

Figure 7 provides an overview of indentation per-
centage effects on the deviation ¢ for all mesh refine-
ments. The violin plots estimate the density
distribution of J, based on the number of mesh nodes
associated with a certain deviation value. In the refer-
ence case, we observe that low indentations have a
more uniformly distributed deviation between 0 and
1, which becomes more hour-glass-shaped for higher
indentations. In particular, 75% indentation has the
highest density of both 8 ~ 1 and & ~ 0. The simula-
tions with targeted mesh refinement reproduce quali-
tatively accurate results for all indentation
percentages, in particular for deviation 6 ~ 1 in the
stent proximity. Physiological TAWSS values are
located where the targeted refined mesh is coarser.
Therefore all indentations have low density for 6 <
0.6. In the uniform case, the deviation trend for all
indentations is similar for 6 ~ 1. However, the dens-
ity distribution is much larger for 8 ~ 0, inverting
the trend shown in the reference case.

3.3. Critical values of TAWSS

In this subsection, we analyze the critical sub-threshold
TAWSS between 0 and 0.4Pa (Benard et al. 2006;
Chiastra et al. 2013) both qualitatively and quantitatively.

Figure 8 highlights where critical values are
located, i.e., in the vicinity of the stent struts, almost
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Figure 5. TAWSS for all mesh refinements and indentations.

completely overlapping with the transition areas for
75% indentation, as shown in Figure 8(e). The high-
lighted struts in Figure 8(c) also showcase that
for high indentation we observe small TAWSS vari-
ance and high density of values close to 0. On the
other hand, low values of TAWSS for 10% indenta-
tion are spread over a larger portion of artery wall
and showcase higher density of TAWSS towards the
upper end of the critical values range (see Figure 8(d)

and (f)).

(o) TMR, 10%.

TAWSS (Pa)
0.0e+00 0.20.30.40.50.60.7 8.8e-01
|

_____ B—

5o 38 S
(p) Uniform, 10%.

A quantitative analysis is provided by plotting the
nodal absolute empirical frequency (NEAF) of
TAWSS values smaller than 0.4 Pa in the form of his-
tograms. The NEAF is calculated by counting the
number of mesh nodes with TAWSS within a certain
range. Figure 9(a) and (b) show the TAWSS histo-
grams grouped by mesh refinements and indentations
respectively. We choose a uniform bin width of
0.01 Pa for a total of 40 bins per histogram. For the
reference mesh (see left-most subplot in Figure 9(a)),
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Figure 7. Violin plots of ¢ density distribution for all mesh refinements and indentations.

75% indentation has the highest NEAF of TAWSS
values between 0 and 0.01 Pa and the NEAF of the
first bin decreases with indentation percentage. On
the other hand, 10% indentation has the highest
NEAF of values between 0.39 and 0.4 Pa. From Figure
9(b), we observe that for each indentation, NEAFs
show a similarly decaying trend from TAWSS =0 to
TAWSS = 0.4 Pa in the case of targeted mesh refine-
ment and reference mesh. This pattern is not present
for the uniform meshes, where the NEAF variance is
much higher between bins (see right-most subplot in
Figure 9(a)).

To prevent errors of NEAF estimation, we refine
the histogram bin width to 0.0002Pa and plot the
histogram data in Figure 10(a). Looking at the refer-
ence mesh (left-most subplot) the highest NEAF is
accumulated close to zero for 75% indentation and
decreases (in order) for 50%, 25% and 10% indenta-
tion. The NEAF decay is very fast for high indenta-
tions and slower for low indentations. This entails
that the reference NEAF order is inverted for values
close to 0.4Pa. The highest NEAF in the upper end

range is given by 10% indentation and decreases with
increasing indentation, i.e., (in order) 25%, 50% and
75%. Low values of TAWSS have very close NEAF for
each indentation in targeted mesh refinement and ref-
erence cases, especially for values smaller than
0.25Pa. NEAF values with uniform meshes and tar-
geted mesh refinement for TAWSS > 0.25 Pa are
hard to evaluate, since the refined bin size introduces
a lot of noise.

To exclude additional noise added by the small
histogram bin size, we interpolate the histogram val-
ues with splines (Eilers and Marx 2010) using Matlab
Curve Fitting Tool (The MathWorks 2021) for visual
convenience. We ensure that the goodness of fit is
satisfactory, by imposing R? >0.9. The curves
obtained are compared to the raw histogram data for
each indentation and mesh refinement in Figure
10(b). Figure 10(c) groups the fitted curves for each
mesh refinement. Comparing targeted mesh refine-
ment and reference case, we observe a similar decay
for each indentation percentage and nearly identical
NEAF for TAWSS = 0. Furthermore, the same NEAF
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Figure 8. Areas of artery wall with TAWSS < 0.4 Pa on reference mesh for two indentation percentages.

decaying order is retrieved with targeted mesh refine-
ment for values of TAWSS close to 0.4Pa. This
NEAF pattern is not reproduced with uniform
meshes, in particular for high indentations (see right-
most subplots in Figure 10(c)).

3.4. WSS divergence and TSVI

In this section we describe the main results observed
in the WSS topological skeleton for two indentations,
namely 75% and 10%.

In Figure 11, we examine the divergence of the
normalized cycle-averaged WSS vector, DIVyyss,
focusing on expansion and contraction regions.
Expansion regions, depicted in red, coincide with
positive values of DIVyss, while contraction regions,
in blue, correspond to negative values. For both
indentation, a recurrent pattern emerges: upstream
stent struts exhibit expansion, while downstream stent
struts show contraction. At 75% indentation, regions
of expansion and contraction are localized near the
transition regions, similarly to what observed for criti-
cal TAWSS. In contrast, at 10% indentation,

expansion and contraction regions appear more
spread out along the stented artery wall.

Notably, struts with tips orthogonal to the flow dir-
ection exhibit a distinct pattern (see Figure 11(c) and
(d)): contraction around the strut tip is followed by
expansion immediately around it, with the opposite
pattern observed if the tip faces downstream direc-
tion. Furthermore, in U-shaped struts perpendicular
to the flow direction, expansion-contraction patterns
occur twice, as highlighted in Figure 11(e) and (f).

To facilitate comparison between the two indenta-
tions, we zoom in on some struts from a different
perspective in Figure 11(g) and (h). Here, we also
plot the WSS vector field, highlighting that contrac-
tion regions correspond to streamline accumulation
and expansion regions correspond to divergent
streamlines, as described in Chiastra et al. (2022).
Additionally, within these figures, we mark areas of
interest for comparison and analysis in the following
paragraph. In areas marked with A, contraction is
focused on the strut tip for 10% indentation, whereas
at 75% indentation, contraction expands around the
strut, closely following its shape. Larger and more
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Figure 9. NEAF histograms of TAWSS < 0.4 Pa.

numerous contraction areas are observed at 75%
indentation (see e.g. left-most area B). Also on longi-
tudinal struts marked as B, contraction is evident,
whereas little to no contraction is observed for 10%
indentation. Expansion areas, marked with C, appear
larger in some cases, compared to 10% indentation.
Focusing on U-shaped struts, marked as D, larger
areas of contraction and expansion extend along the
artery wall, aligning with the stent strut profile, for
75% indentation. Conversely, lower indentations
exhibit larger areas of altered WSS topological skel-
eton further away from the transition areas, marked
with E.

The TSVI quantifies the amount of variation in
WSS expansion or contraction over the cardiac cycle.
Following Chiastra et al. (2022), the values in Figure
12 were capped at 5000 m™.

Comparing TSVI values to the reference case (Figure
12(a) and (b)), regions of high TSVI are accurately cap-
tured for both indentations when using targeted mesh
refinement, as depicted in Figure 12(c) and (d). On the
other hand, uniform meshes result in significant inaccur-
acies, as shown in Figure 12(e) and (f).

For the reference case, we highlight specific areas
of interest in Figure 12(g) and (h), which we further
discuss in the following paragraph. At 10%

indentation, areas of higher TSVI (greater than 3000
m™!) are observed in the stented wall, albeit distant
from the transition areas (see area marked with A).
Furthermore, high TSVI values are more dispersed
within the stented area, tending towards values
around 1000 m™!. Conversely, for 75% indentation,
areas of high TSVI predominantly surround the tran-
sition areas (also highlighted with A), similarly to
what observed for DIVysgs. Additionally, areas with
TSVI exceeding 5000 m~! are more extensive com-
pared to 10% indentation (see areas marked with B
for both cases). Overall, regions of high TSVI tend to
coincide with areas of low TAWSS. However, high
TSVI values (greater than 4000 m™') are localized at
the tips of struts, both upstream and downstream,
and around struts orthogonal to the main flow direc-
tion (see zones marked as C).

3.5. OSl, RRT and limit values

Effects of indentation on OSI and RRT are analyzed
in this section.

Figure 13(c) shows that 75% indentation results in
increased areas with OSI = 0.5, i.e., more stagnation
around the stent struts, compared to 10% indentation
(see Figure 13(f)). The targeted mesh refinement is
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Figure 11. Cycle-averaged WSS topological skeleton on reference mesh and two indentation percentages. DIVyss is calculated

inm".

able to accurately capture the critical areas of OSI =
0.5 for both indentation percentages, as shown in
Figure 13(d) and (g). The uniform meshes underesti-
mate the OSI value in several areas around the stent
(Figure 13(e) and (h)). Most values of OSI are either
very close to 0 or very close to 0.5. This pattern is
detected for all indentation and refinements in Figure
14. The bubble plot shows the NEAF for OSI < 0.01,
0.01<OSI < 0.5 and OSI = 0.5. The comparison
between the total number of nodes and the NEAF for
OSI in different value ranges show that the majority
of mesh nodes detect OSI < 0.01. Only a small frac-
tion of total nodes show limit values of OSI, which
we compare in more detail in Figure 15.

The physiological healthy RRT value is approxi-
mately 1.3 3- (Manjunatha et al. 2024). Higher values
entail both low WSS and recirculation. For the refer-
ence cases in Figure 16(a) and (c), we observe that
75% indentation have larger areas of critically high
RRT values, while 10% indentation shows a more
spread-out distribution of RRT (Figure 16(b) and (f)).
For both indentations, reference physiological values
of RRT are observed far away from the stent. Figure
16(d) and (g) highlight how targeted mesh refinement
is able to correctly capture the same RRT values very

close to the stent strut and the complex microdynam-
ics in the surrounding area. In the case of uniform
meshes (Figure 16(e) and (h)) RRT values are under-
estimated, especially in the stent proximity.

Figure 17 shows the NEAF for different RRT
ranges. Most RRT values are classified between 0 and
100 3-. Values of RRT between 1.5 and 100 5- repre-
sent the areas of low TAWSS between 0.1 and 0.4 Pa
and mild recirculation. For each indentation, we
notice that the reference NEAF of 1.5 <RRT < 100
decreases for increasing indentation percentage, and
that NEAF for RRT > 100 increases consistently from
10% to 75% indentation. This pattern is also observed
for all indentations with targeted mesh refinement,
but the uniform meshes seem to miss most of the
microdynamics in the range 100 <RRT < le+5
compared to the targeted mesh refinement and refer-
ence cases.

Limit values of RRT > le+5 are represented by
values of TAWSS = 0 and OSI = 0.5. Figure 18 high-
light the areas with limit values for all mesh refine-
ments with 75% and 10% indentation. These values
surround the stent profile for both indentations.
Looking at the reference cases, higher indentations
show larger areas of limit values compared to 10%
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Figure 12. TSVl in m™" for all mesh refinements and two indentation percentages.

indentation. The targeted mesh refinement reproduces
very closely the limit values in the same areas of the
artery wall. In the uniform case, large areas of limit val-
ues are missed, with underestimated RRT. The refer-
ence NEAF of limit values for RRT > le+5 steadily
increases for higher indentation percentages as shown
in Figure 15 for all mesh refinements. However, NEAF
values for reference and targeted mesh refinement are
almost identical, while uniform meshes display much
smaller NEAF for each indentation.

4, Discussion

The analysis of blood velocity streamlines in
Manjunatha et al. (2024) show that small vortices are
located near the stent struts. For this reason, we
choose three mesh refinements with focus on the
transition areas. Furthermore, hemodynamic indica-

tors are more practical and can more precisely

highlight the critical areas, compared to a qualitative
analysis of streamlines.

From Cornelissen et al. (2023), we expect to see
WSS values closer to physiological ones in stented
arteries with low indentation. In apparent contradic-
tion, Figure 4(c) shows that for 10% indentation we
have larger areas of low WSS. This is due to the fact
that low indentation means that the protruding stent
shields the artery wall, which is therefore less exposed
to the blood flow. However, Figure 4(d) shows that in
the stent vicinity, the critical WSS magnitude
increases for decreasing indentation with the follow-
ing order (from lowest to highest values): 75%, 50%,
25%, and 10%. Values of WSS can temporarily exceed
the physiological range, but relevant side-effects are
observed when low values of WSS are persistent.
Thus, we make use of time-averaged indicators to
highlight the critical areas over one cycle. High inden-
tations have sharp variations of hemodynamic
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Figure 13. OSI for all mesh refinements and two indentation percentages.
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Figure 14. NEAF bubble chart of OSI for all mesh refinements and indentations.

indicators from limit to physiological values, while
lower indentations gradually span the whole values
range. Most non-physiological values are concentrated
in the transition area, especially for higher indenta-
tions. Thus, targeted mesh refinement provides good
accuracy thanks to the refinement in the stent
vicinity.

For a more quantitative overview, we investigate
the empirical frequency of hemodynamic indicators,
with a focus on critical values. Plotting frequency as
histograms in Figure 9, we notice that higher indenta-
tions have larger areas of sub-threshold TAWSS, i.e.,
higher NEAF for TAWSS = 0, and that the decaying

order observed for WSS is maintained. Targeted mesh
refinement shows very similar frequency trends for all
indentations, compared to the reference case. The
uniform mesh fails to maintain the frequency decay-
ing order for TAWSS values close to 0.4 Pa.

From the analysis of DIVyss, we observe that
lower indentations cause less disturbance to the WSS
topological skeleton, particularly near the stent. In
contrast, 75% indentation display more frequent alter-
nations between contraction and expansion.
Furthermore, critical areas are larger and TSVI values
are higher for 75% indentation. In general, we find
that the regions exhibiting the largest variations in
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the WSS topological skeleton, are typically located
near struts with orthogonal curvature to the main
flow direction, both upstream and downstream. This
observation marks a difference compared to sub-
threshold TAWSS, where all transition areas around
the stent were identified as critical.

Frequency of critical OSI and RRT values also
increase with indentation percentage. From Figures 15
and 18, the targeted mesh refinement is able to repro-
duce very closely the reference frequency for limit val-
ues and to detect the same reference areas on the
artery wall. Uniform meshes seem to be too coarse to
accurately track areas at critical risk of ISR and these

Limit values
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91742
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Uniform | - ® O D 4392
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Figure 15. NEAF bubble chart of hemodynamic indicators at
limit values.

RRT
1.1e+00 20 30 40 50 60 70 80

(f) Zoom on 15b.

1.0e+02 1.1e+00 20 30 40 &0 60 70 80

o u-})"( %

(g) TMR, 10%.

results are confirmed when evaluating the corre-
sponding NEAF for all indentations.

4.1. Outlook and limitations

Stent indentation occurs due to the pressure applied
during stent implantation. Within allowed margins
and under certain circumstances, clinicians can regu-
late the pressure during percutaneous coronary inter-
vention. By simulating the stenting procedure
beforehand, clinicians could optimize pressure levels
to achieve better implantation outcomes, considering
changes in hemodynamic indicators. Moreover,
advanced techniques may involve directly linking
hemodynamic indicators to in-stent restenosis (ISR),
thereby predicting the scenario with the least ISR.
This preliminary investigation aims to identify the
most relevant indicators. It also suggests that it might
be beneficial to incorporate their influence in growth
models, especially for fine-tuning ISR prediction mod-
els, in line with the work of Sdez et al. (2015).

This study acknowledges several limitations in the
modeling approach. The choice of an idealized cylin-
drical artery overlooks the complexity arising from
artery curvature, bifurcations, and patient-specific
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Figure 16. RRT for all mesh refinements and two indentations. Details of yellow dashed zoombox in Figure 5(c).
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Figure 18. Areas of artery wall with limit values of hemodynamic indicators for all mesh refinements and two indentations. Zoom

detail from Figure 16.

variations. Assuming rigid walls neglects the arterial
response to stent implantation and its elastic response to
pressure and heart movement. Stents do not always
adhere perfectly to the arterial wall, leading to non-uni-
form expansion and malapposition. Furthermore, the
influence of calcification and plaque type is not consid-
ered. Transition areas in our model are artificially
defined, which does not reflect the variability in indenta-
tion levels for each strut in the same stented artery. The
model also considers a simple coronary artery inflow,
yet incorporating Windkessel boundary conditions and
elastic response of the artery wall could significantly
impact hemodynamic indicators. Hence, validation
efforts are necessary, requiring assessing the influence of
realistic artery geometries, alternative stent designs, and
complex boundary conditions to determine which indi-
cators are more relevant for ISR prediction. Within the

scope of this project we plan to fully couple the hemo-
dynamics simulations to the moving wall in an FSI fash-
ion to model both ISR and artery pulsation. For a
clinical setting, the current computational costs are not
feasible for an ISR predictive study. The authors are
investigating model reduction techniques based on
Zunino et al. (2016) and Brandes Costa Barbosa and
Perotto (2020) to further reduce the computational
effort.

5. Conclusions

In this paper we investigate the effects of stent inden-
tation on hemodynamic coronary
arteries. Our goal is to provide an in-silico study
examining potential ISR risk factors due to blood
flow alterations. To the best of our knowledge, there

indicators in
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have been no numerical studies of hemodynamics in
stented coronary arteries focusing on indentation
effects. We investigate four indentation percentages
with particular focus on sub-threshold TAWSS, high
TSVI, and limit values of OSI and RRT.

We opt for an idealized cylindrical artery for con-
veniently calculating indentation percentages based on
the initial diameter and for control on the extent of
the transition area. We use the widely employed
Xience V stent in all cases to emphasize the impact of
indentation, while excluding other influencing factors
such as stent design. These choices are made for com-
putational convenience. However, they come with a
number of limitations, due to the significantly simpli-
fied model compared to real-world scenarios, which
we discuss in detail in Section 4.1.

The study on three mesh refinements shows that
targeted mesh refinement can moderately reduce
computational costs while preserving enough accur-
acy. In particular, reference and targeted mesh refine-
ment cases show nearly identical trends of low
TAWSS frequency, high TSVI, and limit values of
OSI and RRT, while uniform meshes fail to detect
such pattern. In particular, we observe that a mesh
size only comparable to the stent diameter is not suf-
ficient. However, mesh elements with diameter one
order of magnitude smaller than the stent characteris-
tic size, albeit limited to the transition volume, seem
to be sufficiently accurate for the specific case of
idealized artery and indentation.

Non-physiological values of hemodynamic indica-
tors are detected close to the stent struts, mostly in
the transition areas. Higher indentation percentages
have higher frequency of sub-threshold TAWSS,
higher TSVI, as well as critical OSI and RRT. In
Cornelissen et al. (2023), higher indentation correlates
with higher risk of ISR. Thus, altered hemodynamics
could play a role in this relationship. Hence, it may
be worth taking indentation into account in predictive
studies of stent implantation outcomes, especially in
clinical contexts. This is particularly pertinent when
hemodynamic indicators are among the predictive
parameters. Additionally, this study could serve as an
initial step towards investigating the impact of hemo-
dynamic indicators on ISR growth models.
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