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Summary

Chapter 1 - Introduction

Coronary heart disease (CHD) is one of the major causes of death and
premature disability in developed societies. According to the American Heart
Association estimates 15.4 million adults are affected by CHD in the USA
alone ( , ). CHD is caused by atherosclerotic lesions that reduce
arterial lumen size through plaque formation and arterial thickening, decreasing
blood flow to the heart and frequently leading to severe complications like
myocardial infarction or angina pectoris.

PCI, which consists in balloon angioplasty usually followed by stenting, is the
most commonly performed procedure for the treatment of CHD (Go et al.,
2013). This procedure is still associated to serious clinical complications such
as in-stent restenosis (ISR) ( , ), which is the reduction of the
lumen size as a result of neointimal hyperplasia (NH), an excessive growth of
tissue inside the stented vessel. The phenomenon of ISR has been partially
attenuated by the introduction in 2004 of drug eluting stents, which are able
to release antiproliferative drugs with programmed pharmacokinetics into the
arterial wall. However, restenosis rate remains higher than 10 % when complex
lesions (e.g. bifurcation lesions) are treated ( , ; s

).

The mechanisms and the causes of ISR are not fully understood. In addition
to vascular injury caused by device implantation and foreign-body reactions,
hemodynamic alterations induced by the stent presence can be associated with
NH ( s ). Therefore, the study of the fluid dynamics of stented
coronary arteries is of extreme importance for a better comprehension of the
mechanisms involved in ISR.

In this context, the present thesis is focused on the numerical modeling of
hemodynamics in stented coronary artery geometries. Indeed, computational
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fluid dynamics (CFD) allows the investigation of local hemodynamics at a
level of detail not always accessible with experimental techniques, calculating
fluid flow variables that can be used as indicators to predict sites where NH is
excessive.

The specific aims of the present work are the following:

o the study of the effect of wall compliance of stented coronary artery mod-
els on hemodynamic quantities;

e the comparison, from the fluid dynamic perspective, of different stenting
procedures for the treatment of bifurcation lesions;

e the study of the hemodynamics of image-based stented coronaries.

The contents of the thesis are presented according to the following chapters.

Chapter 2 - Coronary arteries: anatomy and physi-
ology, atherosclerosis and its treatments

In this chapter a general introduction to coronary arteries is given. Firstly,
elements of anatomy and physiology of coronary arteries are presented.
Coronary circulation is characterized by a system of repeated bifurcations
via a stepwise adaptation of vessel diameter down to the capillary level that
allows the spatial distribution of blood flow throughout the myocardium.
Several theories based on the principle of energetic efficiency are presented
in order to define a mathematical relationship between the mother-vessel and
daughter-vessels of each coronary bifurcation.

Secondly, the atherosclerosis, which is a disease of the large and intermediate-
sized arteries, principally coronary arteries, is discussed. Atherosclerosis
consists in the development of fatty lesions (i.e. atheromatous plaques) on
the inside surfaces of the arterial walls. Many risk factors contribute to the
formation of atherosclerotic plaques. The most important one is the high
plasma concentration of cholesterol in the form of low density lipoproteins.
Other risk factors are ageing, physical inactivity and obesity, diabetes mellitus,
hypertension, hyperlipidemia, and cigarette smoking. Atherosclerosis can be
also caused by a genetic disorder called familial hypercholesterolemia.
Thirdly, the main revascularization procedures for the treatment of atheroscle-
rotic lesions are introduced, focusing on PCI. Particular attention is paid to the
treatment of coronary bifurcations which nowadays remains a challenging area
in interventional cardiology with a lower rate of procedural success and higher
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rate of restenosis compared to non-bifurcation interventions. No single strategy
exists for the treatment of atherosclerotic lesions because of the variability of
bifurcations in anatomy (plaque burden, location of plaque, angle between
branches, diameter of branches, bifurcation site) and in the dynamic changes in
anatomy during treatment (plaque shift, dissection). Many stenting techniques
that involve the implantation of one or two stents, conventional or dedicated
to bifurcation, have been proposed in the literature. However, each technique
is associated with some limitations that make uncertain the choice of the
best-fitting treatment.

Lastly, ISR, which is one of the main clinical complications of stent implanta-
tion, is discussed.

Chapter 3 - State-of-the-art of CFD models of
stented coronary arteries'

The present chapter opens with an introduction to the most investigated
hemodynamic quantities in this research field and their relation with ISR.
These hemodynamic quantities can be classified in near-wall quantities (e.g.
wall shear stress - WSS, oscillatory shear index - OSI, relative residence time -
RRT), flow stasis quantities (e.g. mean exposure time - MET, flow separation
parameter - FSP), and bulk flow quantities (e.g. local normalized helicity -
LNH).

The-state-of-the-art of the CFD models of stented coronary arteries is then
presented. In the recent years numerous CFD studies have been proposed in
the literature. Initially, the models were characterized by two-dimensional,
highly simplified geometries. With the gradual increase of the computational
resources, the analysis of three-dimensional (3D) stented geometries became
possible. Complex models with or without bifurcations and with the presence
of multiple stents were investigated.

The CFD models which are reviewed in this chapter are classified in two
categories: (1) idealized models of stented coronary arteries, considering in
particular the coronary bifurcations; (2) models based on geometries recon-
structed through imaging techniques. The models that belong to the second
category are further subdivided in three categories according to the origin of
the images used for the creation of the fluid domain: in vifro model, animal

! The contents within this chapter can be found in Chiastra C. and Migliavacca F., Modelling of
blood flow in stented coronary arteries. In Becker, S. and Kuznetsov, A., editors. Heat transfer and
fluid flow in biological processes, Elsevier (accepted for publication).
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model or patient images.

The studies are reported in a chronological order, highlighting the novelties
introduced by the recent works. A description of the methods adopted in each
study and the main results is provided. The most significant limitations of
the reviewed studies are also discussed, including the absence of the cardiac
motion, the assumption of rigid wall for the arterial wall and the stents, the
lack of use of patient-specific boundary conditions in image-based studies, the
creation of image-based stented geometries which are not completely obtained
from imaging data (the arterial wall is reconstructed from images while the
stent is created by using a computer-aided design (CAD) software), and the
difficulties of the validation of these models. In the end, the potential future
developments are presented.

Chapter 4 - On the necessity of modeling FSI for
stented coronary arteries’

In the fluid dynamic studies of stented coronary arteries the arterial wall
and the stents are assumed to be rigid and fixed. This assumption might
produce different local hemodynamic results. In this chapter a FSI model of an
idealized straight stented coronary artery was compared to the corresponding
rigid-wall model in order to understand the effects of the wall compliance and
the blood pressure on the hemodynamic quantities, focusing in particular on
the analysis of the WSS distribution.

A geometrical model of a straight coronary artery and a typical open-cell stent
were created using a CAD software. In order to obtain the geometrical model
of a stented artery which is not based only on geometrical assumptions buy also
takes into account the deformation of the vessel caused by stent deployment,
the device was expanded inside the vessel through a structural simulation
following the method proposed in ( , ). The final geometrical
configuration was used to create the fluid and solid domains for the subsequent
FSI and CFD analyses.

The arterial wall was modeled as a hyperelastic incompressible isotropic and
homogenous material using the Demiray model ( , ) with strain
energy function parameters obtained from human coronary artery experimental

2 The contents within this chapter have been submitted to Chiastra, C., Migliavacca, F.,
Martinez, M.A., and Malve, M. On the necessity of modelling fluid-structure interaction for stented
coronary arteries. Journal of the Mechanical Behavior of Biomedical Materials (accepted for pub-
lication).
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tests ( s ). The stent material was considered linear elastic,
isotropic and homogeneous. Two different cases were analyzed maintaining
the same geometry: cobalt-chromium (CoCr) and poly-L-lactide (PLLA) stent.
The blood was modeled as an incompressible Newtonian fluid.

The extremities of the solid model were constrained by preventing axial and
transaxial motion. The artery was initially pressurized by applying at the inlet
cross-section a ramp of velocity from 0 m/s to 0.138 m/s and, at the outlet,
a ramp of pressure from 0 mmHg to 80 mmHg. Then, velocity and pressure
tracings which are representative a human left anterior descending coronary
artery (LAD) ( , ) were imposed at the inlet and the outlet,
respectively. The no-slip boundary condition was applied to the fluid-structure
interface. Numerical simulations were carried using the commercial software
ADINA (ADINA R&D, Inc., Watertown, MA, USA). In order to obtain a more
realistic comparison between FSI and rigid-wall simulations, the geometries of
the CoCr and PLLA cases, pressurized at 80 mmHg, were considered for the
rigid-wall models.

The results showed similar trends in terms of instantaneous WSS and TAWSS
between compliant and rigid-wall cases. In particular, the difference of
percentage area exposed to TAWSS lower than 0.4 Pa between the CoCr FSI
and the rigid-wall cases was ~ 1.5 % while between the PLLA cases ~ 1.0 %.
The comparison between compliant and rigid-wall cases showed similar results
in terms of WSS although CoCr and PLLA FSI models deformed differently
during the cardiac cycle, with higher values of displacement in the stented
region for the PLLA FSI case.

The results indicate that, for idealized models of a stented coronary artery, the
rigid-wall assumption for fluid dynamic simulations is adequate when the aim
of the study is the analysis of near-wall quantities like WSS.

Chapter 5 - Hybrid meshing method for stented
coronary artery CFD models’

CFD analyses have been frequently performed to study the influence of
stent implantation on blood flow. However, due to the complexity of the
geometry of stented arteries, the high computational cost required for this

3 The contents within this chapter have been published in Chiastra, C., Morlacchi, S., Pereira,
S., Dubini, G., and Migliavacca, F. (2012). Computational fluid dynamics of stented coronary
bifurcations studied with a hybrid discretization method. European Journal of Mechanics B/Fluids,
35: 76-84.
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kind of simulations have strongly limited their use both in the clinical and
industrial field. Hence, the present study focuses on the development of an
efficient volume meshing method, which allowed us to obtain accurate results
on 3D complex geometries in a short time compatible with the available
computational resources. A hybrid meshing method was chosen, using both
tetrahedral and hexahedral elements. Hexahedral elements should be preferred
because of their higher accuracy and reduced number of elements necessary
to discretize a certain volume resulting in better performances in terms of
computational speed. On the other hand, producing fully hexahedral elements
for highly complex geometrical structures, i.e. intersection zones between stent
struts and the arterial wall, is not practical.

The new meshing strategy was developed on a straight real-dimensioned
coronary artery model with one repeating unit of a typical open-cell stent.
This model was initially meshed with only tetrahedral elements using ANSY'S
ICEM CFD (Ansys Inc., Canonsburg, Pa, USA). A more refined mesh was cre-
ated in the vicinity of the stent struts. In order to assure accurate results in the
stented region (i.e. the portion of arterial wall close to the stent), an appropriate
grid independence analysis was conducted. Four tetrahedral meshes were
considered, from a coarser to a finer: (A) 192000, (B) 367000, (C) 433000,
(D) 778000 elements. Steady-state CFD simulations were performed by means
of the commercial software ANSYS Fluent (Ansys Inc., Canonsburg, Pa,
USA) applying a constant paraboloid-shaped velocity profile (mean velocity
= 0.3 m/s) at the inlet and reference zero pressure at the outlet. The no-slip
condition was imposed at the arterial wall and at the stent. Blood was defined
as an incompressible non-Newtonian fluid using the Carreau model. Mesh C
was chosen for creating the hybrid mesh because the percentage difference of
area-weighted average WSS between this mesh and the finest one (mesh D)
was lower than 0.25 % and the computational time was about 30 % lower than
mesh D.

The main steps of the hybrid meshing method are the following: firstly, an in-
ternal cylinder along the whole vessel length and the corresponding hexahedral
mesh are created; secondly, in the region between the internal cylinder and
the arterial wall a tetrahedral mesh is generated; lastly, the two meshes were
merged together. Tetrahedral mesh parameters were chosen in accordance with
the previous grid independence analysis. Accordingly, the hexahedral mesh
density was decided so that velocity fields and bulk flow quantities were not
dependent on grid dimension.

The efficacy of this new meshing strategy was evaluated by comparing the
hybrid mesh with a standard fully tetrahedral mesh. The hybrid mesh allowed
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to halve the computational time required for a steady-state CFD simulation,
obtaining at the same time similar results in terms of WSS and velocity field.
In conclusion, the hybrid meshing method appears to be a powerful tool
to obtain correct fluid dynamic results in complex geometries like stented
coronary arteries with a relatively low computational cost.

Chapter 6 - Hemodynamic assessment of stenting
procedures for coronary bifurcations*

Stent implantation in coronary bifurcations is still a challenging area in
interventional cardiology. A great number of stenting procedures has been
proposed. However, each technique is associated with some limitations that
make uncertain the choice of the treatment. Pulsatile CFD analyses on idealized
stented coronary bifurcation models were performed using ANSYS Fluent in
order to study the hemodynamic influence of different stenting techniques. The
fluid domains were created starting from the final geometrical configuration
obtained through structural simulations of stent deployment (

). The hybrid meshing method introduced in Chapter 4 was apphed
in order to reduce the computational time. Three case studies were investigated.

Provisional side branch approach: final kissing balloon inflation

Provisional side branch (PSB) approach is the current preferred strategy for
the treatment of coronary bifurcation lesions ( , ). It implies
the stenting of the main branch (MB) and an optional treatment of the side
branch (SB). Frequently, PSB approach is concluded by the final kissing
balloon (FKB) procedure, which consist in the simultaneous expansion of two
balloons in both branches of the bifurcation. Fluid dynamic simulations were
performed in order to examine hemodynamic forces on the intimal layer of the
vessel before and after the FKB procedure, enlightening both its benefits and
drawbacks. Furthermore, a new tapered balloon dedicated to bifurcations was
proposed to enhance the WSS pattern at the intimal layer of the bifurcation.

4 The contents within this chapter have been published in:
Morlacchi, S., Chiastra, C., Gastaldi, D., Pennati, G., Dubini, G., and Migliavacca, F. (2011). Se-
quential structural and fluid dynamic numerical simulations of a stented bifurcated coronary artery.
Journal of Biomechanical Engineering, 133, art.no. 121010.
Chiastra, C., Morlacchi, S., Pereira, S., Dubini, G., and Migliavacca, F. (2012). Computational fluid
dynamics of stented coronary bifurcations studied with a hybrid discretization method. European
Journal of Mechanics B/Fluids, 35: 76-84.
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The results of the CFD simulations highlighted the advantages of FKB inflation
in terms of better flow pattern and access to the SB, but also its drawbacks in
terms of overexpansion of the proximal part of the MB. In particular, FKB
provoked a wider region characterized by low and oscillating WSS, which
is associated to the risk of ISR. In the end, this work showed that the use
of a tapered balloon deployed in the SB during FKB might reduce the main
drawbacks of this procedure.

Provisional side branch approach: proximal or distal access to side
branch?

Several kinds of accesses to the SB (e.g. proximal or distal access) can be
used to perform FKB within the PSB approach, resulting in different final
geometrical configuration of both artery and implanted stent and, consequently,
altered hemodynamic scenarios.

In order to compare the different hemodynamic scenarios provoked by a
FKB procedure performed with a proximal or a distal access to the SB, CFD
simulations were performed.

The results of these simulations in terms of WSS distribution along the
arterial wall, velocity and the helicity field showed that, from a fluid dynamic
perspective, the distal access is better than the proximal one. Therefore, fluid
dynamic simulations provided a valid tool to quantitatively support the clinical
experience that suggests to perform the distal access instead the proximal one
when the PSB approach is chosen.

Culotte technique: conventional or dedicated stents?

The culotte technique is one of the most commonly applied double stenting
procedures. Main advantages of the this technique are the good coverage of the
whole bifurcation and the suitability for all the bifurcation angles. However,
this procedure provokes a high concentration of metal in the proximal part of
the MB due to the overlap of the devices that could lead to ISR and thrombosis.
Specific stents dedicated to bifurcations, such as the TrytonTM stent, which
is characterized by few struts in its proximal part, have been designed to
overcome the main drawbacks of the culotte technique.

CFD simulations were performed in order to study this double stenting
procedure, comparing the behavior of the Tryton™ stent with a conventional
one (Multi-Link Vision® stent).

The use of the Tryton™ stent allowed to reduce the amount of these layers,
resulting in a lower metal-to-artery ratio with respect to the Multi-Link
Vision® . Furthermore, the design of the dedicated stent markedly reduced the
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areas with low TAWSS and high RRT, especially in the proximal MB. These
results indicate that the use of the dedicated stent within culotte technique
might improve the hemodynamics, thus reducing the regions associated to the
risk of ISR.

Chapter 7 - CFD analyses of image-based stented
coronary bifurcation models’

In this chapter the study of the hemodynamics of image-based stented
coronary artery models which replicate the complete clinical procedure of
stenting implantation is presented. Two cases (case A and B) of human
LAD with their bifurcations treated at the University Hospital Doctor Peset
(Valencia, Spain) are investigated. The vessel were reconstructed using the
pre-operative computed tomography angiography and conventional coronary
angiography images ( , ). Then, the fluid domains were
obtained from structural simulations which replicate the stenting procedures
followed by the clinicians who performed the interventions ( ,
). A hybrid discretization was performed according to the meshing method
introduced in Chapter 4.
Pulsatile CFD simulations were carried out by means of ANSYS Fluent. At
the inlet cross-section a flow tracing which is representative of a human LAD

( , ) was applied as a paraboloid-shaped velocity profile. At the
outlets flow splits were imposed according to a relation proposed by
( ) which is based on data of human coronary bifurcations.

The no-slip condition was applied to all the surfaces representing the arterial
wall and the stents. Blood was defined as an incompressible non-Newtonian
fluid using the Carreau model.

Both near-wall and bulk flow quantities were investigated, thus providing
a complete study of the hemodynamics of the two analyzed cases. Results
of TAWSS and RRT showed that the wall regions more prone to the risk of
restenosis were located next to stent struts, to the bifurcations and to the stent
overlapping zone for both investigated cases. Quantitatively, the percentage
area exposed to values of TAWSS lower than 0.4 Pa, which are strongly
correlated with endothelial permeability and, consequently, with NH, was

5 The contents within this chapter have been published in Chiastra, C., Morlacchi, S., Gallo,
D., Morbiducci, U., Cardenes, R., Larrabide, 1., and Migliavacca, F. (2013). Computational fluid
dynamic simulations of image-based stented coronary bifurcation models. Journal of the Royal
Society of Interface, 10(84), art.no. 20130193.
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significant: 35.0 % for case A and 38.4 % for case B. Considering a bulk flow
analysis, helical flow structures were generated by the curvature of the zone
upstream from the stent and by the bifurcation regions. Helical recirculating
microstructures were also visible downstream from the stent struts.

This study demonstrates the feasibility to virtually investigate the hemodynam-
ics of image-based coronary bifurcation geometries.

Chapter 8 - From OCT to CFD simulations: a
preliminary study

Intravascular OCT is a catheter-based imaging technique that performs
optical cross-sectional images of a coronary artery. Compared to the other
imaging techniques that are used in clinical practice for diagnosis of coronary
artery disease, i.e. coronary angiography, computed tomography, magnetic
resonance imaging, and intravascular ultrasound, OCT is characterized by
higher resolution and the possibility to detect both vessel lumen and stent
( , ). These advantages allow the OCT to be successfully
applied in the assessment of atherosclerotic plaque, stent apposition, and tissue
coverage. Moreover, thanks to these two characteristics, OCT seems to be a
useful tool to reconstruct 3D geometries of stented coronary arteries.

In this chapter reconstruction methods of stented coronary artery models
for CFD simulations based on OCT images are presented. In particular, a
reconstruction method was initially developed for an in vitro model of a stented
coronary bifurcation and the obtained geometry was used to perform CFD
simulations. Subsequently, the reconstruction method was adapted for an in
Vvivo case.

OCT gives information about the vessel lumen contour and the position of the
stent struts in each cross-sectional image. However, the spatial orientation of
the vessel and the stent is not provided by this imaging technique. Coronary
angiography can be used to obtain this information. As a consequence, in the
in vivo case the centerline of the vessel was extracted from two angiographic
projections using the open-source software 3D IVUS ANGIO Tool (Informatics
and Telematics Institute, Thermi-Thessaloniki, Greece). The OCT images
were processed in MATLAB (MathWorks Inc., Natick, MA, USA). After a
pre-processing step, separate algorithms for the detection of the lumen contour
and the stent struts were applied. Then, all the detected vessel contours
and stent struts were registered orthogonal to the vessel centerline using the
centroid of each lumen contour. In the last step of the reconstruction method,
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the lumen contours and the struts were imported as a point cloud in a CAD
software for the creation of the final 3D geometrical model of the stented
coronary artery.

The works presented in this chapter are preliminary. However, they represent a
first step towards the semi-automatic creation of stented coronary artery models
for CFD simulations that are purely based on clinical images. Thus, the main
limit of the current image-based geometrical models, in which only the vessel
is reconstructed from patient-specific images while the stent is drawn inside

the artery using CAD operations ( , ; , )
or deployed through structural simulations that replicate the complete clinical
stenting procedure of stenting implantation ( , ), is overcome.

Chapter 9 - Final remarks

The main achievements of this thesis work are the following: (1) the im-
plementation of a FSI model of a stented coronary artery; (2) the development
of a hybrid meshing strategy for reducing computational costs of fluid dynamic
simulations; (3) the fluid dynamic assessment of different stenting procedures
for the treatment of coronary bifurcations; (4) the hemodynamic analysis of
image-based models of stented coronary artery models which replicate a real
stenting procedure; (5) the development of reconstruction methods of in vitro
and in vivo stented coronary artery models from OCT images.

In conclusion, the results of CFD simulations are very useful for studying the
ISR phenomenon and comparing different stenting techniques. However, they
should be integrated with other modeling information as ISR is not driven only
by hemodynamic factors. Structural simulations of stent deployment for the
calculation of the stress state in the arterial wall and in the stent, and mass
transport simulations accounting for the drug release should be considered as
well.
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1.1 Clinical problem

premature disability in developed societies. According to the American
Heart Association estimates 15.4 million adults are affected by CHD in

the USA alone ( R ).
CHD is caused by atherosclerotic lesions that reduce arterial lumen size through
plaque formation and arterial thickening, decreasing blood flow to the heart and
frequently leading to severe complications like myocardial infarction or angina
pectoris ( s ; , ). CHD treatments can be medical or
surgical, including percutaneous coronary intervention (PCI) or coronary artery
bypass grafting.
PCI consists in balloon angioplasty usually followed by stenting: the lumen of
the diseased vessel is restored by balloon inflation and, subsequently, wire mesh
tubular structures, known as stents, are deployed in order to hold open the newly
expanded artery. PCI is performed under local anesthesia and requires only a
short hospitalization, decreasing recovery time and costs compared to coronary
bypass surgery. Since PCI introduction in the late ’70s, the use of this mini-
mally invasive procedure for coronary revascularization has rapidly expanded
( , ). Today, about 1 million procedures are performed annually in
the USA, representing twice the annual number of coronary bypass operations
( , ).
Although PCI with stenting is the most widely performed procedure for the
treatment of CHD, it is still associated to serious clinical complications such as
in-stent restenosis (ISR) ( , ). ISR is the reduction of the lumen
size as a result of neointimal hyperplasia (NH), an excessive growth of tissue
inside the stented vessel. The phenomenon of ISR has been partially attenu-
ated by the introduction in 2004 of drug eluting stents (DES), which are able
to release antiproliferative drugs with programmed pharmacokinetics into the
arterial wall. Restenosis rate after DES implantation have fallen below 10 %
in several randomized clinical trials ( R ). However, this rate
increases when complex lesions are treated ( s ; s

; s ), such as bifurcation lesions. The treatment of these le-
sions is a clinical challenge for interventional cardiologists because the success
rates remain considerably lower than those in simple lesions ( ,

). Moreover, both clinical and histologic studies on DES have demon-
strated evidence of continuous neointimal growth during long-term follow-up
( ; ; ; )

The mechanisms and causes of ISR are not fully understood. In addition to vas-

C ORONARY heart disease (CHD) is one of the major causes of death and
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cular injury caused by device implantation and foreign-body reactions, hemody-
namic alterations induced by stent presence can be associated with NH (

, ). Therefore, the study of the fluid dynamics of stented coronary ar-
teries is of extreme importance for a better comprehension of the mechanisms
involved in ISR.

1.2 Aims and objectives

The present thesis is focused on the numerical modeling of hemodynamics in
stented coronary arteries. Indeed, computational fluid dynamics (CFD) allows
the investigation of local hemodynamics at a level of detail not always acces-
sible with experimental techniques, calculating fluid flow variables (e.g. wall
shear stress - WSS) that can be used as indicators to predict sites where NH is
excessive ( , ). The main aims and objectives of the present
work are the following:

o the study of the effect of wall compliance of stented coronary artery mod-
els on hemodynamic quantities. In the literature studies on stented coro-
nary arteries, the arterial wall and the stents are assumed to be rigid and
fixed. In order to understand the validity of this assumption, the results of
fluid-structure interaction (FSI) and rigid-wall fluid dynamic simulations
are compared.

e the comparison, from the fluid dynamic perspective, of different stenting
procedures for the treatment of bifurcation lesions. CFD simulations on
idealized coronary bifurcation models are performed. A new meshing
strategy is also developed in order to reduce the computational resources
needed to solve these models.

o the study of the hemodynamics of image-based stented coronaries. Geo-
metrical models reconstructed from computed tomography angiography
(CTA) and conventional coronary angiography (CCA) are investigated.
Moreover, reconstruction methods of stented coronary artery models for
CFD simulations are developed starting from optical coherence tomogra-
phy (OCT) images.

1.3 Outline

The present thesis starts with an introduction to coronary arteries, provided in
Chapter 2. In this chapter elements of anatomy and physiology of coronary
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arteries, the process of atherosclerosis with its causes and consequences, the
treatment of coronary artery disease with PCI, and its possible drawbacks are
discussed.

In Chapter 3 the state-of-the-art of CFD models of stented coronary arteries is
given. Firstly, the mathematical definitions of the most investigated hemody-
namic quantities in this research field and their relation with ISR are introduced
(Section 3.1). Secondly, the fluid dynamic models of idealized stented coronary
arteries are discussed, focusing on coronary bifurcations (Section 3.2). Thirdly,
the fluid dynamic models based on geometries reconstructed through imaging
techniques are presented (Section 3.3). Lastly, the most significant limitations
of the studies reviewed in the previous sections are discussed (Section 3.4).

In Chapter 4 FSI analyses of a stented coronary artery are presented with the aim
of understanding the effects of the wall compliance on the hemodynamic quan-
tities. Two different materials are considered for the stent: cobalt-chromium
(CoCr) and poly-L-lactide (PLLA). The results of the FSI and the correspond-
ing rigid-wall models are compared.

In Chapter 5 a hybrid meshing strategy, which uses both tetrahedral and hex-
ahedral elements, is proposed in order to obtain accurate results on three-
dimensional (3D) complex geometries in a short time compatible with the avail-
able computational resources. Indeed, the high computational resources needed
to solve fluid dynamic simulations of stented arteries, which are due to the com-
plexity of the geometries, are a problem that limits the use of these simulations
both in the clinical and industrial fields.

Chapter 6 is focused on the treatment of coronary bifurcation lesions, which
is considered a challenging area in interventional cardiology. CFD analyses of
idealized stented coronary bifurcation models are performed in order to study
the hemodynamic influence of different stenting techniques. Firstly, the final
kissing balloon (FKB) inflation within provisional side branch (PSB) stenting
approach, which is the current preferred strategy for the treatment of coronary
bifurcations, is investigated (Section 6.1). A new tapered balloon dedicated
to bifurcations is proposed to enhance WSS patterns. Secondly, the different
hemodynamic scenarios provoked by a PSB procedure performed with a proxi-
mal or a distal access to the side branch (SB) are compared (Section 6.2). Lastly,
the culotte technique, which is one of the most commonly applied double stent-
ing procedures, is studied in order to compare the behavior of a dedicated device
with a conventional one (Section 6.3).

In Chapter 7 the study of the hemodynamics of image-based stented coronary
artery models which replicate the complete clinical procedure of stenting im-
plantation is presented. Two cases of human left anterior descending coronary
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artery (LAD) with their bifurcations, reconstructed from CTA and CCA, are
investigated. A comprehensive study of the fluid dynamics is carried out by
investigating both near-wall quantities and the bulk flow.

In Chapter 8 a preliminary reconstruction method of stented coronary artery
models for CFD simulations based on OCT images is discussed. OCT is a
promising tool to reconstruct 3D geometries, due to its high spatial resolution
(10-20 pm) and the possibility to detect both the stent and the vessel wall. The
reconstruction method was initially developed on an in vitro case and the ob-
tained geometry was used to perform CFD simulations (Section 8.3). Subse-
quently the reconstruction method was adapted for an in vivo case (Section
8.4).

Finally, in Chapter 9, the main conclusions and the future perspectives are pro-
vided.






Chapter 2

Coronary arteries: anatomy
and physiology,
atherosclerosis and its
treatments

In the present chapter an introduction to coronary arteries is given. In particu-
lar, elements of anatomy and physiology of coronary arteries are presented. The
process of atherosclerosis, which consists in the development of atheromatous
plaques on the internal surfaces of the arterial walls, is discussed, including
its causes and consequences. The main revascularization procedures for the
treatment of atherosclerotic lesions are introduced, focusing especially on PCI.
This procedure consists of balloon angioplasty usually followed by stent de-
ployment. Particular attention is paid to the treatment of coronary bifurcations
which remains a challenging area in interventional cardiology with a lower
rate of procedural success compared to non-bifurcation interventions. In the
end, the ISR phenomenon, which is one of the main clinical complications of
stent implantation, is presented.
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2.1 Coronary circulation: elements of anatomy
and physiology

2.1.1 Anatomy of coronary arteries

nate as the right (RCA) and left main (LMCA) coronary arteries from

the aortic sinuses in the initial portion of the ascending aorta (Fig 2.1)
( R ). The main coronary arteries lie on the surface of the heart
and divide into gradually smaller arteries that penetrate from the surface into
the cardiac muscle mass.
RCA passes between the pulmonary artery and the right auricular appendix. It
then descends vertically between the right atrium and right ventricle in the coro-
nary sulcus. Reaching the inferior margin of the heart, it turns posteriorly and
continues in the sulcus onto the diaphragmatic surface and base of the heart.
During this course, numerous branches arise. RCA supplies the right atrium
and right ventricle, the electrical conduction system of the heart and a portion
of the left ventricle.
LMCA, larger than the former, passes between the pulmonary artery and the
left auricular appendix before entering the coronary sulcus. Posterior to the
pulmonary trunk, the artery divides into two branches (Fig. 2.1) ( ,

):

e the left anterior descending coronary artery (LAD), which continues
around the left side of the pulmonary trunk and descends obliquely to-
ward the apex of the heart in the anterior interventricular sulcus. During
its course, one or two large diagonal branches may arise and descend
diagonally across the anterior surface of the left ventricle;

CORONARY arteries supply blood to the cardiac muscle. They origi-

o the left circumflex artery (LCX), which continues to the left in the coro-
nary sulcus and onto the base/diaphragmatic surface of the heart. It usu-
ally ends before reaching the posterior interventricular sulcus.

LMCA supplies most of the left atrium and left ventricle, and most of the inter-
ventricular septum.

After the capillary bed, the returning venous blood passes through the cardiac
veins, most of which empty into the coronary sinus, located in the coronary sul-
cus on the posterior face of the heart between the left atrium and left ventricle
( , ). The coronary sinus opens into the right atrium, at the coro-
nary sinus orifice, between the inferior vena cava and the right atrioventricular
orifice.
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Figure 2.1: Normal coronary anatomy viewed from the diaphragmatic surface of the heart. Left
coronary arteries are indicated in red, right coronary arteries in purple. Reprinted from S. Standring
(Ed.), Gray’s Anatomy: The Anatomical Basis of Clinical Practice, 39" edition. ©)(2005) Elsevier
B.V.

The distribution pattern of the coronary arteries described in this section is the
most common one. It consists of the right-dominant coronary artery because
RCA supplies a large portion of the left ventricle and LCX is relatively small.
However, several variations in this basic distribution pattern can occur (Drake
et al., 2012).

The proximal segments of the main coronary arteries are characterized by the
following mean diameters: 3.0 + 0.5 mm , 4.4 £+ 0.4 mm, 3.0 £ 0.4 mm, 3.4
4 0.5 mm, for RCA, LMCA, LAD, and LCX, respectively (Dodge Jr. et al.,
1992).

2.1.2 Coronary bifurcations

The branching pattern of coronary arteries has been studying for many years.
Coronary vasculature can be considered as an “open” asymmetric tree in which
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a parent vessel segment divides into two branches, then each of the branch seg-

ments divides into two branches, and so on (Fig. 2.2) ( . , ). The
branching process at each step was found to be similar (i.e. dichotomous divi-
sion) in 99 % of the coronary artery segments ( , ). Only in about 1

% of the arteries, a proximal branch splits into three or more SB at the same
location. Hence, from the point of view of the number of branches produced
at each junction, the system has a fractal character ( , ). This fractal
character of the coronary tree is valid only in a rudimentary sense. In fact, the
division of branches is the same as the division of parents but the properties
of the branches vary considerably (high degree of variability in the diameters
and lengths of vessel segments) from one level of the tree to the next as well as
within each level ( s ).
The system of repeated bifurcations via a stepwise adaptation of vessel diameter
down to the capillary level allows to spatially distribute blood flow throughout
the myocardium. This adaptation consists in a geometrical reduction probably
driven by the principle of energetic efficiency (i.e. the energy required for blood
circulation is minimized) ( , , ). Several theories based on
the principle of energetic efficiency have been formulated in order to under-
stand what dictates the lumen dimension, defining a mathematical relationship
between the mother-vessel and daughter-vessels of coronary bifurcations.

( ) proposed a cost function defined as the sum of friction power loss
and metabolic power dissipation proportional to blood volume. This minimum
energy hypothesis results in Murray’s law, which can be written as:

Dy, = Dy + Dy 2.1)

where D,,, is the diameter of the mother-vessel and D4, and Do are the diam-
eters of the daughter-vessels. Kassab and coworkers ( , ; ,
, ) showed that Murray’s law is not valid in the whole tree as Mur-
ray’s analysis considered each bifurcation in isolation rather than an integrated
whole. The following relation (HK model) was introduced and validated (

b )'
D* = DY + DI 2.2)
( ) found a linear relation based on regression analysis of bifur-

cations with equal diameter for daughter-vessels (Y-tipe bifurcations):

D, = 0.678 (D1 + D) 2.3)

where the value 0.678 expresses the ratio of mother diameter to the sum of
daughter diameters. HK model gives rise to a ratio of 0.673 for the case of a
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A) B)

Figure 2.2: The distributive task of the vascular system is achieved mostly by repeated bifurcations.
Vascular tree can be (a) symmetric, when the destinations and the needs for blood flow are uniformly
distributed or, more generally, (b) asymmetric. Coronary tree is considered as an asymmetric tree.
Adapted with permission from Journal of Theoretical Biology, Vol.212(2): 183-190. M. Zamir,
Fractal dimensions and multifractility in vascular branching (©)(2001) Academic Press.

Y-type bifurcations. Therefore, HK model is consistent with Finet’s rule in case
of Y-type bifurcation.

2.1.3 Coronary blood flow

The resting coronary blood flow in human being averages about 225 mL min™!
(0.7-0.8 mL min™! g”! of heart muscle) representing 4-5 % of the total cardiac
output ( , ). Arterial oxy-
gen extraction in the heart is 70 80 %, compared with 25 % for the rest of the
body. Therefore, increased oxygen consumption must primarily be met by an
increase in coronary blood flow, which may increase fivefold during exercise
( ; )-

Coronary blood flow is markedly affected by extravascular compression due
to heart contraction (Fig. 2.3) ( , ). During systole, blood
flow falls to a low value because of the strong compression of the left ventricular
muscle around the intramuscular vessels. During diastole, the cardiac muscle
relaxes and does not obstruct blood flow through the left ventricular muscle cap-
illaries, so that blood can rapidly flow. This phenomenon, particularly evident
in the left coronary arteries, is less accentuated in the right coronary arteries
because the force of contraction of the right ventricular muscle is far less than
that of the left ventricular one.
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Figure 2.3: Simultaneous velocity and pressure waveforms measured in a human LCX. During
systole (from about 120 to 400 ms) pressure increases while velocity, and hence blood flow, falls to a
low value because of the strong compression of the left ventricular muscle around the intramuscular
vessels. During diastole blood velocity increases because the cardiac muscle relaxes and does
not obstruct blood flow through the coronary arteries. Adapted with permission from Circulation,
Vol.113(4): 1768-1778. J.E Davies et al., Evidence of a dominant backward-propagating ”suction”
wave responsible for diastolic coronary filling in humans, attenuated in left ventricular hypertrophy
©(2006) American Heart Association, Inc.

2.2 Atherosclerosis

2.2.1 Atherogenesis

Atherosclerosis is a disease of the large and intermediate-sized arteries, prin-
cipally coronary arteries, in which fatty lesions called atheromatous plaques
develop on the inside surfaces of the arterial walls ( R ).
Atherosclerosis normally occurs over a period of many years, usually many
decades. Growth of atheromatous plaques probably occurs discontinuously,
with periods of relative quiescence and periods of rapid evolution. Not all man-
ifestations of atherosclerosis result from stenotic, occlusive diseases ( s
).
The process of atherogenesis is schematized in Fig. 2.4. The formation of
atheromatous plaques in the arterial walls (i.e. atherogenesis) starts with a dys-
function of the vascular endothelium. This dysfunction increases the expression
of adhesion molecules such as the vascular cell adhesion molecule-1 (VCAM-
1) and the intercellular adhesion molecule-1 (ICAM-1) on endothelial cells, and
decreases their ability to release nitric oxide and other substances that help pre-
vent adhesion of macromolecules, platelets and monocytes to the endothelium
( , ; s ; s ). After damage to
the endothelium occurs, lipids, mainly cholesterol in the form of low-density
lipoproteins (LDL), and monocytes begin to accumulate at the site of injury
(Fig. 2.4a). The monocytes migrate into the tunica intima of the vessel wall,



2.2. Atherosclerosis 13

and differentiate into macrophages. They ingest and oxidize LDL, assuming
a foam-like appearance. Subsequently, smooth muscle cells begin migrating
from the media, and the macrophage foam cells aggregate, creating a visible
fatty streak ( , ; s ).
A fibrous cap consisting of smooth muscle cells and collagen forms. At the
same time the macrophages and monocytes initially involved in the process be-
gin to die resulting in the formation of a necrotic core covered by a fibrous
cap. The plaque becomes larger and larger as leucocytes and lipid fragments
continue to enter the lesion (Fig. 2.4b) ( s ). With the progress of
atherogenesis, plaque can bulge into the vessel lumen, reducing the blood flow.
Sometimes plaque can completely occlude the vessel ( , ;

, )-
Atherosclerotic arteries become stiff and unyielding because of the extensive
amounts of dense connective tissue deposited by the fibroblasts of the plaque
and by calcium salts that often precipitate with the plaque lipids. Plaque rupture
can occur, frequently leading to thrombus formation and finally to myocardial
ischemia with or without necrosis ( , ).

2.2.2 Causes of atherosclerosis

Many risk factors contribute to the dysfunction of the vascular endothelium and
to the subsequent formation of atherosclerostic plaques (Table 2.1). The most
important one is a high plasma concentration of LDL cholesterol. The plasma
concentration of these molecules is increased by eating highly saturated fat and
excess of cholesterol in daily diet, obesity and physical inactivity (
, ).
The likelihood of developing atherosclerosis is higher if the concentration of
high density lipoproteins (HDL) is low. Although the function of HDL is not
completely established, it seems that these molecules protect against the forma-
tion of atherosclerotic plaques. In fact it is believed that these molecules can
absorb cholesterol crystals to be deposited in the arterial walls.
Atherosclerosis develops also in people with perfectly normal levels of choles-
terol and lipoproteins. In addition to ageing, risk factors contributing to
atherosclerosis are physical inactivity and obesity, diabetes mellitus, hyperten-
sion, hyperlipidemia and cigarette smoking ( , ; ,
).
In the end, atherosclerosis can be caused by a genetic disorder. Familial hyper-
cholesterolemia is a genetic disease in which the level of LDL in the blood is
higher than normal from birth. This is due to a defect in a gene for the forma-
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Figure 2.4: Development of atheromatous plaques: a) The monocyte attaches to an adhesion
molecule on a damaged endothelial cell of the artery. The monocyte then migrates into the inti-
mal layer of the arterial wall and differentiates into a macrophage. The macrophage ingests and
oxidizes low-density lipoproteins (LDL), assuming a foam-like appearance. The foam cells release
substances that cause inflammation and growth of the intimal layer. b) Additional accumulation of
macrophages and lipid fragments causes the plaque to become larger and larger. With the progress
of atherogenesis, the plaque might occlude the vessel, reducing the blood flow, and eventually rup-
ture, leading to the formation of a thrombus. Adapted with permission from from Nature, Vol.420:

868-874. P. Libby. Inflammation in atherosclerosis. (©)(2002) Nature Publishing Group.
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Table 2.1: Major risk factors of atherosclerosis ( s )

High LDL cholesterol concentration

Low HDL cholesterol concentration

Age (men > 45 years; women > 55 years)

Lifestyle risk factors:
- Obesity

- Cigarette smoking
- Physical inactivity
- Atherogenic diet

Diabetes mellitus

Hypertension

Family history of premature CHD:
- CHD in male first-degree relative < 55 years
- CHD in female first-degree relative < 65 years

Genetic disorder (familial hypercholesterolemia)

Emerging risk factors:

- Homocysteine

- Prothrombotic factors

- Proinflammatory factors

- Imparied fasting glucose
- Subclinical atherogenesis

tion of LDL receptors on the membrane surface of body’s cells. In absence of
these receptors LDL cholesterol cannot be absorbed and its concentration into
the plasma increases. Furthermore, many patients with familial hypercholes-
terolemia die before age 20 because of myocardial infarction ( ,

).

2.2.3 Consequences of atherosclerosis

In Fig. 2.5 the main consequences of atherosclerotic disease of coronary arter-
ies are schematized. Atherosclerotic plaques cause partial or total stenosis of a
coronary artery leading to ischemic heart disease, i.e. a condition in which there
is an inadequate supply of blood and oxygen to a portion of the myocardium
( , )-

In case of partial stenosis, chronic diseases such as stable angina pectoris can
develop due to myocardial ischemia. Stable angina pectoris consists of cardiac
pain usually felt by the patient under the upper sternum over the heart or in
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distant surface areas of the body like left arm, left shoulder, neck or even side
of the face ( , ). Most of the people with stable angina
pectoris feel pain when they exercise or when they experience emotions that
increase metabolism of the heart or temporarily constrict the coronary vessels
because of sympathetic vasoconstrictor nerve signals. The pain usually lasts for
only a few minutes.

Chronic coronary artery diseases are distinct from acute coronary syndromes
such us unstable angina pectoris or myocardial infarction. Unstable angina
pectoris is a form of acute coronary syndrome and consists of chest pain that
occurs randomly or unpredictable, and is unrelated to physical exertion or emo-
tional stress ( , ). Acute myocardial infarction oc-
curs when a coronary artery is completely occluded. Blood flow ceases in the
coronary vessels beyond the occlusion causing necrosis of the myocardial tis-
sue. This area of the heart, which is called infarcted area, cannot sustain cardiac
muscle function.

Atherosclerosis in
coronary arteries

Severe stenosis

|

Myocardial ischemia

Chronic coronary Acute coronary
artery disease syndrome

Stable angina Unstable angina

Figure 2.5: Scheme representing the main possible consequences of atherosclerosis in coronary
arteries.

Myocardial infarction
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2.3 Percutaneous coronary intervention

2.3.1 Introduction to treatment techniques

Two main coronary revascularization procedures can be employed for the treat-
ment of atherosclerotic lesions of coronary arteries: coronary artery bypass
grafting (CABG) or PCI.

CABG is a surgical procedure in which the obstructive lesion is bypassed by
a blood vessel graft (Fig. 2.6 a). In order to restore the normal blood flow
to the heart, one or both of the internal mammary arteries, a radial artery or a
segment of vein (usually the saphenous vein) are used to form a connection be-
tween the aorta and the coronary artery distal to the obstructive lesion (Antman
et al,, 2008). PCI is a non-surgical procedure that consists of balloon angio-
plasty usually followed by stent deployment (Fig. 2.6 b) (Antman et al., 2008).
An inflatable balloon is threaded to the site of the atherosclerotic lesion on a
catheter and inflated to open the narrowed coronary artery. In order to keep the

Coronary
artery

Figure 2.6: Different approaches for the treatment of atherosclerotic coronary lesions: a) CABG;
b) PCI. Stenting procedure addresses the existing lesion but not future lesions, whereas bypass
grafting is directed at the epicardial vessel proximal to the insertion of the artery/vein graft, includ-
ing the existing lesion and also future lesions. Adapted with permission from The New England
Journal of Medicine, Vol.352(21): 2235-2237. B.J. Gersh and R.L. Frye. Methods of coronary
revascularization - things may not be as they seem. (©)(2005) Massachusetts Medical Society.
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vessel open, wire tubular structures, known as stents, are then expanded inside
the artery. The main steps of stenting procedure are shown in Fig. 2.7. Firstly,
the stent, mounted on a balloon catheter in a crimped (i.e. collapsed) state,
is positioned where the narrowing occurs. Secondly, the stent is expanded by
balloon inflation. Lastly, the balloon is deflated and the complete system is re-
moved from the body except for the permanently deformed stent which remains
in place, holding the artery open.

The majority of current coronary stents are fabricated in metallic alloys such
as CoCr or 316-L stainless steel. They are coated with a drug carrier loading
a pharmacologic agent that is known to interfere with the process of resteno-
sis. These kind of devices are called DES. Fully biodegradable coronary stents,
made of a polymer (e.g. PLLA) or degradable metals (e.g. magnesium alloys)
that progressively degrade, are under development or clinical trial. Ideally, these
devices should slowly degrade to provide mechanical support during the arte-
rial remodeling period (6-12 months) before complete degradation within 12-24
months (Sammel et al., 2013; Sun et al., 2013).

Stent Stent Stent remains in
insertion expansion coronary artery

Figure 2.7: Main steps of stenting procedure: a) the stent, mounted on a balloon catheter in crimped
state, is positioned where the narrowing occurs; b) the stent is expanded by balloon inflation; c) the
balloon is deflated and the complete system is removed from the body except for the permanently
deformed stent which remains in place, holding the artery open. Adapted with permission from
Journal of Materials Processing Technology, Vol.197: 174-181. V. Dehlaghi et al. Analysis of wall
shear stress in stented coronary artery using 3D computational fluid dynamics modeling. (©)(2008)
Elsevier B.V.
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PCI with stent implantation firstly appeared in 1986 ( , ), be-
coming a valid alternative to CABG thanks to the following main advantage:
coronary stenting is a minimally invasive technique which is performed under
local anesthesia; it requires only a short (1-day) hospitalization, greatly decreas-
ing recovery time and expense compared to CABG ( , ).

PCI is widely employed in patients with symptoms and evidence of ischemia
due to stenosis of one or two vessels, and even in selected patients with three-
vessel disease. CABG remains indicated in patients with stenosis of the LMCA
and those with three-vessel distal disease, especially with diabetes and/or im-

paired left ventricle function ( ).
Nowadays about 1 million of PCI are performed annually only in the USA,
representing twice the annual number of CABG operations ( , ).

2.3.2 Treatment of coronary bifurcations by PCI

The treatment of coronary bifurcation lesions is a challenging area in interven-
tional cardiology because of a lower rate of procedural success and a higher rate

of restenosis compared to non-bifurcation interventions ( , ).
It is estimated that the rate of lesions involving bifurcations is 15-20 % of all
the PCI procedures ( , ).

Bifurcations are characterized by recirculation and stagnation zones that cause
low WSS, making these regions very prone to develop atherosclerosis. This
was demonstrated by autopsy studies ( s ; s ;
, ) in which it was found a higher prevalence of atheroscle-
rotic plaques in the low WSS regions (e.g. the lateral walls) with respect to flow
divider sites, characterized by high WSS (Fig. 2.8).
Bifurcations vary in anatomy (plaque burden, location of plaque, angle between
branches, diameter of branches, bifurcation site) and in the dynamic changes in
anatomy during treatment (plaque shift, dissection) ( , ). Asa
consequence, each bifurcation has its own peculiarities.
Medina’s classification is the most commonly used tool for description of coro-
nary bifurcation lesions ( s ). It indicates the location of sig-
nificant stenoses (>50 %) in the bifurcation. As shown in Fig. 2.9, it is charac-
terized by three numbers and two commas. The number before the first comma
represents the proximal MB, the number between the two commas the distal
MB, and the number after the second comma the SB. ”’1”” accounts for the pres-
ence and "0 for the absence of a >50 % lesion. Medina’s classification is very
simple and it does not require memorization. However, it does not represent
a complete description of the lesions ( , ): no differentiation



20 Chapter 2. Coronary arteries: anatomy and physiology, atherosclerosis and its treatments

Figure 2.8: a) Histologic image of atherosclerotic plaques in the LCX/left obtuse bifurcation. The
lateral walls show significantly greater prevalence of plaque as compared to flow divider region.
b, ¢) Magnifications of the atherosclerotic plaques at the later walls. Necrotic core formation is
visible. Adapted with permission from Journal of the American College of Cardiology, Vol. 55
(16): 1679-1687. G. Nakazawa et al. Pathological Findings at Bifurcation Lesions. The Impact
of Flow Distribution on Atherosclerosis and Arterial Healing After Stent Implantation. (©)(2010)
American College of Cardiology Foundation.
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Figure 2.9: Medina’s classification. Reprinted with permission from Eurolntervention, Vol. 6
(Suppl J): J31-J35. Y. Louvard et al. Definition and classification of bifurcation lesions and treat-
ments. (©)(2010) Europa Digital & Publishing.
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is made between a lesion-free segment and a <50 % lesion, or between two
lesions or a single lesion in the MB; calcifications are not identified; bifurcation
angles are not indicated.

No single strategy exists for the treatment of atherosclerotic lesions because of
the great variability of coronary bifurcations. Many stenting techniques, involv-
ing the implantation of one or two stents, have been proposed in the literature
( , ). However, each technique is associated with some limita-
tions that make uncertain the choice of the best-fitting treatment.

In 2007 the European Bifurcation Club proposed a classification of bifurcation
stenting strategies in order to facilitate their description and to allow compar-
isons between techniques in various anatomical and clinical settings (

s ). This classification, called MADS classification, takes into account
both final stent positioning and order of implantation, including the placement
of the first stent and the potential implantation of additional stents according to
the operator mind, the results and the difficulties encountered during the proce-
dures ( , ). Stenting strategies are subdivided in four classes
(Fig. 2.10), which are identified by the letters of the acronym MADS: "M”
(main) indicates that the first stent is placed in the proximal MB; ”A” (across)
that the stent is expanded in the MB through the SB; ”D” (double) that de-
ployment of a single or two simultaneous stents is performed in two separated
lumens, without the necessity to re-cross struts; ”’S” (side branch first) that the
first stent is implanted in the SB with or without protrusion in the MB. In each
treatment class, the initial strategy may be completed by implantation of one or
two additional stents.

Among the different stenting techniques schematized by MADS classification,
PSB approach, which involves stent placement in the MB first with optional
treatment of SB, is the gold standard strategy for the treatment of non-left main
bifurcations ( , ). Several randomized trials comparing this strat-
egy with double stenting techniques showed that the implantation of two stents
is not associated with any benefits, regardless of the lesion type. Moreover, dou-
ble stenting approach was related to a higher rate of periprocedural myocardial
infarction and higher rate of stent thrombosis ( s ; s
; , )-
Coronary bifurcations are usually treated with conventional stents, i.e. stents
used in non-bifurcation lesions. The use of these devices can result in some
problems occurring during the stenting procedure, such as the poor access to
the SB ( , ), and in high rates of restenosis, especially
in the SB ( , ). Moreover, current PCI techniques with
conventional stents could be laborious and limited by the complexity of bifur-
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Figure 2.10: MADS classification of stenting techniques for coronary bifurcation lesions (straight
techniques). Reprinted with permission from Eurolntervention, Vol. 7(1): 160-163. Y. Louvard and
T. Lefvre. Tools and Techniques: PCI in coronary bifurcations lesions. (©(2010) Europa Digital &
Publishing.

cation anatomy. In particular, double stenting procedures are associated with
underexpansion or gap at the SB ostium, excessive metal-to-artery ratio at the
carina, stent malapposition, and stent distortion (Collet et al., 2011). In order to
overcome some of the main limitations associated with the use of conventional
stents, several devices dedicated to coronary bifurcations were developed in the
last years (Collet et al., 2011). These stents aim to simplify the stenting pro-
cedure, even in complex and challenging anatomies, improving the outcomes.
Ideally, they should allow permanent access to SB during stenting procedure,
provide optimal SB scaffolding, have enhanced deliverability and a modular de-
sign to make them applicable for different types of bifurcation lesions (Collet
et al., 2011; Lefevre et al., 2010a).

Dedicated stents can be classified in four groups (Collet et al., 2011; Lefevre
et al., 2010a):

e Device treating MB with some degree of SB scaffolding. These stents
are implanted following PSB stenting approach, ensuring a more reliable
scaffolding of the SB ostium compared to the classical PSB. Since the
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majority of these devices is characterized by asymmetric design, stent
alignment during implantation is a key aspect. Three different cate-
gories of stents can be identified based on alignment requirement: self-
alignment devices, as for example Multi-Link Frontier™, Pathfinder™,
Xience SBA™ (Abbott Laboratories, Abbott Park, IL, USA) (Fig. 2.11
a), Taxus® Petal™ (Boston Scientific, Natick, MA, USA) and Nile
CroCo® (Minvasys, Paris, France) stents; controlled alignment devices
such as Antares® (TriReme Medical Inc., Pleasanton, CA, USA) and
SideKick™ (Y-med Inc., San Diego, CA, USA) stents; devices that do
not need alignment such as Stentys™ stent (Stentys S.A., Paris, France).

e SB stents. These devices are specifically designed to scaffold the SB and
facilitate the stenting procedure. They should be used only for true bifur-
cation lesions (1,1,0), (1,0,0) or (0,1,0) according to Medina’s classifica-
tion. Sideguard® (Cappella Medical Devices Ltd, Galway, Ireland) and
™ (Tryton Medical Inc., Durham, NC, USA) (Fig. 2.11 b) stents belong
to this category.

e Proximal bifurcation stents. These devices are designed for (1,0,0) le-
sions according to Medina’s classification. They allow the scaffolding of
the MB proximal to the bifurcation up to carina. An example of this kind
of dedicated devices is Axxess™ stent (Biosensors International Tech-
nologies Pte Ltd, Singapore) (Fig. 2.11 c).

o Bifurcated stents. These devices, as for example Medtronic Bifurcation
Y-Stent™ (Medtronic, Minneapolis, MN, USA) (Fig. 2.11 d), are char-
acterized by two branches. This particular design results in less flexibility
then a single branch stent. Moreover, the risk of wire wrap and misalign-
ment is high because these stents need to be loaded on two wires.

The question whether to use or not dedicated stents is still opened (

, ). Current dedicated devices are far from being widely adopted
in the clinical practice. These devices are associated with the following neg-
ative aspects ( , ): all stents require multi-step approaches,
positioning of the stents is not easy because their specific design makes stent
alignment delicate, and conformation to complex and various anatomies is not
optimal. Clinical validation represents the major issue due to the lack of ran-
domized studies comparing dedicated stents to PSB stenting.



24  Chapter 2. Coronary arteries: anatomy and physiology, atherosclerosis and its treatments

Figure 2.11: Examples of dedicated stents for coronary bifurcations: a) Xience SBA™ (Abbott
Laboratories, Abbott Park, IL, USA); b) TrytonTM (Tryton Medical Inc., Durham, NC, USA); ¢)
Axxess™ (Biosensors International Technologies Pte Ltd, Singapore); d) Medtronic Bifurcation
Y-Stent™ (Medtronic, Minneapolis, MN, USA).

2.3.3 In-stent restenosis

Stent deployment for the treatment of coronary atherosclerotic lesions can re-
sult in two main clinical complications: ISR, which is the reduction in lumen
size due to neointima formation within the first months of procedure, and stent
thrombosis, which consists in the formation of a blood clot inside the stented
artery. As previously exposed in Chapter 1, the present work considers only the
ISR phenomenon.

Coronary stents were initially fabricated in a metallic alloy without the coating
containing antiproliferative drugs (bare-metal stents). The rate of ISR caused
by the implantation of these devices was clinically not negligible (15-20 %)
(Baim, 2008). The use of DES, introduced in 2004, has resulted in significantly
improved outcomes compared with bare-metal stents (Colombo et al., 2009;
Thuesen et al., 2006). ISR rates after DES implantation have fallen below 10
% in several randomized clinical trials (Dangas et al., 2010). However, this rate
increases when complex lesions are treated (LLemos et al., 2004; Mauri et al.,
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, ). Moreover, late restenosis and persistent neointimal
growth after DES implantation has been reported ( , ,b;
)-

ISR is instigated and inﬂuenced by the following negative effects induced by
stent presence in the coronary artery: structural injury during implantation,
foreign-body reaction and local fluid dynamic alteration. Stent deployment re-
sults in a complex vascular response that is characterized by four phases, sep-
arated in time but partially interdependent (Fig. 2.12) (

) k] ’ )'
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Figure 2.12: The four phases of vascular repair after stent deployment in terms of time after stent-
ing: a) thrombosis; b) inflammation; c) proliferation; d) remodeling. SAM stands for surface-
adherent monocyte while TIM for tissue-infiltrating monocyte. Reprinted with permission from
American Journal of Cardiology, Vol. 81(7A): 4E-6E. E.R. Edelman and C. Rogers. Pathobiologic
responses to stenting. (©(1998) Excerpta Medica Inc.
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7 days after stent implantation with a peak at 3-4 days. During the im-
plantation procedure, the stent and the balloon damage most of the en-
dothelial cells on contact, exposing to the blood flow deeper wall struc-
tures as collagen fibers; moreover, the plaque is compressed and, in ex-
treme cases, the inner arterial wall is dissected. These injuries provoked
by stent implantation induce coagulation. Platelets present in the blood-
streams are activated by damaged endothelial cells, exposed collagen, and
plaque. These platelets adhere to the damaged cells and release chemical
attractants for other platelets. The coagulation cascade, which involves
several coagulation factors ( . ), leads
to the formation of the fibrin around the platelets, binding them together
into a thrombus. Thrombus formation is also caused by foreign-body re-
action. Different blood-soluble proteins adsorb onto the stent surface and
forms a thin film that controls the successive biological processes of the
foreign-body response ( , ). Fibrinogen, which is a
pro-thrombotic protein, promoting activation and adhesion of platelets, is
adsorbed preferentially over the other proteins.

o Inflammation: inflammatory reaction occurs immediately after stenting
in the site where thrombus forms. Surface-adherent leukocytes are at-
tracted to the injured site in order to prevent the propagation of the tis-
sue damage and infection, and to aid in wound healing and tissue repair
( s ). At 3-7 days after intervention, leuko-
cytes migrate into the arterial wall as tissue-infiltrating monocytes (TIM)
and remain there. These leukocytes infiltrate the injured site following
a mechanism characterized by four steps (Fig. 2.13): tethering (i.e. ini-
tial contact), rolling and activation of the cell, firm adhesion, and lastly
transmigration into the arterial wall.

e Proliferation: a new tissue (i.e. neointima) grows around the implanted
stent as a result of foreign-body reaction and injury provoked by stent
deployment. Smooth muscle cells migrate from the middle layer of the
arterial wall towards the stent where they proliferate. These cells synthe-
size collagen creating the bulk of the new tissue that narrows the coronary
artery. This phase coincides with the migration of inflammatory cells
from vessel surface to the neointima 7 days after stent deployment. It can
last up to 18 months after the intervention.

NH occurs when the proliferation of smooth muscle cells with concomi-
tant deposition of extracellular matrix molecules is uncontrolled, causing
an excessive growth of neointima. This phenomenon represents the main
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Figure 2.13: Diagram showing the four steps followed by leukocytes to infiltrate the injured site:
(1) tethering (i.e. initial contact), (2) rolling and activation of the cell, (3) firm adhesion, and (4)
transmigration into the arterial wall. Reprinted with permission from Cardiovascular Engineering
and Technology, Vol. 3(4): 353-373. E.A. Murphy and F.J. Boyle. Reducing in-Stent restenosis
through novel stent flow field augmentation. (©)(2012) Biomedical Engineering Society.

cause of ISR. The degree of NH is greatly influenced by the degree of
thrombosis and inflammation.

e Remodeling: coronary artery opposes the strain caused by stent strut by
increasing collagen deposition, destruction of elastin, and persistent in-
flammation. From about 4 weeks after the stent implantation, collagen
deposits in the adventitia and throughout the tunica media and neointima
lead to shrinkage of the artery. This process increases the pressure on the
device and may squeeze the arterial wall through the stent strut interstices
from the outside.

Local hemodynamics play an important role in all the four phases that charac-
terize the vascular response to stent implantation (Murphy and Boyle, 2012).
In Section 3.1 the relation between local hemodynamic effects induced by the
presence of a stent inside a coronary artery and the most commonly investigated
hemodynamic variables is discussed.






Chapter 3

State-of-the-art of CFD
models of stented coronary
arteries

In the present chapter a review of the fluid dynamic studies on stented coronary
arteries is given, focusing on CFD models. Indeed, CFD provides a useful tool
for studying macro and micro aspects of blood flow through stented vessels and
their influence on ISR.

The mathematical definitions of the most investigated hemodynamic quantities
used in this research field and their relation with ISR are introduced. The fluid
dynamic models of idealized stented coronary arteries are discussed, focusing
on coronary bifurcations. The fluid dynamic models based on geometries
reconstructed through imaging techniques are presented. In the end, the most
significant limitations of the CFD studies are provided.

The contents within this chapter can be found in:

Chiastra C. and Migliavacca F., Modelling of blood flow in stented coronary arteries. In Becker, S.
and Kuznetsov, A., editors. Heat transfer and fluid flow in biological processes, Elsevier (accepted
for publication).
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3.1 Hemodynamic quantities of interest

recirculation zones, significant secondary flow velocities, and stag-

nation point regions, play a key role in the onset and progression of
atherosclerosis and NH ( , ). These altered flow patterns are
due to the flow-input waveforms and to the geometrical features of the vessel
(e.g. sudden expansions, sharp bends, bifurcations and the presence of the stent
struts).
Several quantities are considered in the study of the disturbed flow, including
the hemodynamic alterations induced by the stent presence, to identify sites in
the coronary artery that might be prone to ISR. In this section, for each of the
widely used quantities, the mathematical definition and the relation between
them and the ISR is provided. The quantities are classified in near-wall quanti-
ties, quantities for the measure of flow stasis and flow separation, and bulk flow
quantities.

DISTURBED flow patterns, such as flow separation and reattachment,

3.1.1 Near-wall quantities

The main investigated quantity is the WSS which plays a fundamental role in
the atherosclerotic processes ( , ). WSS is defined by the
following relation:

Tw =T Ty 3.1

where n is the normal vector to the arterial wall surface and 7;; is the fluid
viscous stress tensor. The magnitude of WSS vector is equal to the viscous
stress on the surface and the direction of WSS is the direction of the viscous
stress acting on the surface.

When time-dependent flows are studied, the time-averaged WSS (TAWSS) is
introduced. It is calculated as:

1 T
TAWSS = — / 7| dt (3.2)
T 0

where T’ is the duration of cardiac cycle.
From a biological standpoint, endothelial cell morphology and orientation are
altered according to WSS. Endothelial cells subjected to WSS greater than 1
Pa have been shown to elongate and align themselves in the direction of flow,
while those experiencing WSS lower than 0.4 Pa or oscillatory WSS were circu-
lar in shape, without showing any preferred alignment pattern (Fig. 3.1)(

, ). WSS changes may alter the endothelial cells in shape as well as
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Figure 3.1: Phase contrast micrographs of bovine aortic endothelial cells: a) cells exposed to low
WSS (< 0.4 Pa) for 24 hours do not elongate; b) cells exposed to physiologic WSS (> 1.5 Pa) align
in the direction of blood flow. Adapted with permission from Journal of Cell Science Vol.109(4):
713-726. A.M. Malek and S. Izumo Mechanism of endothelial cell shape change and cytoskeletal
remodeling in response to fluid shear stress. (©)(1996) Company of biologists.

function. This alteration could increase cell permeability to serum substrates,
either through the intercellular junction or by vesicular transport to the suben-
dothelium, as in the case of atherosclerotic lesions (Gerlach et al., 1990; Okano
and Yoshida, 1993). It has been also highlighted through animal experiments
that tissue regrowth in a stented coronary artery is prominent at the sites of low
WSS (LaDisa Jr. et al., 2005).

In the CFD studies on stented coronary arteries both thresholds of 0.4 Pa, e.g.
Gundert et al. (2011) and Williams et al. (2010), and 0.5 Pa, e.g. Balossino
et al. (2008) and Duraiswamy et al. (2009), are used to identify the low values
of WSS that are associated with intimal thickening.

Analyses based only on the magnitude of WSS alone are not sufficient because
variations in shear stress in both time and space have an influence on ISR phe-
nomenon (Chatzizisis et al., 2007). The oscillatory nature of shear stress in-
duced by pulsatile flow is quantified using the oscillatory shear index (OSI),
which was defined by Ku et al. (1985) as:

osr=1(1- ‘fOTdet‘

1 (3.3)
2 I ] dt

where T’ is the period of the cardiac cycle, and T, is the WSS vector. OSI val-
ues range between 0, when there is no oscillatory WSS, to 0.5 when there is
the maximum oscillatory WSS. Regions characterized by high oscillatory WSS
(OSI > 0.1, Williams et al. (2010)) have shown a greater risk of arterial narrow-
ing (Zarins et al., 1983). High OSI have been associated to an increase of the
endothelial permeability to blood borne particles (Himburg et al., 2004) and to



32 Chapter 3. State-of-the-art of CFD models of stented coronary arteries

a greater production of the gene endothelin-1 mRNA which increases cell pro-
liferation ( R ). In addition, it has been shown that low and
oscillatory WSS increase the expression of inflammatory markers, including
the ICAM-1 and the VCAM-1 ( , ; , )
thus indicating cell activation. In the experimental study by ( )it
was found that cell surface ICAM-1 expression is significantly enhanced when
coronary endothelial cells are exposed to low pulsatile shear stresses, indicat-
ing endothelial cell activation. These results, which are in agreement with the
findings from other works ( s ; s ), suggested that
this hemodynamic condition is atherogenic.

In order to combine the information provided by WSS and OSI, the relative
residence time (RRT) was recently introduced ( , ):

1
RRT = 4 =57 051) - TAWSS S

High RRT is recognized as critical for the problem of atherogenesis and ISR
( , ). RRT is also associated to the residence time of the particles
near the wall ( s ).

Another quantity of interest is the spatial wall shear stress gradient (WSSG). To
mathematically define it, a local m-n-I coordinate system has to be introduced,
where m is the WSS direction tangential to the endothelial surface (temporal
mean WSS direction for pulsatile flows), n is the direction tangential to the sur-
face and normal to m, and / is the endothelial surface normal direction. Using
this coordinate system, the WSSG can be obtained calculating spatial deriva-
tives of WSS, which results in a nine-component tensor:

OTw,m  OTw,m  OTw,m
om on ol
OTw,n OTw,n OTw.n
VTw = om on ol (35)
0T 1 OTw,1 OTw,1
om on ol

_ ) ) ) . . .
where V = (m% +ng- + IE) and m, n, and 1 are the unit vectors in their

OTw,m

. . . T.
respective direction. As suggested by ( ), the components =%

and 62“7’;” are the most important ones for intimal thickening due to atheroscle-

rosis or hyperplasia. In fact, these components generate intracellular tension,
which causes widening and shrinking of the cellular gaps. Therefore, the WSSG
can be written as:
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1/2
wm\* | (OTwn )’
(;ﬂ;)Jr(gn’” (3.6)

Results of in vitro and numerical studies (

) showed that large spatial WSSG induce morphologlcal and functlonal
changes in the endothelial cells, which contribute to increase the wall perme-
ability, and hence possible atherosclerotic lesions. Endothelial cells have been
shown to migrate downstream of an area with high WSSG ( ,

). This phenomenon could affect the process of growth of a new layer of
endothelial cells after the damage provoked by stent implantation (

) ). Moreover, regions that are susceptible to NH have been corre-
lated with sites where WSSG has been predicted to exceed 200 N/m? in an end-
to-side anastomosis model ( s ) and a rabbic iliac model (

; )-

WSSG =

3.1.2 Flow stasis quantities

In order to quantify the flow stasis, the mean exposure time (MET) can be cal-
culated. By releasing a high concentration of fluid particles at the inlets of an
artery model, MET measures how long each particle reside within each element
of the mesh ( s ). For each element e of
the computational grid, MET is deﬁned as:

1 t
MET, = ——— Y HP(t)dt (3.7)
NV3 ;

where NV, is the number of times a particle passes through the element, V, the
volume of the element, V; is the total number of particles released, and H? (t)
is equal to 1 when a particle p is located inside the element at time ¢ and is equal
to 0 otherwise. In stented models highly anisotropic meshes with finer elements
close to the struts are needed. Since MET index depends on the element size,
these meshes are not suitable. Therefore, an auxiliary isotropic mesh has to be
used during the post-processing step for the MET calculation.

Since the duration that a particle resides within an element is normalized by the
N., MET is able to distinguish between recirculating particles and stagnant par-
ticles ( , ). For example, a particle that passes twice through
an element, each pass spanning one time unit, does not contribute as much to
MET as a particle that passes once for two time units ( , ). In
this particular case, the first particle is probably recirculating while the second
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one is stagnant.

Other quantities have been used in the study of stented coronary artery models
to analyze stagnation and recirculation regions. For example, the flow separa-
tion parameter (FSP) quantifies the fraction of time with respect to one cardiac
cycle where the flow at some location on the arterial wall is separated from the

mainstream flow due to stagnation or recirculation ( , ). Mathemat-
ically, FSP was calculated by ( ) as:
T,
FSp=>2 3.8
T (3.8)

where T is the amount of time that the flow is separated from the mainstream,
and T the period of the cardiac cycle. FSP only varies spatially. It is defined to
occur when the wall shear has the opposite sign from the mainstream flow. A
value of 0 implies no flow separation while a value of 1 constant flow separation
throughout the entire flow period (recirculation or stagnation).

Equation 3.8 is valid only for a high flow condition (e.g. Reynolds number =
240, WSS =1 + 0.5 Pa) while, for a low flow condition (e.g. Reynolds number
=50, WSS =0.2 £ 1 Pa), it has to be modified to account for the natural shear
stress oscillation as follows ( s ):

TP (épos) + TN ((Dneg)
T

where ®,,,; is the FSP during the time of forward mainstream flow Tp, ®,,.4 is

the FSP during the time of reverse mainstream flow Ty, and 7T is the period of

the cardiac cycle (T' = Tp + T ).

FSP is large in regions where stent strut spacing is small, as demonstrated by
( ) comparing in vitro and CFD results.

FSP =

(3.9)

3.1.3 Bulk flow quantities

The effect of stenting procedures on the bulk flow can be evaluated through
the analysis of the helicity ( , ). By definition, the helicity
of a fluid flow confined to a domain D of the Euclidean space R? is given by
the integral value of the kinetic helicity density Hy, defined as (

) ):

Hy=(Vxwv)-v (3.10)

where v is the velocity vector and V x v is the vorticity. To better visualize the
topological features of the flow field, the kinetic helicity density can be normal-
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ized with the velocity and vorticity magnitude resulting in the local normalized
helicity (LNH):

(Vxw) v
I(V x )| |v]

where 6 is the angle between v and V x v. LNH is a non-dimensional quantity
that ranges between -1 and 1. Physically, this quantity describes the arrange-
ment of fluid streams into spiral patterns as they evolve within conduits (

, ). In fact, it is a measure of the alignment/misalignment
of the local velocity and vorticity vectors and its sign is a useful indicator of
the direction of rotation of helical structures: positive LNH values indicate
left-handed rotating fluid structures, while negative LNH values indicate right-
handed rotating structures, when viewed in the direction of the forward move-
ment.

The helical flow is a peculiar feature of natural blood flow present in arteries

( s ; s ) and it has been recently found to

be essential in suppressing flow disturbances in healthy vessels ( ,
) and in stented arteries and bypass grafts ( s ;

LNH = =cosf (3.11)

b ? b )'
Helicity can be also evaluated calculating other descriptors. For example, in
( ) a lagrangian-based analysis has been proposed for an

aortocoronary bypass model. However, this kind of approach has not been ap-
plied to stented coronary arteries yet.

3.2 Fluid dynamic models of idealized stented ge-
ometries

In the recent years, numerous CFD studies on stented coronary arteries have
been proposed in the literature. Initially, these models were characterized by
two-dimensional (2D), highly simplified geometries. For example, in the study
conducted by ( ) only a cross-section of the region very close to
the arterial wall, with eight struts, was investigated. With the gradual increase of
the computational resources, the analysis of 3D stented geometries became pos-
sible. Complex models, with or without bifurcations, and with the presence of
multiple stents, were investigated. As proposed by ( ),
the works on stented coronary arteries can be classified in two categories:

o Effect-based studies: Two or more models with a well-defined difference
are compared from the fluid dynamic point view. This category includes
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the comparison of straight and curved coronary arteries, Newtonian ver-
sus non-Newtonian blood flow, different stent sizing, different stenting
techniques.

e Design-based studies: The impact of the geometric configuration itself
on hemodynamic quantities is investigated. This category includes the
comparison between different strut designs, strut spacing or commercial
stent designs.

In this section the main works on stented coronary bifurcations based on geome-
tries that were not reconstructed through imaging techniques (idealized geome-
tries) are presented. Indeed, the studies on idealized single-vessel geometries
are discussed in details in the review by ( ).
Coronary bifurcations are characterized by recirculation and stagnation zones
that cause low WSS, making these regions very prone to develop atherosclero-
sis. Many stenting techniques that involve the implantation of one or two stents,
conventional or dedicated to bifurcation, exist (Section 2.3.2). Each procedure
is associated with some limitations that make uncertain the choice of the best-
fitting treatment.
The CFD studies presented here all belong to the effect-based category. Dif-
ferent stenting strategies for the treatment of bifurcation lesions are compared.
The first CFD study on stented coronary bifurcations was carried out by De-
plano and coworkers in 2004 ( s ). These researchers studied
the hemodynamic changes induced by the presence of two stents in a 90° bi-
furcated coronary (Fig. 3.2a). They investigated six different cases, simulating
different post-implantation configurations (Fig. 3.2b). Case 1 was modeled as
a healthy coronary bifurcation without any stent in order to provide a reference
case; Case 2 was representative of a double implantation not followed by an
enlargement of the SB cell, while Case 3 was followed by an optimum enlarge-
ment; Cases 4-6 modeled an imperfect enlargement with a partial opening of
the stent struts in the MB lumen.
The Palmaz® P308 stent (Cordis Corporation, Bridgewater, NJ, USA), which
belongs to an old generation of slotted tube stent, was considered in this study.
A flow-rate curve recorded in a human left coronary artery ( ,
) was imposed at the inlet of the models. A constant flow-rate repartition,
based on the diameters of the two daughter arteries, was applied at the outlets.
The no-slip condition was imposed along the walls. Blood was modeled as a
Newtonian fluid characterized by a density of 1060 kg/m® and a dynamic vis-
cosity of 3.6 cP. Since the Reynolds number based on the inlet diameter was
~200 at peak flow rate, an order of magnitude smaller than the Reynolds num-
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ber for transition to turbulence (2300) (Spurk and Aksel, 2008), the flow was
assumed to be laminar. The commercial software ANSYS Fluent (ANSYS Inc.,

A) B)

floor

Figure 3.2: a) 90° bifurcated coronary artery model with two implanted stents used by Deplano
et al. (2004). The surface mesh is shown. b) Projection views of the six investigated geometrical
configurations. c¢) Flow evolution in the longitudinal plane (z = 0) at the first time of acceleration.
Adapted with permission from Medical and Biological Engineering and Computing 2004 Vol.42(5):
650-659. V. Deplano et al. 3D numerical simulations of physiological flows in a stented coronary
bifurcation. (©)(2004) Springer.
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Canonsburg, PA, USA), which is based on the finite volume method, was used
to solve the Navier-Stokes equations.

Results demonstrated that, behind the protruding stent struts located near the
inner and the outer walls of the SB, some flow stasis and recirculation areas de-
velop, causing low WSS values. Figure 3.2¢c shows the flow characteristic in the
longitudinal plane (z = 0) at the first time of acceleration. Case 1 and 3 (without
stent or completely opened) are similar without stasis areas. For cases 2, 4-6 the
two lateral stent struts act as a convergence pipe that orientates and accelerates
the flow at the center. Moreover, for cases 2 and 6 two lateral jets are created,
with stasis areas downstream from the luminal struts. The WSS at the stent wall
were also investigated. High WSS values of about 20 Pa, which could stimu-
late platelet activation potentially leading to thrombo-embolic complications,
were induced by the struts protruding into the SB. The authors concluded that,
in terms of fluid dynamics, the best situation is obtained when the stent struts
were ideally removed from the SB (Case 3).

( ) quantified the altered hemodynamics caused by MB stent-
ing and subsequent SB angioplasty that removed the stent struts from the ostium
of a representative coronary bifurcation. Four different scenarios were com-
pared: (1) pre-stenting, (2) post MB stenting with the best stent orientation, (3)
post MB stenting with the worst stent orientation, and (4) post SB balloon an-
gioplasty. An idealized bifurcation model was created with a typical bifurcation
angle (46°) and Finet’s law (Eq. 2.3) for the inlet and outlet diameter values,
using a computer-aided design (CAD) software. A Boolean intersection com-
mand was implemented to subtract the geometrical model of the stent from the
lumen, obtaining the fluid domain for the CFD simulation. The Taxus® Express
2™ gtent (Boston Scientific, Natick, MA, USA) was considered in this work.
As boundary conditions, resting and hyperemic inflow waveforms (Reynolds
number ~90 and ~240, respectively), obtained from a canine left anterior de-
scending coronary artery (LAD), were applied at the inlet cross-section as tem-
porally varying Womersley velocity profiles.

In order to estimate the behavior of the downstream vasculature, a three-element
Windkessel model was imposed at the outlets using a multi-domain approach
( , ). The three-element Windkessel model is de-
fined by three parameters with physiologic meaning: R., C, and Ry. R, is the
characteristic impendence representing the resistance, compliance and inertance
of the proximal artery of interest, C'is the arterial capacitance and describes the
collective compliance of all arteries beyond a model outlet, and R4 represents
the total distal resistance beyond a given outlet. Blood was assumed to behave
as a Newtonian fluid with a density of 1060 kg/m® and a dynamic viscosity



3.2. Fluid dynamic models of idealized stented geometries 39

of 4cP. TAWSS and OSI were quantified. In Fig. 3.3a the contour maps of
TAWSS are depicted. The non-diseased bifurcation model was not character-
ized by TAWSS lower than 0.4 Pa. Stenting introduced areas of low TAWSS
next to the struts both under resting and hyperemic flow conditions. Moreover,
eccentric regions of low TAWSS were present along the lateral wall of the MB
after MB stenting. Virtual SB angioplasty resulted in a more concentric area of
low TAWSS in the distal MB and along the lateral SB. Despite the regional vari-
ation in the location of low TAWSS, the luminal surface exposed to low TAWSS
was similar before and after virtual SB angioplasty (rest: 43% vs. 41%; hyper-
emia: 18% vs. 21%). High OSI (> 0.1) were absent in the non-diseased model
(Fig. 3.3b). Considering the models after MB stenting, only 4% and 8% of
the luminal surface was exposed to elevated OSI during rest and hyperemia, re-
spectively. Virtual SB angioplasty reduced the percentage area exposed to high
OSI at rest (1%) but had little impact under hyperemic conditions (7%). These
results demonstrated that SB angioplasty intervention could not be a real benefit
from a fluid dynamic point of view.

The method for obtaining the fluid domain used in the previous works (

, ; , ) is exclusively based on geometrical/anatomic
information that neglects both the mechanical behavior of the stent and the
biological tissues, as well as their interaction during stenting procedures. To
overcome this limitation, ( ) proposed a sequential struc-
tural and fluid dynamic approach that allowed the researchers to consider the
artery deformation during stenting procedure for the creation of the fluid do-
main. Firstly, the PSB technique, which nowadays is the preferred coronary
bifurcation stenting procedure ( , ), was simulated by means of
structural simulations. Secondly, the final geometrical configurations obtained
through structural simulations were used as fluid domains to perform transient
CFD analyses. A further study based on the same sequential approach was pro-
posed by ( ). The authors examined the different hemody-
namic scenarios provoked by FKB performed with a pr0x1mal or a distal access
to the SB. These last two studies ( ) ; s )
represent a part of this thesis and are discussed in detail in Chapter 6.

In the work by ( ) a comparison of different stenting tech-
niques was also made from the fluid dynamic perspective. The authors inves-
tigated both single and double stenting procedures, calculating the near-wall
quantities (TAWSS, OSI and RRT). In particular, they compared six cases: (1)
stenting of the MB only, (2) stenting of the MB followed by balloon angioplasty
of the SB, (3) balloon angioplasty of the SB followed by stenting of the MB, (4)
culotte technique, (5) crush technique, (6) T-stenting. A geometrical model of



40 Chapter 3. State-of-the-art of CFD models of stented coronary arteries

A) Post MB Post MB Post SB
stenting stenting balloon
Pre-stent (best stent (worst stent
position) position)

angioplasty
l 3
T 23
! 1.5
0.8
i,

TAWSS [Pa]

HYPEREMIA REST

A

-

w
-

HYPEREMIA REST
oSl
I T =
e o o o o
2 B g @

Figure 3.3: Contour maps of (a) TAWSS and (b) OSI obtained by Williams et al. (2010) for the
four different scenarios: pre-stenting, post MB stenting with the best stent orientation, post MB
stenting with the worst stent orientation, and post SB balloon angioplasty. Results are shown under
resting and hyperemic conditions. Adapted with permission from Medical and Journal of Applied
Physiology 2010 Vol.109(2): 532-540. A.R. Williams et al. Local hemodynamic changes caused
by main branch stent implantation and subsequent virtual side branch balloon angioplasty in a
representative coronary bifurcation. (©)(2010) The American Physiological Society.
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an idealized human LAD and its diagonal branch was considered with a bifur-
cation angle of 50° following the Finet’s law (Eq. 2.3). A CAD software was
used to draw a single stent or two stents inside the bifurcation, with a procedure
similar to Williams et al. (2010), obtaining the six different investigated con-
figurations. As stent design, the PROMUS Element™ stent (Boston Scientific)
was considered. Blood was modeled as a Newtonian fluid with dynamic viscos-
ity 3.5 cP and density 1060 kg/m>. At the inlet a pulsatile blood flow curve was
prescribed (Berne and Levy, 1967) while, at the outlet boundaries, the flow was
assumed to split proportionally to the (3/2) power of the outlet diameters. CFD
simulations were performed using ANSYS Fluent.

Figure 3.4 shows the contour maps of RRT for the six investigated cases. Larger
areas exposed to high RRT are located in the cases with two implanted stents
with respect to a single implanted stent. This result indicate that stenting of the
MB with or without balloon angioplasty of the SB offers hemodynamic advan-
tages over double stenting. This finding supported the results of large clinical
trials that documented that stenting of the MB only is preferable in the majority
of bifurcation lesions (Behan et al., 2011; Katritsis et al., 2009). Considering
double stenting procedures, crush technique could result in better hemodynam-
ics if compared to culotte or T-stenting.

In the end, Chen et al. (2012) investigated the role of the SB diameter, angle,
and lesion on hemodynamics in case of MB stenting. 3D geometrical models of

A) B) €)
RRT [Pa]
l 20
15
i 10
D) E) F)
5
B

Figure 3.4: Contour maps of RRT for the six cases investigated by Katritsis et al. (2012): a) stenting
of the MB only; b) stenting of the MB followed by balloon angioplasty of the SB; c) balloon
angioplasty of the SB followed by stenting of the MB; d) culotte technique; e) crush technique, f)
T-stenting. Adapted with permission from Circulation: Cardiovascular Interventions 2012 Vol.5(4):
448-454. D.G. Katritsis et al. Flow patterns at stented coronary bifurcations: Computational fluid
dynamics analysis. (©)(2012) Wolters Kluwer Health.
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coronary bifurcation with a generic coronary stent inside were created using a
CAD software. Corrected-sized as well as 5% and 10% under-sized stent mod-
els were considered. Bifurcation angles of 30° and 70° as well as bifurcations
with diameter ratios of SB/MB = 1/2 and 3/4 were studied. A mild stenosis at
the SB (40% in area) was also introduced in the analyses. Blood was modeled
as a non-Newtonian Carreau fluid with a density of 1060 kg/m3. At the inlet, a
pulsatile velocity curve based on a human LAD was applied. At the outlets, a
traction-free boundary condition was imposed. The results highlighted that the
stent undersizing decreased the WSS and increased the WSSG and OSI values.
Stenting of the MB in bifurcations with larger SB/MB ratios or smaller SB an-
gle resulted in lower WSS, higher WSSG and OSI. Stenosis at the SB lowered
WSS and increased WSSG and OSI. Considering these results, MB stenting
could not be optimal in bifurcations with large SB diameter, small angle and
SB stenosis.

3.3 Fluid dynamic models of imaged-based stented
geometries

The CFD studies on stented coronary arteries mentioned in Section 3.2 are
based on idealized geometries. Although in two of these works ( ,
; , ) a sequential structural and fluid dynamic ap-
proach was used to consider the effects of stenting procedure on the geometry
of the model, realistic fluid domains obtained through imaging techniques are
needed for a more reliable evaluation of stent performance and hemodynamic
alterations induced by stenting, and also for a better comprehension of the ISR
phenomenon.
In this section, CFD studies based on geometries reconstructed through imaging
techniques are reviewed. These studies are classified in three categories accord-
ing to the origin of the images used for the creation of the fluid domain: in vitro
models (Section 3.3.1), animal models (Section 3.3.2), and patients (Section
3.3.3).

3.3.1 CFD studies from in vitro model images

( ) evaluated post-dilatation strategies after MB stenting. The
following scenarios were compared: (1) MB stenting only, (2) stenting of the
MB followed by FKB, (3) stenting of the MB concluded by 2-step sequen-
tial post-dilation. A series of DES was implanted in silicone models of coro-
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nary bifurcations. Micro-computed tomography (micro-CT) scans of the stents
were used to create the fluid volumes for subsequent CFD simulations (unfor-
tunately, no detailed information were provided by the authors about this step).
As boundary conditions, a flow waveform recorded in a human LAD was ap-
plied at the inlet cross-section of each model. A flow split of 70% and 30%,
respectively for the MB and the SB, was imposed at the outlets. Blood was
assumed to be a Newtonian fluid. The analyses were performed with the com-
mercial software ANSYS CFX (ANSYS Inc., Canonsburg, PA, USA).

The results of the work in terms of flow patterns and shear rates are depicted
in Fig. 3.5. Flow distribution toward the SB showed higher velocity near the
carina and lower velocity opposite the carina. This difference was more evident
in case of MB stenting because the flow directed to the SB was impaired by the
stent struts covering the SB ostium. Moreover, a large area of high shear rate
was located around these struts. Flow patterns in FKB and 2-step cases were
more stable with a less disturbed SB flow if compared to the MB stenting only.
High shear rates were situated in correspondence of the malapposed struts (i.e.
the struts that are not in contact with the underlying vessel wall) near the carina.
The fluid dynamic analyses represent a part of the work of ( ).
The rate of strut malapposition was calculated analyzing the reconstructed ge-
ometrical models of the bifurcations. FKB and 2-step post-dilation techniques
significantly reduced the rate of strut malapposition with respect to MV stenting
only. However, FKB led to a higher risk of incomplete stent apposition at the
proximal stent edge. Considering all the results, the authors concluded that se-
quential 2-step post-dilation might offer a simpler and more efficient alternative
to FKB.

CFD analyses were performed also in a similar study by the same research
group ( , ). The crush technique followed by FKB inflation was
investigated. Extensive layers of malapposed struts were observed in the lu-
men. The unapposed struts in the neocarina caused severe flow disturbances
with high shear rate that might increase the risk of platelet adhesion and stent
thrombosis.

3.3.2 CFD studies from animal models

( ) investigated blood flow patterns in a realistic stented
porcine coronary artery geometry using a model that combines data from
in vivo experiments, 3D imaging techniques and CFD simulations. Twelve
BiodivYsio™ stents (Biocompatibles International Plc, Farnham, UK) were
implanted individually into the RCA and the LAD of six healthy Yorkshire
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Figure 3.5: Velocity field (a) and shear rate contour maps (b) for the different stenting techniques:
MB stenting only (MV only), stenting of the MB followed by FKB (KB), stenting of the MB con-
cluded by 2-step sequential post-dilation (2 step). Reprinted with permission from JACC: Cardio-
vascular Interventions 2012 Vol.5(1): 47-56. N. Foin et al. Kissing balloon or sequential dilation
of the side branch and main vessel for provisional stenting of bifurcations: Lessons from micro-
computed tomography and computational simulations. (©)(2012) Elsevier.
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White pigs, respectively. The stents were intentionally overexpanded in order
to damage the vessels and, consequently, produce a significant growth of neoin-
timal tissue. The animals were sacrificed at different times, from 6 hours to 28
days post-implantation. The stented segments were scanned using micro-CT,
and then embedded and cut with high-speed precision saw in order to obtain
sections for histological analyses. One case was selected for numerical analy-
ses (stent deployed in RCA, explanted after 14 days).

Starting from micro-CT images, the 3D geometry of the stent was recon-
structed. Since the arterial wall could not be extracted from micro-CT images,
a structural simulations was performed (Fig. 3.6a): the model of the artery
was expanded under displacement control until its internal diameter was greater
than the stent diameter; then, the artery retracted due to elastic recoil coming
into contact with the undeformable structure of the stent. Fluid domain was
extracted with a similar procedure used by the same research group (

, ). In order to reduce the high computational cost, only the first two
repeating units of the proximal end of the stent were considered in the CFD
analyses. As boundary conditions, at the inlet a velocity waveform of a porcine
RCA taken from literature ( , ) was imposed with a paraboloid-
shaped profile. At the outlet a relative pressure of 0 Pa was set. The artery and
the stent were considered as wall boundaries. Blood was considered as a non-
Newtonian Carreau fluid with a density of 1060 kg/m?. Simulations were car-
ried out using ANSYS Fluent. The realistic geometry obtained from micro-CT
images and structural simulation was characterized by proximal overexpansion
and asymmetric stent deployment leading to a non-uniform distribution of WSS
values (Fig. 3.6 b,c). In particular, the regions associated to the highest risk of
NH (WSS < 0.5 Pa) were located at the proximal end of the stent where the
abrupt enlargement of the artery was observed. A good correlation was found
between the computed hemodynamic parameters and the asymmetric neointi-
mal growth evaluated by means of histomorphometric analyses of the explanted
vessels (Fig. 3.6d).

( ) studied the hemodynamics of stented coronary arter-
ies of ex vivo porcine hearts. Absorbable metal stents (Biotronik AG, Blach,
Switzerland) were implanted by an interventional cardiologist in the left coro-
nary artery of ex vivo porcine hearts. Vascular corrosion casting was performed
by injection of a radio-opaque resin into the stented coronary vascular tree under
physiological pressure of 90 mmHg. Then, the stented coronary artery cast was
scanned using micro-CT in order to obtain the 3D geometrical model for sub-
sequent CFD analyses. Both steady-state and transient CFD simulations were
carried out with ANSYS CFX. Blood inflow rate of 0.95 mL/s was applied at
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C)

Figure 3.6: a) Structural model implemented to identify the geometrical configuration of the stented
arteries of in vivo porcine coronary models: (1) CAD model of the undeformed artery and of the
stent reconstructed from micro-CT images, (2) expansion of the artery through a cylindrical sur-
face dilatation, (3) stent-artery coupling obtained after the recoil of the artery, and (4) longitudinal
section of the final configuration. b) Comparison between two histological images (on the left) and
the corresponding sections obtained with the structural simulation (on the right). ¢) WSS spatial
distribution along the arterial wall. d) Correlation between areas characterized by low WSS (orange
lines) and ISR phenomenon after 14 days in a proximal section of the stented artery. Reprinted
with permission from Annals of Biomedical Engineering 2013 Vol.41(7): 1428-1444. S. Morlacchi
and F. Migliavacca. Modeling stented coronary arteries: Where we are, where to go (©)(2012)
Biomedical Engineering Society.

the ostium for steady-state calculation and time-dependent flow rate replicat-
ing systolic and diastolic LCA blood flow for the transient analysis (Berne and
Levy, 1967). Zero relative pressure was imposed at the outlet with the largest
diameter and outflow rates were imposed at the remaining outlet according to
Murray’s law (Murray, 1926). No-slip condition was prescribed at the vessel
wall.

Accurate local flow information were obtained thanks to the method used for
the creation of the fluid domain. In fact, this method ensured anatomic fidelity,
capturing arterial tissue prolapse, radial and axial arterial deformation, and stent
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malapposition, otherwise difficult to include in an idealized model. In Fig. 3.7a
an example of malapposed struts is shown. The presence of these struts pro-
voked tunneling of blood flow between the strut and the arterial wall, leading to
perturbation of the local flow field. Low WSS were located at bifurcations and
next to the struts. Low WSS were not only present close to struts arranged per-
pendicular to the flow direction, but also occurred in the vicinity of inter-strut
connectors arranged parallel to the flow direction. The distribution of low (<
0.5 Pa), intermediate (0.5 to 2.5 Pa) and high (> 2.5 Pa) WSS is shown in Fig.
3.7b relative to the surface area of selected arterial segments in a vessel with
two stents. In the stented sections more than 40% of the wall surface area was
exposed to low WSS indicating these segments of artery as potentially athero-
prone regions.

In a further study by the same research group ( , ), the
hemodynamics in ex vivo porcine left coronary arteries with overlapping stents
was investigated. Six cases with partially overlapping stents were compared
to five cases with two non-overlapping stents. The same methodology of their
previous study ( , ) was adopted. Their results showed that
the area exposed to WSS lower than 0.5 Pa is higher in the overlapping stent
segments than in the regions without overlap of the same samples and in the
non-overlapping stents. Moreover, the configuration of the overlapping stent
struts relative to each other influenced the size of the low WSS area. The posi-
tioning of the struts in the same axial location resulted in larger low WSS areas
compared to alternating struts.

3.3.3 CFD studies from patient images

( ) developed a method to virtually implant a stent in patient-
specific coronary artery models for CFD analyses. This method was based on
the following three steps: (1) the creation of a 3D geometrical model of a hu-
man LAD starting from computed tomography (CT) scans (Fig. 3.8a), (2) the
preparation of an idealized model of a thick stent matching arterial geometry
(Fig. 3.8b), and (3) the production of the fluid domain by subtracting the stent
volume from the coronary solid model (Fig. 3.8c). Two different stent designs
were compared from the fluid dynamic perspective: an open-cell ring-and-link
stent (stent A) and a closed-cell slotted tube prototype stent (stent B). As in a
previous work by the same research group ( , ), discussed in
Section 3.2, a LAD blood flow waveform at rest was applied at the inlet while a
three-element Windkessel model representing the downstream vasculature was
imposed at the outlets using a multi-domain approach. Blood was assumed to
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Figure 3.7: a) Contour map of velocity magnitude in an axial cross-section of the stented artery
near a malapposed strut. In the magnification box, the velocity vector plot near the malapposed strut
is depicted showing the presence of vortices. b) Distribution of WSS relative to the surface area of
selected segments of a porcine left coronary artery model with two stents. (©)(2013)
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Figure 3.8: Methodology developed by Gundert et al. (2011) of patient-specific geometrical model
creation for CFD analyses of stented coronary arteries: a) workflow from imaging data to 3D solid
model of a patient-specific artery tree; b) preparation of an idealized model of a thick stent match-
ing arterial geometry; c) production of the fluid domain by subtracting the stent volume from the
coronary solid model. Reprinted with permission from Annals of Biomedical Engineering 2011
Vol.39(5): 1423-1437. T.J. Gundert et al. A rapid and computationally inexpensive method to vir-
tually implant current and next-generation stents into subject-specific computational fluid dynamics
models (©)(2011) Biomedical Engineering Society.

be a Newtonian fluid with a density of 1060 kg/m* and a dynamic viscosity of
4 cP. CFD simulations were performed by means of the open-source software
Simvascular (https://simtk.org/).

Regions of low TAWSS were localized close to the struts and more prevalent
distal to the bifurcation in both the cases. The total intrastrut area of the lumen
that was exposed to TAWSS lower than 0.4 Pa was shown to be higher for the
stent A (75.6%) than for the stent B (59.3%). In Fig. 3.9 cross-sections of MET
at the bifurcation are shown for the model without stent and the two stented
models. The presence of the stent increased the region of high MET near the
arterial wall in the MB (Fig. 3.9, bifurcation plane and cross-section A). In the
SB, just distal to the stent (Fig. 3.9, cross-section B), a pronounced difference
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Figure 3.9: MET at the coronary bifurcation for the model without stent and the two stented mod-
els. MET is visualized in a plane parallel to the bifurcation and three planes perpendicular to the
vessel. Reprinted with permission from Annals of Biomedical Engineering 2011 Vol.39(5): 1423-
1437. T.J. Gundert et al. A rapid and computationally inexpensive method to virtually implant cur-
rent and next-generation stents into subject-specific computational fluid dynamics models (©)(2011)
Biomedical Engineering Society.

in MET between the models can be appreciated. The stent design, placement,
and number of struts in the SB influenced the exposure time of the particles.
The lowest values of MET were found near the carina of the bifurcation for all
the models, corresponding to an increased velocity in this zone.

In a further study by the same research group (Ellwein et al., 2011), the hemo-
dynamics of a patient-specific stented LCX with a thrombus was investigated.
The geometrical model of the vessel was reconstructed combining CT and OCT
images acquired immediately post-stenting and after 6-months follow-up pe-
riod. In order to obtain the fluid domains, the OCT guide-wire pathway was
determined by applying a shortest path algorithm; then, segments from OCT
images were registered orthogonal to the wire pathway using rotational orienta-
tion consistent with geometry estimated by CT. The stent was drawn inside the
artery applying the previously developed method (Gundert et al., 2011). CFD
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models were similar to those of ( ). The same boundary
conditions were used. Simulations were performed with the commercial flow
solver LesLib (Altair Engineering Inc., Troy, MI, USA). Considering TAWSS
results, the percentage area of the vessel exposed to TAWSS lower than 0.4 Pa
was 11% in the post-stent model and only 3% in the follow-up model, limited
to areas of localized curvature. The areas of stent-induced low WSS returned
to physiological levels at follow-up and a good correlation was found with the
measures of neointimal thickness in OCT images. Finally, high OSI values were
present next to struts in the post-stent model and in the areas of curvature of the
follow-up model.

The last study reported in this review chapter is that by ( )
who investigated the hemodynamics of two cases of pathologic LAD with their
bifurcations treated with a provisional T-stenting technique. The 3D geometri-
cal models were reconstructed starting from CTA and CCA images (

, ). All the details about this work are presented in Chapter 7.

3.4 Limitations of the current CFD models and fu-
ture remarks

The CFD studies on stented coronary arteries introduced in Sections 3.2 and 3.3
are subjected to some assumptions and limitations that need to be considered in
the interpretation of the results, especially when clinical consideration is made.
In this section the main limitations of the proposed models are discussed.

3.4.1 Heart motion

The motion of coronary arteries is complex because of the presence of the beat-
ing heart and can be described by overall vessel translation, stretching, bend-
ing and twisting and to a minor degree by radial expansion and axial torsion
( s ). In the CFD studies reviewed in this chapter the
cardiac-induced motion was always neglected. However, its effects on hemo-
dynamics are still a subject of study. Several works have been proposed in the
literature with conflicting results. These studies do not analyze stented coronary
arteries, but unstented vessels. In particular, ( ) studied the fluid
dynamics of a RCA model under physiologically realistic heart motion. The
authors concluded that the motion effects were small compared to flow pulsa-
tion effects. On the contrary, ( ) found that heart motion
substantially affects the hemodynamics in LAD. ( ) considered
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a curved model of LAD with its first diagonal branch by attaching it to the
surface of a sphere with time-varying radius based on experimental dynamic
curvature data. Their results indicated that the effect of curvature dynamics on
the flow field were negligible. ( ) studied the effect
of cardiac motion on the flow field and WSS distribution of an imaged-based
human LAD and its main branches in the presence of a stenosis. Their results
showed that hemodynamics was considerably affected by the pulsatile nature of
the flow and myocardial motion had only a minor effect on flow patterns within
the arterial tree. Although the absolute values of WSS were different, the spa-
tial distribution of WSS was very similar between the stationary and the moving
coronary tree. ( ) investigated the effects of cyclic motion (i.e.
bending and stretching) on blood flow in a 3D model of a segment of the LAD,
which was created on the basis of anatomical studies. Their results highlighted
that although the motion of the coronary artery could significantly affect blood
particle trajectory, it had slight effect on velocity and WSS.

3.4.2 Rigid walls

In all the studies discussed in this chapter the arterial wall and the stents are
assumed to be rigid and fixed. This assumption might produce different local
hemodynamic results. FSI simulations of coronary artery models were per-
formed in a limited number of studies ( , ; R

; ) ; , ; , ), without consid-
ering the presence of the stents. In order to understand the effects of the wall
compliance on hemodynamics quantities and to show that FSI can nowadays
be carried out, we performed a FSI study on a stright coronary artery with a
common open-cell stent deployed. All the details about this work are presented
in Chapter 4.

3.4.3 Boundary conditions

The choice of boundary conditions in the CFD models is fundamental for ob-
taining reliable results. For all of the numerical models introduced in this chap-
ter, the inlet boundary conditions used were similar and consisted of a pulsatile
blood flow waveform taken from the literature applied as either a paraboloid-
shaped velocity profile (e.g. ( )) or a Womersley-like
velocity profile (e.g. ( )). For the outlet boundary condi-
tions different choices were proposed: traction-free boundary condition (

s ), flow split based on empirical laws ( s ), or
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multi-domain approach that considers a lumped-parameter model representing
the downstream vasculature coupled to the 3D domain ( , ;

s ; R ). Since in vivo measurements of
flow-rate and pressure in coronary arteries are highly invasive and not always
required in a clinical routine exam, boundary conditions used for CFD sim-
ulations of patient-specific geometries (Section 3.3.3) were mainly based on
literature data.

3.4.4 Accuracy of 3D geometrical models

The results of a fluid dynamic simulation are more accurate when the numerical
analysis is performed with a geometrical model resembling the reality. Con-
sidering the CFD models of patient-specific geometries (Section 3.3.3), only
the arterial vessel was obtained from imaging data while the stent was created
using a CAD software. Currently, OCT is a promising imaging technique for
coronary arteries, due to its high resolution (10-20 pm) and the possibility to
detect both the stent and the vessel wall ( , ). Thanks to these
characteristics, OCT might be an useful tool to reconstruct 3D geometries of
stented coronary arteries, as discussed in Chapter 8.

3.4.5 Model validation

The validation of the numerical model is an important aspect in order to guaran-
tee the validity of the results. It is defined as the process of determining whether
the CFD model is an accurate representation of the real system, for the partic-
ular objectives of each study ( , ).The small dimensions
of the coronary vessels (2-4 mm in diameter) and the stents (80-100 pm for the
strut size) make in vivo local measurements of velocities and velocity gradients
very difficult, resulting in the impossibility of mapping the shear stress distribu-
tion along the arterial wall. In vitro quantification of the local fluid dynamics of
stented coronary artery models is also very complex to realize mainly because
of the small dimensions.

In the works introduced in Sections 3.2 and 3.3 validation was not directly done.
However, in an older study ( s ) both CFD simulations and in
vitro experiments were performed. The hemodynamic effects of two different
stent geometries were investigated using CFD and dye injection flow visualiza-
tion. A simplified 2D CFD model of the region very close to the arterial wall
was considered. Numerical results were qualitative in agreement with the ex-
periments. ( ) compared particle image velocimetry (PIV) flow
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measurements in in vitro stented and non-stented coronary bifurcation models
with the fluid dynamic results of the corresponding numerical replica of the ex-
perimental cases. Despite the intrinsic differences and modeling assumptions of
the two approaches, the results were qualitatively in agreement. Both PIV and
CFD analyses were able to capture the main features of the fluid flows, high-
lighting the influence of different bifurcation angles and stenting procedures.
Validation remains a key aspect of 3D numerical models of stented coronary
arteries. In the future, the improvement of experimental techniques for fluid
dynamic measurements such as PIV ( , ) or 3D particle
tracking velocimetry ( , ) will allow a quantitative comparison
between CFD and in vitro models of stented coronary arteries.



Chapter 4

On the necessity of modeling
FSI for stented coronary
arteries

Fluid dynamic studies of stented coronary arteries generally assume the
arterial wall and the stents as rigid and fixed bodies. This assumption might
produce different local hemodynamic results if compared to a compliant vessel.
In this chapter FSI analyses of a stented coronary artery are presented with the
aim of understanding the effects of the wall compliance on the hemodynamic
quantities. Two different materials are considered for the stents: CoCr and
PLLA. The results of the FSI and the corresponding rigid-wall models are
compared.

Results showed similar trends in terms of WSS and TAWSS between compliant
and rigid-wall cases. In particular, the difference of percentage area exposed
to TAWSS lower than 0.4 Pa between the CoCr FSI and the rigid-wall cases
was ~ 1.5 % while between the PLLA cases ~ 1.0 %. Results indicate that, for
idealized models of a stented coronary artery, the rigid-wall assumption ap-
pears adequate when the aim of the study is the analysis of near-wall quantities.

The contents within this chapter can be found in:

Chiastra, C., Migliavacca, F., Martinez, M.A., and Malve, M. (2014). On the necessity of
modelling fluid-structure interaction for stented coronary arteries. Journal of the Mechanical
Behavior of Biomedical Materials (accepted for publication).
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4.1 Introduction

ering idealized ( s s ; s ;

, ) or more complex image-based stented coronary mod-

els ( , ; s ; s ), as previ-

ously exposed in Chapter 3. Despite providing a great deal of information, in

these fluid dynamic models the arterial wall and the stent are assumed to be

rigid and fixed, an assumption that may influence the WSS and flow pattern re-

sults.

In the recent past the FSI approach has been applied to a wide range of ar-

terial problems including the aorta ( , ), abdominal aortic
aneurysms ( s ; s ; s ;

s ; s ), cerebral aneurysms ( s

; s s ; s ), carotid artery bifur-

NUMEROUS CFD studies have been proposed in the literature, consid-

cations ( , ; , ; s ; >
; s ; s ), and anastomoses

of bypass grafts ( , ; , ). The extensive

study of Tang and coworkers on human carotid atherosclerotic plaque (

, , , , ; , ; , , ) de-
serves special mentioning. Indeed, they provided structural and hemodynamics
markers for the initiation and development of atherosclerosis in carotid arteries
using the FSI approach. In a further study, ( ) investigated
the effect of the length, the stiffness, and the severity of an asymmetric carotid
atherosclerotic plaque on the mechanical action of the blood flow by developing
a parametric FSI model.

FSI simulations of coronary artery models have been performed only in a lim-
ited number of studies, without considering the presence of stents.

( ) simulated blood flow, arterial wall deformation and filtration flow
in the wall of a coronary artery with multiple bends. The results of the FSI sim-
ulation were used to analyze the LDL transport in the arterial lumen and wall by
solving the advection-diffusion-reaction equation. ( ) developed
a FSI model of the middle segment of the human RCA with atherosclerotic
plaques, based on IVUS images, in order to quantify the effects of anisotropic
vessel properties and cyclic bending of the coronary plaque on flow and plaque
stress/strain conditions. A similar study was recently conducted by

( ) who investigated the distributions of shear stress and tissue stresses
in the proximal segment of a stenotic human LCA. ( ) performed
a FSI analysis of a human stenotic RCA using physiological velocity and pres-
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sure waveforms to investigate the effects of wall compliance on hemodynamics.
A comparison between a FSI and a rigid-wall model was carried out show-
ing noticeable differences in instantaneous WSS profiles. Finally,

( ) made a comparison between the WSS distribution of a compliant and a
rigid-wall model of a human LMCA with its main branches. WSS distributions
were substantially affected by the arterial wall compliance, in particular consid-
ering the minimum and maximum values of WSS.

The aim of the present work is to perform FSI analyses of a stented coronary
artery in order to understand the effects of the wall compliance and the blood
pressure on hemodynamic quantities. Both a bare-metal (CoCr) and a poly-
meric (PLLA) stent are considered. The choice of the polymeric stent, with
the same design of the metallic one, is done because of the different stiffness
of the device which could produce bigger deformations with a great influence
on the fluid dynamics. The results of the FSI and the corresponding rigid-wall
models are then compared, focusing in particular on the analysis of the WSS
distribution.

4.2 Materials and methods

4.2.1 Geometry

A geometrical model of a straight coronary artery and a typical open-cell stent
were created using the CAD software Rhinoceros v.4.0 (McNeel & Associates,
Indianapolis, IN, USA). The geometry of the artery was created with a length of
20 mm, an internal diameter of 2.7 mm and an arterial wall thickness of 0.9 mm.
The stent model is characterized by eight rings with a total length of 8.5 mm,
an external diameter of 1.55 mm (uncrimped configuration) and strut thickness
of 90 pm.

In order to obtain the geometrical model of a stented artery which is not based
only on geometrical assumptions but also takes into account the deformation
of the vessel caused by the stent deployment, the device was expanded inside
the vessel through a structural analysis reaching the final diameter of 3 mm.
The simulation was carried out by means of ABAQUS/Explicit (Dassault Sys-
temes, Simulia Corp., RI, USA) following the method proposed in

(2010).

The final geometrical configuration, after the elastic recoil, was exported as a
triangulated surface and used to create the fluid and solid domains for the sub-
sequent FSI and CFD analyses ( , ). An extension with a
length of four diameters (10.8 mm) was added at both extremities of the arte-
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rial model (Fig. 4.1a) in order to obtain a developed flow near the region of
the stent and avoid border effects due to the constrains in the inlet and outlet
cross-sections, thus reducing their influence on the results.

4.2.2 Numerical grids

The geometry of the artery is complex in the vicinity of the stent struts mak-
ing the compatibility between the fluid and solid domains critical during a FSI
simulation. To minimize this problem, the two domains were discretized simul-
taneously obtaining coincident nodes at the fluid-structure interface.
The meshing software ANSYS ICEM CFD v.14.0 (ANSYS Inc., Canonsburg,
PA, USA) was used. An unstructured tetrahedral mesh was generated in the
fluid domain using smaller elements close to the struts (Fig. 4.1c), as done in
( ). The fluid grid, which was chosen after an appropriate
mesh independence study, had 1,121,130 elements (222,476 nodes).
In the solid domain an unstructured hybrid tetrahedral and prismatic grid was
created (Fig. 4.1d). In particular, the stent and the inner part of the arterial
wall were meshed with tetrahedral elements because of the complexity of the
geometry and the necessity of obtaining coincident nodes between the fluid and
solid domains. The external part of the arterial wall was meshed with a layer of
prismatic elements. This choice allowed us to create elements oriented in the ra-
dial direction of the vessel, with an optimal quality (determinant criterion close
to 1). The total number of elements was also reduced with respect to a pure
tetrahedral grid. In particular, the mesh contained 899,710 elements (189,521
nodes). The final solid mesh is finer than that obtained after an independence
study performed on the artery without stent. In fact, the device adds complexity
to the geometry and needs to be correctly refined.
The Octree method was chosen for the creation of the tetrahedral meshes for
both the domains. This method ensures refinement of the mesh where neces-
sary, but maintains larger elements where possible. For the solid domain a full
tetrahedral mesh was initially created, prisms were then created by extrusion
of the surface mesh, and the resulting prisms were made conformal with the
existing tetrahedral volume mesh.

4.2.3 Material properties

The arterial wall was modeled as a hyperelastic incompressible isotropic and
homogeneous material. The following strain energy function was considered:

W = Alexp (B (I — 3)) — 1] 1)
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where I, is the first invariant of the deviatoric right Cauchy-Green tensor
C = J2/3FTF, J = det (F) is the Jacobian, F is the standard deforma-
tion gradient, and A, B are the material constants, which were set to 3.71 Pa

and 140.2, respectively. This strain energy density function was first proposed

by ( ), and later used by ( ) for a carotid artery
bifurcation model and ( ) for an abdominal aortic aneurysm
model. The function parameters were fitted using the experimental tests of hu-
man coronary arteries obtained by ( ). This material mod-

eling was successfully applied to a coronary artery in a previous study (

s ). This model takes into account the effect of the axial pre-stretch
since the used experimental data also included it. The viscoelasticity, the ac-
tive behavior of muscle fibers of the artery, and the intrinsic anisotropy, due to
the preferential directions of collagen and muscle fibers, were neglected. This
assumption might alter the results obtained for the structural part in terms of
stresses and strains, but does not alter the overall compliance of the artery in
presence of the stent due to the fact that the material model used for the artery
fitted experimental data. Since the aim of the work is the analysis of the compli-
ant artery and not the evaluation of the stresses inside it, in first approximation
the results have to be considered acceptable.

The stent material was considered linear elastic, isotropic and homogeneous.
Two different cases were analyzed maintaining the same geometry: CoCr
(Young’s modulus = 233 GPa and Poisson’s ratio = 0.35) and PLLA stent
(Young’s modulus = 900 MPa and Poisson’s ratio = 0.30).

Relative displacements were not allowed between the stent and the arterial wall.
In fact, the volume was meshed with coincident nodes at the interface between
the stent and the arterial wall. Although non-physiological, this condition al-
lowed a significant reduction in the complexity of the model.

The blood was modeled as an incompressible Newtonian fluid, with a density
of 1060 kg/m® and a dynamic viscosity of 0.0035 Pa's ( , ).
Since the Reynolds number based on the inlet diameter was 210 at peak flow
rate, an order of magnitude smaller than the Reynolds number for transition to
turbulence (2300) ( , ), the flow was assumed to be laminar
under unsteady conditions. The Womersley number was 1.95.

4.2.4 Boundary and flow conditions

The extremities of the extensions of the solid model were constrained by pre-
venting rigid-body axial and transaxial motion. The constrains were applied far
from the stented region, at a distance longer than four diameters (Fig. 4.1a).
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Figure 4.1: a) Geometrical model of the straight coronary artery with a typical deployed open-cell
stent. The fluid domain is displayed in light gray while the solid domain in dark gray. Extensions
with a length of four diameters were added at the extremities of the model. Dimensions are in
millimeters. b) Flow rate and pressure waveforms of a human LAD (Davies et al., 2006) applied
at the inlet and at the outlet cross-section, respectively. c) Detail of the tetrahedral grid obtained
at the fluid-structure interface in the vicinity of the stent struts. The mesh has smaller elements
close to the struts. d) Particular of the mesh of the solid (left) and the fluid (right) domain at the
inlet cross-section. The solid domain is discretized by prismatic elements with triangular base in
the inner part and by a layer of prismatic elements with rectangular base in the external part. The
dots aligned with z-axis indicate the constrains which were added in the extended regions to avoid
the motion of the vessel outside its axis during the cardiac cycle. For the set of nodes in x direction
(orange dots), movement in y direction was not allowed while for the set of nodes in y direction
(white dots), movement in z direction was not allowed.
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Therefore, the influence of these conditions on the stented region is very lim-
ited. In order to avoid the motion of the vessel outside of its axis (z-axis) during
the cardiac cycle, constrains were added in x and y direction to sets of nodes
along the length of the extensions (Fig. 4.1d). In particular, along the exten-
sions, starting from the top and bottom surfaces, for the nodes set in x direction
(Fig. 4.1d - orange dots), the movement in y direction was not allowed while,
for the nodes set in y direction (Fig. 4.1d - white dots), the movement in x
direction was not allowed. These conditions, although non-physiological, are
often used for biomechanical studies of coronary arteries ( s ;
, ), abdominal aneurisms ( s ; s
; s s ) and carotid arteries ( R ).
The artery was initially pressurized by applying at the inlet cross-section a ramp
of velocity from 0 m/s to 0.138 m/s and, at the outlet, a ramp of pressure from
0 mmHg to 80 mmHg. Then, the velocity and pressure waveforms measured
by ( ) in a human LAD (Fig. 4.1b) were imposed at the in-
let and the outlet, respectively. A flat velocity profile was adopted at the inlet
cross-section. The average flow rate was 45 mL/min and the duration of the
cardiac cycle was 0.9 s. The no-slip boundary condition was applied to the
fluid-structure interface (surface representing the endothelial wall and the stent
struts).

4.2.5 Numerical simulations

The following four analyses were performed: FSI and rigid-wall simulation of
the arterial model with the CoCr stent, and FSI and rigid-wall simulation of
the model with the PLLA stent. All the simulations were carried out using
the commercial finite element package ADINA v.8.7.3 (ADINA R&D, Inc.,
Watertown, MA, USA).

FSI simulations

Fully coupled FSI simulations were performed. The numerical approach uses

the arbitrary Lagrangian-Eulerian (ALE) formulation ( s ;
, ) for the fluid domain and a typical Lagrangian formulation of

the solid domain ( s ; s ).

Considering the moving reference Velocity, the Navier-Stokes equation can be

written as:

PF—F— 8t F pr (vp —w) - V)ve = —Vp+ uV3vg + B 4.2)
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where the term w is the moving mesh velocity vector, vy is the velocity vector,
p is the pressure, fl? is the body force per unit volume, pr is the fluid density,
and  is the dynamic viscosity. In the ALE formulation, (vy — w) is the rela-
tive velocity of the fluid with respect to the moving coordinate velocity.

The governing equation of the solid domain is the following momentum con-
servation equation:

V-0, +f8 = psiis 4.3)
where p; is the solid density, o' is the solid stress tensor, £ is the body force

per unit volume and iig is the local acceleration of the solid. The domains
described by Eqs. 4.2 and 4.3 are then coupled through displacement com-

patibility and traction equilibrium ( , ) with the following
equations:

us = ur (z,9,2) € Tl N Ty (4.4)

0s-Ng+0Op nF (#,9,2) € Thau N T 4.5)

where Fga” and I‘fm” are the boundaries of the fluid and solid domains, re-
spectively. Equation 4.5 is an equilibrium condition between the stresses acting
in normal direction on both domain boundaries I'Y,, and T'J ,,.

The governing equations were solved with the finite element method, which dis-
cretizes the computational domain into finite elements that are interconnected
by element nodal points.

For the structural model, a sparse matrix solver was used to solve the system.
The full Newton-Raphson method ( , ) with a maximum of 500 iter-
ations in each time step was chosen as iteration scheme.

The fluid domain employs special flow-condition-based-interpolation (FCBI-
C) tetrahedral elements ( s ). All solution variables are defined in the
center of the element and the coupling between the velocity and the pressure
is handled iteratively. FCBI-C elements require the segregated method to solve
the nonlinear equations. The sparse linear equation solver based on Gaussian
elimination was used.

To solve the coupling between the fluid and the structural models, the iterative
method was chosen ( , ). In this computing method, the fluid and
solid solution variables are fully coupled. The fluid equations and the solid
equations are solved individually in succession, always using the latest infor-
mation provided from another part of the coupled system. This iteration is
continued until convergence in the solution of the coupled equations is reached.
The maximum number of fluid-structure iterations for each time step was set to
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1000. The time step size was set to 0.001 s (900 time steps were necessary for
one cardiac cycle).

Simulations were performed in parallel on one node of a cluster with an In-
tel processor, 8 CPUs, with a CPU speed of 2268MHz and a total memory of
24 Gb. One cardiac cycle was modeled. In order to verify that one cardiac
cycle was enough to guarantee correct results, the CoCr FSI model and the
corresponding rigid-wall model were investigated by simulating three cardiac
cycles. No significant differences were found in the WSS results between the
first and the third cardiac cycle. The calculation time of the FSI simulation was
around 500 hours for one cardiac cycle.

Rigid-wall simulations

The same settings chosen for the fluid domain of the FSI models were used. In
order to obtain a more realistic comparison between FSI and rigid-wall simu-
lations, the geometries of the CoCr and PLLA cases, pressurized at 80 mmHg,
were considered.

More in detail, the structural model of the stented artery, for both cases, PLLA
and CoCr, is initially not pressurized. For this reason, before a cardiac cycle can
be applied, the diastolic pressure has to be reached. In order to start the heart
cycle with identical geometrical configurations and properly perform a compar-
ison of hemodynamics variables between rigid-wall and FSI simulations, the
reference diastolic configuration of the artery was considered for the rigid-wall
analyses. By means of the commercial software MATLAB (MathWorks Inc. -
Natick, MA, USA), the deformed mesh obtained from the FSI simulation at the
beginning of the cardiac cycle was used to generate an input grid for the CFD
computations. This mesh allows that the performed simulations, rigid-wall and
FSI analyses, could be compared taking into account only the compliance of
the arterial wall due to the cardiac cycle.

In Fig. 4.2 the comparison between the initial undeformed configuration and
the diastolic configuration of the CoCr and PLLA models is presented.

4.2.6 Results quantification

For the FSI cases, the displacements of the fluid-structure interface during the
cardiac cycle were analyzed. Moreover, four different cross-sections (S7, Se,
S3, S4) were chosen to evaluate the variation of area and the corresponding
diameter (Fig. 4.3). The area variation (A,, — A;,) expressed in percentage
was calculated as:
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Area variation [%] = WIOO (4.6)
lp

where A, is the area of the cross-section at peak pressure and Ay, is the area
of the cross-section at the minimum pressure during the cardiac cycle.
The diameter variation (d,, — di,) expressed in percentage was calculated as:

dpp — d
Diameter variation [%] = ””d—”’loo 4.7
lp

where dy,, is the diameter of the cross-section at peak pressure and d, is the

A) Undeformed configuration

B) Diastolic CoCr configuration ''''''''''''' l _______________

C) Diastolic PLLA configuration l

Figure 4.2: a) Initial undeformed configuration of the FSI simulations, before the pressurization
step. This configuration is identical for both CoCr and PLLA FSI cases. b) Diastolic CoCr configu-
ration. c) Diastolic PLLA configuration. In the magnification boxes on the right, the tissue between
two rings of the stent is shown. As indicated by the black arrows, in the undeformed configuration
the tissue is prolapsed between the struts toward the interior of the vessel while in the diastolic
configurations it is prolapsed toward the exterior for the effect of the blood pressure.
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diameter of the cross-section at the minimum pressure during the cardiac cycle.
Since cross-sections S7 and Sy are not circular (Fig. 4.3) because of the pres-
ence of the stent struts, the hydraulic diameter was calculated for these locations
as:

dp = — 4.8)

where A is the area of the cross-section and p its wetted perimeter.

To compare the FSI and rigid-wall models, WSS and TAWSS were considered.
These quantities were analyzed in the region of the fluid-structure interface that
contains the stent (in the following, we refer to it as the 'region of interest’
(ROI); Fig. 4.3). In particular, the percentage area exposed to low WSS was
calculated in the ROI as the ratio between the area exposed to WSS lower than
0.4 Pa and the total area of the ROI. The area distribution of WSS was also visu-
alized using histograms by displaying the amount of area of the ROI contained
between specific intervals of the variable value (Murphy and Boyle, 2010a).

S1 S2 S3 S4

Figure 4.3: Location of the four cross-sections that were chosen to evaluate the variation of area and
the corresponding diameter during the cardiac cycle. The ROI for the analysis of the WSS (region
of the fluid-structure interface that contains the stent) is representated in light gray. Dimensions are
in millimeters
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4.3 Results and discussion

The displacements of the fluid-structure interface that occur during the cardiac
cycle for the two FSI models were first analyzed. The maximum displacements
take place at peak pressure (t = 0.37 s, p = 139.6 mmHg); they are localized
in the arterial wall portions immediately before and after the stent (Fig. 4.4a)
and they are equal to 0.215 mm and 0.240 mm, respectively for case FSI CoCr
and FSI PLLA. A qualitative comparison of the contour maps of displacement
magnitude shown in Fig. 4.4a highlights the different influence of the CoCr
and PLLA stents on the arterial wall deformation: CoCr struts do not move as
a consequence of the blood pressure variation; only the arterial wall portions
within the stent cell dilate. On the contrary, PLLA struts, with a Young’s mod-
ulus of two orders of magnitude lower than the CoCr, significantly move; the
displacement value is between 0.09 mm and 0.15 mm in all the stented region.
The same behavior is evident looking at the displacements on a line in the axial
direction of the vessel for the two FSI cases (Fig. 4.4b).

The variation of area and the corresponding diameter of the four cross-sections
chosen for the FSI models are reported in Table 4.1. These data confirms the
rigid behavior of the CoCr stent. The cross-sections characterized by the pres-
ence of the stent struts (S7 and S3) show lower area and diameter variations if
compared to the cross-sections outside the stented region (S3 and Sy). In par-
ticular, S, which is characterized by the higher amount of struts, has the lowest
area and diameter variation, 0.47% and 0.11%, respectively. Cross-sections S3
and S, have values of area and diameter variations comparable to the FSI PLLA
model, about 4.3% and 2.1%, respectively. The FSI PLLA case shows a more
uniform behavior than the FSI CoCr case, with similar values of area and diam-
eter variations for all the analyzed cross-sections.

The values of diameter variation outside the stented region (S3 and Sy) can be

Table 4.1: Variations of area and diameter of the four analyzed locations of FSI CoCr and FSI
PLLA models.

Location . Area . Area Digmeter Diameter
variation [mm?] variation [%] variation [mm] variation [%]
FSI FSI FSI FSI FSI FSI FSI FSI
CoCr PLLA CoCr PLLA CoCr PLLA CoCr PLLA
S1 0.802 3.948 0.86 4.07 0.013 0.071 0.41 2.12
S2 0.418 3.975 0.47 4.23 0.003 0.071 0.11 2.32
S3 3.051 3.370 4.32 4.42 0.064 0.068 2.14 2.19

S4 2,653  2.587 431 4.20 0.060  0.058 2.13 2.08
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compared to literature data. The values are similar to those found by Malve
et al. (2012) and Torii et al. (2009) with their FSI models of coronary arteries.
Moreover, the FSI simulations of the present study show comparable values of

A)

B)

Displacement [mm]

e DISPLACEMENT [mm]
= == A
l‘ FSI CoCr 0 0.12 0.24
FSI PLLA
- -
- -
- -
———rr— —— Fsl CoCr
—— T S —— FSIPLLA
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0.10 -
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Figure 4.4: a) Contour maps of displacement magnitude along the fluid-structure interface of case
FSI CoCr (top) and FSI PLLA (bottom) at peak pressure (t = 0.37 s, p = 139.6 mmHg), in the ROI.
b) Displacements on a line in the axial direction of the vessel for the cases FSI CoCr and PLLA at
peak pressure. The distance is normalized in the ROI. The reference line is shown on the top left
image of the vessel model.
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diameter variation to the experimental findings by ( ) based
on IVUS palpography measurements. The values of area variation outside the
stented region are in accordance with those reported for patients with coronary

artery disease by ( ) (mean area change equal to 2.9 %, calcu-
lated using angiography, and to 5.3 %, using magnetic resonance imaging) and
by ( ) and ( ) (range from 2.0 % to 5.9 %,
calculated using IVUS).

As prev10usly shown by experimental and computational studies ( ,
: s ), the temporal variation of vessel diameters is in
phase with the pressure.
In order to study the effects of the wall compliance on the hemodynamics of a
coronary stented artery model, the WSS patterns were analyzed. In Fig. 4.5a the
contour maps of TAWSS along the fluid-structure interface for the FSI and rigid-
wall cases are depicted. Low TAWSS are located next to the stent struts. For
each repeating stent cell, the values of TAWSS increase from the zones near the
struts towards the center of each cell. These findings are in agreement with sev-
eral prev1ous computational studies ( s ; R
, ). A qualitative comparison of the contour maps of
both the CoCr and PLLA cases does not point out any significant difference
between the FSI and rigid-wall models. In Fig. 4.6 the TAWSS on a line in
the axial direction of the vessel is displayed for the CoCr and PLLA cases. The
values of TAWSS are slightly higher in the FSI model in the portions of the
fluid-structure interface outside the stent, while they are similar in the vicinity
of the struts. This means that the stent makes the vessel wall stiffer, thus reduc-
ing the WSS differences.
The percentage area exposed to TAWSS lower than 0.4 Pa in the ROI (Table
4.2) is similar between the FSI and rigid-wall cases. In particular, the percent-
age difference between the CoCr FSI and rigid-wall cases is equal to 1.57%
while between the PLLA cases is 1.05%.
In Fig. 4.7 the area distribution of TAWSS in the ROI are presented for the four
analyzed cases. To better visualize the differences between the histograms, the
bars with an absolute difference greater than 0.005 between the FSI and rigid-
wall models are indicated by symbols. Differences between the bars are small:
the maximum absolute difference for the CoCr cases is 0.022 (interval 1.4-1.5
Pa) while for the PLLA cases is 0.008 (interval 1.4-1.5 Pa).
In addition to the TAWSS, which is an average quantity, the instantaneous WSS
were studied. The time instants corresponding to peak pressure and peak flow
rate (t = 0.59 s, Q = 91.1 mL/min) were chosen. In Figs. 4.8 and 4.9 the dis-
tributions of WSS in the ROI are presented, respectively at peak pressure and
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Figure 4.5: Contour maps of (a) TAWSS, (b) WSS at peak pressure (t =0.37 s, p = 139.6 mmHg),
(c) WSS at peak flow rate (t = 0.59 s, Q = 91.1 mL/min) along the fluid-structure interface: left)
CoCr and PLLA FSI models; right) CoCr and PLLA rigid-wall models. Low values of WSS are
indicated in red.
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Figure 4.6: TAWSS on a line in the axial direction of the vessel: a) FSI and rigid-wall CoCr
models; b) FSI and rigid-wall PLLA models. The distance is normalized in the ROI. The reference
line is shown on the top left image. In the magnification area, an exemple of WSS peaks due to the
presence of stent struts is displayed

flow rate (the corresponding contour maps of WSS are depicted in Fig. 4.5 b,c).
No significant differences between FSI and rigid-wall models can be detected,
also considering the instantaneous quantities.

4.4 Limitations

Although this study proposes a novel aspect of the comparison between a
stented artery analyzed under FSI and rigid-wall approach, some necessary as-
sumptions were adopted.

The velocity and pressure waveforms imposed as boundary conditions of the
models were taken from in vivo data (Davies et al., 2006). Therefore, flow
conditions are quite reliable. However, the heart motion, typical of the dias-
tolic coronary flow, was neglected in this work, isolating the effects of the pure
coronary artery intravascular flow on the wall compliance. In the literature,
several works about the effects of cardiac-motion on hemodynamics have been
proposed with conflicting results. According to these numerical studies (Hasan
et al., 2013; Prosi et al., 2004; Theodorakakos et al., 2008; Zeng et al., 2003)
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Figure 4.7: TAWSS distributions: left) CoCr and PLLA FSI models; right) CoCr and PLLA rigid-
wall models. Each bar of the histograms represents the amount of normalized area with a defined
range of TAWSS. Bar widths are 0.1 Pa. The bars with an absolute difference greater than 0.005
between the FSI and rigid-wall models are indicated by the symbols ”xx”” and "++”, respectively
for the CoCr and PLLA cases.

Table 4.2: Percentage of area exposed to WSS lower than 0.4 Pa in the ROIL

Percentage area with WSS < 0.4 Pa [%]

Cocr PLLA

Time instant FSI Rigid-wall FSI Rigid-wall

t=0.37s 67.68 66.41 70.96 69.85
t=0.59s 12.58 12.79 16.10 15.68
Time averaged  40.22 38.65 4491 43.86
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Figure 4.8: WSS distributions at peak pressure (t = 0.37 s, p = 139.6 mmHg): left) CoCr and PLLA
FSI models; right) CoCr and PLLA rigid-wall models. Each bar of the histograms represents the
amount of normalized area with a defined range of TAWSS. Bar widths are 0.1 Pa. The bars with
an absolute difference greater than 0.01 between the FSI and rigid-wall models are indicated by the
symbols ”xx” and ”++”, respectively for the CoCr and PLLA cases.

cardiac-motion does not significantly affect the hemodynamics of coronary tree.
In Section 3.4.1 more details about this topic are given.

The second assumption of this work is related to the modeling of the arterial
wall, which was considered as a hyperelastic incompressible isotropic and ho-
mogeneous material using the strain energy function originally proposed by

( ). A more realistic model for the material might be implemented
taking into account the anisotropy related to collagen fiber dispersion in the
tissue ( , ) and the three-layered characterization of the arte-
rial wall ( , ). Moreover, the initial stresses due to the stent

deployment were neglected in this preliminary study. This aspect may over-
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estimate the computation of the displacements in the arterial wall.

Lastly, the initial structural simulation of stent deployment was used exclusively
to obtain the geometry for the subsequent FSI and rigid-wall fluid dynamic
simulations. The stress state of the artery and the stent due to the expansion
of the device were not considered in the FSI analyses. Therefore, the stress
in the artery and in the stent calculated in these analyses might be underesti-
mated. Even though this approximation may strongly affect the wall stresses
and strains computation, the compliance, which was evaluated in this study, is
relatively unaffected, depending basically only on the pressure field.

FSI Rigid-wall
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Figure 4.9: WSS distributions at peak flow rate (t = 0.59 s, Q = 91.1 mL/min): left) CoCr and
PLLA FSI models; right) CoCr and PLLA rigid-wall models. Each bar of the histograms represents
the amount of normalized area with a defined range of TAWSS. Bar widths are 0.1 Pa. The bars
with an absolute difference greater than 0.01 between the FSI and rigid-wall models are indicated
by the symbols ”xx” and "++”, respectively for the CoCr and PLLA cases.
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4.5 Conclusions

A FSI model of an idealized straight stented coronary artery was created and
compared to the corresponding rigid-wall model in order to understand the ef-
fects of the wall compliance on the hemodynamics. The effect of two different
stent materials, CoCr and PLLA, on the results was evaluated.

Similar results were found in terms of TAWSS and instantaneous WSS between
compliant and rigid-wall cases: the contour maps of WSS and also the WSS
profiles are qualitatively similar; the difference of percentage area exposed to
TAWSS lower than 0.4 Pa in the stented region between the FSI and the rigid-
wall cases is low (about 1.5 % and 1.0 %, respectively for the CoCr and PLLA
cases).

The comparison between compliant and rigid-wall cases showed similar results
in terms of WSS although CoCr and PLLA FSI models deform differently dur-
ing the cardiac cycle, with higher values of displacement in the stented region
for the PLLA FSI case.

The results of the present work indicate that, for idealized models of a stented
coronary artery, the rigid-wall assumption for fluid dynamic simulations ap-
pears adequate when the aim of the study is the analysis of near-wall quantities
like WSS.



Chapter 5

Hybrid meshing method for
stented coronary artery CFD
models

CFD analyses have been frequently conducted to study the influence of
stent implantation on blood flow. However, due to the complexity of the
geometry of stented arteries, the high computational cost required for this
kind of simulations has strongly limited their use both in the clinical and
industrial field. Hence, the present study focuses on the development of an
efficient volume meshing method, which allowed us to obtain accurate results
on 3D complex geometries in a short time compatible with the available
computational resources. A hybrid meshing strategy was chosen, using both
tetrahedral and hexahedral elements. The efficacy of this new meshing strategy
was evaluated by comparing the hybrid mesh with a standard fully tetrahedral
mesh. The hybrid mesh allowed to halve the computational time required for a
steady-state simulation, obtaining at the same time similar results in terms of
WSS and velocity field.

The contents within this chapter have been published in:

Chiastra, C., Morlacchi, S., Pereira, S., Dubini, G., and Migliavacca, F. (2012). Computational
fluid dynamics of stented coronary bifurcations studied with a hybrid discretization method.
European Journal of Mechanics B/Fluids, 35: 76-84.
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5.1 Introduction

a very useful tool for studying macro and micro aspects of blood flow

through stented vessels (Chapter 3). However, the complexity of the
fluid domain characterized by the presence of stent struts in contact with the
arterial wall together with the need of a fine and highly regular discretization
concurs in greatly increasing the degrees of freedom of the CFD problems. As
a consequence, the high computational resources needed to solve these models
are a great limitation to further improve and routinely apply these models in
industry and in the clinical field. Thus, the present study focuses on the de-
velopment of an efficient volume meshing method, which allowed us to obtain
accurate results on 3D complex geometries in a short time compatible with the
available computational resources.
A hybrid meshing strategy was chosen, combining tetrahedral elements, which
are able to describe the complex surface geometry of a stented artery, and hex-
ahedral elements for the internal core of the domain, to reduce the number of
degrees of freedom of the model and consequently its computational cost. The
efficacy of this new meshing strategy was evaluated by comparing the compu-
tational time and the fluid dynamic results (WSS and velocity field) that were
obtained using the hybrid mesh with the ones obtained with a standard fully
tetrahedral mesh.
A straight artery with one stent repeating unit was considered in the study. The
fluid domain was reconstructed from the final geometrical configuration ob-
tained in a structural finite element simulation similar to those described in

( ). In this way, the fluid volume of the CFD simulation

is not only based on geometrical assumptions but takes into account the differ-
ent mechanical behaviour of the artery and the stent and the interactions of the
different parts during the stenting procedure ( , ).

RECENTLY, fluid dynamic numerical models have been recognized as

5.2 Materials and methods

Three steps are involved in the implementation of the new meshing method:
(1) the creation of the fluid domain; (2) the construction of an accurate fully-
tetrahedral mesh; (3) the creation of a hybrid mesh that was finally compared to
the fully-tetrahedral mesh.
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5.2.1 Geometry

The geometry of a straight coronary artery was created using Rhinoceros v.4.0
CAD software (McNeel & Associates, Indianapolis, IN, USA) (Fig. 5.1). The
length of the vessel is 20 mm while the inlet and outlet diameters are 2.70
mm. One repeating unit of a typical open-cell coronary stent was expanded in-
side the vessel through a structural simulation performed in ABAQUS/Explicit
(Dassault Systemes, Simulia Corp., RI, USA) reaching a final diameter of 3.00
mm. All the details about a similar stent expansion are reported in Gastaldi
et al. (2010). The stent model is characterized by a thickness of 150 pm and
an external diameter in the non-crimped configuration of 1.55 mm. The final
geometrical configurations after the elastic recoil were exported as triangulated
surfaces in the meshing software.

Figure 5.1: Straight real-dimensioned coronary artery with one deployed stent repeating unit. The
different parts in which the 3D model was subdivided are differently colored. In the stented region
(red part) a finer tetrahedral mesh was created in order to obtain more accurate fluid dynamic re-
sults. Reprinted with permission from European Journal of Mechanics B/Fluids Vol.35, 76-84. C.
Chiastra et al. Computational fluid dynamics of stented coronary bifurcations studied with a hybrid
discretization method. (©)(2012) Elsevier Masson SAS.
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5.2.2 Fully tetrahedral discretization method

The reduced model was initially meshed with only tetrahedral elements by the
use of the Octree algorithm available in ANSYS ICEM CFD v.13.0 (Ansys Inc.
- Canonsburg, PA, USA). It is a "top down” method that has been found to be
particularly robust and easy to setup for biomedical applications. The inputs
include the geometry, a max size and a “material point” location. The method
is automated and has several main phases, including “refinement”, “cutting”,
"flood fill” and ”smoothing”.

The refinement algorithm works by first creating a region that is equivalent to
a far field bounding box, scaled up to be divisible by the specified max size.
This region is then subdivided down to the max cell size without regard for the
geometry. For each iteration, each cell is checked to look for any entities with
a lower max size than the cell. If the response is true, the cell is subdivided
in the three Cartesian directions. One 3D hexahedral element is broken into 8
smaller elements, hence the name “Octree”. After refinement is complete, the
mesh is converted into tetrahedral elements using a 1 hexahedron to 12 tetrahe-
dron pattern that provides higher element quality than similar alternatives. At
the end of the refinement portion, mesh is generated both inside and outside of
the geometry, but without any respect to its boundaries.

The cutter phase of the Octree process compares a tessellated version of the
model (controlled by triangulation tolerance) with the octree volume mesh and
subdivides and adjusts elements to fit the geometry. Shell elements are created
between these surface projected nodes.

The third stage of the process is commonly referred to as the flood fill. Here,
the material point location is used to identify an element that the user wants to
keep. Iteratively, adjacent elements are added to the volume part in all direc-
tions. The flood fill is limited by the surface projected shell elements and will
stop when the volume region is surrounded on all faces by shells.

The final stage of the Octree process is smoothing. The smoother adjusts node
locations to improve individual element quality, but the flexibility of each node
is constrained by the underlying geometry entities. The final result is a rather
ordered isotropic tetrahedral mesh.

In order to assure accurate results in the region of interest of the reduced stented
artery model, an appropriate grid independence analysis was performed. Dif-
ferent element sizes were associated to the different parts of the model. In
particular, a more refined mesh was created in the stented region, i.e. the por-
tion of the artery close to the stent (Fig. 5.1). Four different fully tetrahedral
meshes were created (Fig. 5.2) varying the following parameters: the global
model element size, the element size of the stented region of the artery and the
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stent element size. Table 5.1 summarizes the main features of the four meshes.

Table 5.1: Meshes used for grid independence study.

Mesh Global Stented region Stent Number of  Number of
element size element size element size elements nodes
A 0.40 0.40 0.20 192,000 34,179
B 0.20 0.20 0.10 367,000 64,090
C 0.20 0.10 0.05 433,000 76,016
D 0.20 0.05 0.05 778,000 138,247

Figure 5.2: Four different meshes used for the mesh independence study: a) Tetra 0.40 0.40 0.20;
b) Tetra 0.20 0.20 0.10; c) Tetra 0.20 0.10 0.05; d) Tetra 0.20 0.05 0.05. Mesh C parameters
were chosen for creating the hybrid mesh. Reprinted with permission from European Journal of
Mechanics B/Fluids Vol.35, 76-84. C. Chiastra et al. Computational fluid dynamics of stented
coronary bifurcations studied with a hybrid discretization method. (©)(2012) Elsevier Masson SAS.
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Then, steady-state fluid dynamic simulations were performed using these
meshes. The commercial finite-volume software ANSYS Fluent v.13.0 (AN-
SYS Inc., Canonsburg, PA, USA) was used to solve the following continuity
and Navier-Stokes equations for steady-state incompressible flow:

V.v=0 5.1)

p(v-Vv)=—-Vp+ uViv (5.2)

where v is the velocity vector, p is the pressure, p is the fluid density and p is
its dynamic viscosity.

At the inlet cross-section a constant paraboloid-shaped velocity profile (mean
velocity = 0.3 m/s) was imposed, while at the outlet cross-section a reference
zero pressure was chosen. This assumption is justified by the fact that the vessel
and stent struts were assumed to be rigid. Thus, the velocity field is not influ-
enced by the absolute values of pressure. A no-slip condition was imposed at
the arterial wall. Blood was defined as an incompressible non-Newtonian fluid
with a density of 1,060 kg/m>. Its viscosity was described using the Carreau
model:

2 (n—1)/2
] (5.3)

N:Moo+<MO_MOO)'|:1+(>"S)

where p is the dynamic viscosity, S is the shear rate, 1o and pio are the viscos-
ity values at S equal to zero and infinite, which respectively are equal to 0.25
Pa-s and 0.0035 Pa-s, A is the time constant equal to 25 s and n is the Power-
Law index equal to 0.25 ( s ).

The ANSYS Fluent pressure-based coupled algorithm which solves simultane-
ously continuity and momentum equations was used to calculate the solution.
A second-order upwind scheme for the momentum spatial discretization was
chosen. Under-relaxation factors were set equal to 0.75 for the pressure and the
momentum and equal to 1 for density. The Courant number was set to 200. Con-
vergence criterion for continuity and velocity residuals was set to 10~7. Simu-
lations were performed in parallel on 2 cores of a desktop computer equipped
with one Intel i7-870 (2.93 GHz) quad-core processor and 16 GB RAM.

The mesh independence study was done comparing the following quantities:

e area-weighted average wall shear stress (awa-WSS) in the stented region:

1 1<
awa — WSS = Z/M/SSdaz ZZWSS\AJ (5.4)

=1
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where A is the total area of the region of interest, A; is the area of the
single face 7 and n is the number of faces of the region of interest. The
different meshes were compared by calculating the percentage difference
of awa-WSS of each mesh with respect to the finest one.

o WSS on a line in the axial direction of the vessel;

e total CPU time, which is the sum of the time used by each computing
core during the numerical simulation, without including time for load
imbalances or for communications;

e computational wall-clock time, which is defined as the time that elapses
from the start to the end of the simulation, including the CPU time, the
input/output time and potential channel delays.

5.2.3 Hybrid discretization method

Results obtained with the fully tetrahedral mesh were successively compared
to those obtained with the new hybrid meshing method that comprises both
tetrahedral and hexahedral elements. Hexahedral elements should be preferred
because of their higher accuracy and reduced number of elements necessary to
discretize a certain volume resulting in better performances in terms of com-
putational speed. On the other hand, producing fully hexahedral elements for
highly complex geometrical structures, i.e. intersection zones between the stent
struts and the arterial wall, is not practical. A hybrid solution that uses hexahe-
dral elements in the simple regions and tetrahedral elements in the stent-near-
wall region was chosen as a good compromise.

The first steps of this meshing method were the creation of an internal cylinder
along the whole vessel length (Fig. 5.3a-2) and the corresponding hexahedral
mesh (Fig. 5.3a-3). Then, in the region between the internal cylinder and the
arterial wall a tetrahedral mesh was generated. In the end, the two meshes were
merged together (Fig. 5.3a-4). The final hybrid mesh obtained with this proce-
dure is shown in Fig. 5.3b for one cross-section of the model.

The choice of the cylinder diameter is a trade-off between the opportunity of
creating a wide hexahedral internal region to decrease the computational cost
and the necessity of an adequate spacing from the arterial wall to allow a smooth
transition between the hexahedrons and fine tetrahedral surface elements.
Tetrahedral mesh parameters were chosen in accordance with the previous grid
independence analysis (Section 5.2.2). Accordingly, the hexahedral mesh den-
sity was decided so that velocity fields and bulk flow quantities were not de-
pendent on grid dimension. The ANSYS ICEM CFD mesh merging algorithm
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Figure 5.3: a) Steps for the creation of the hybrid mesh: (1) 3D geometry obtained through a previ-
ous structural simulation of the stent expansion; (2) creation of the internal cylinder; (3) hexahedral
meshing of the internal cylinder; (4) tetrahedral meshing and merging of the two meshes. b) Fully
tetrahedral mesh (left) and hybrid mesh (right) of the same cross-section. Reprinted with permission
[from European Journal of Mechanics B/Fluids Vol.35, 76-84. C. Chiastra et al. Computational fluid
dynamics of stented coronary bifurcations studied with a hybrid discretization method. (©)(2012)
Elsevier Masson SAS.

can merge hexahedral or hybrid meshes with a tetrahedral mesh region. The
method makes all the adjustments on the tetrahedral side of the merge, while
the other side remains frozen. The algorithm starts by aligning the boundary
perimeter between the regions. Nodes within a specified tolerance are moved to
alignment and merged. Nodes that cannot be aligned within a tolerance result
in a split of the perimeter edges so that there is a node to merge with in the
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following iteration. After the perimeter is aligned, internal nodes are adjusted
in a similar way marching inward from the perimeter. Hexahedral elements are
capped with pyramids as transition elements. Tetrahedral elements are split or
merged as necessary to provide a conformal mesh merge.

5.3 Results and discussion

In order to obtain reliable results in compatible times with the available com-
putational resources, a new hybrid meshing method was developed. At the
beginning, a grid independence analysis was performed to obtain an accurate
tetrahedral discretization of the stented artery model. In Table 5.2, the main
quantitative results of this grid independence study are reported. awa-WSS val-
ues in the stented region are similar for all the considered meshes. Starting
from the coarsest mesh to the finer ones, the percentage difference of awa-WSS
with respect to the finest mesh (Mesh D) is lower than 1.5 %. It is also possi-
ble to notice that the computational time (total CPU time and wall-clock time)
increases linearly with the increase of the mesh element number. Figure 5.4
shows WSS on a line in the axial direction of the vessel for the four compared
meshes. A qualitative comparison of the four curves shows a similar pattern
and no significant differences can be found.

As the percentage difference of awa-WSS between mesh C and D is lower than
0.25 % and the computational time of mesh C is significantly lower than mesh
D (about 30 %), grid parameters of mesh C were chosen for creating the hybrid
mesh.

The effect of the presence of a boundary layer in the mesh was also investigated
and no significant differences were present.

In Table 5.3, Fig. 5.5 and Fig. 5.6, the comparison between tetrahedral and hy-
brid mesh is reported to validate the new meshing method in terms of near-wall
variables (awa-WSS), bulk-flow quantities (velocity magnitude), and computa-
tional time requests. The use of the hybrid mesh allows to halve the wall-clock

Table 5.2: Results of grid independence study.

Mesh A  MeshB MeshC  Mesh D

awa-WSS [Pa] 0.941 0.925 0.930 0.928
percentage diff. 140%  032% 022%

Total CPU time [s] 104.9 228.2 351.2 494.4
Wall-clock time [s] 52.8 115.0 177.6 250.7
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Figure 5.4: WSS on a line in the axial direction of the vessel for the four different meshes con-
sidered. In the magnification area, WSS peaks corresponding to the influence of stent struts are
shown. Reprinted with permission from European Journal of Mechanics B/Fluids Vol.35, 76-84. C.
Chiastra et al. Computational fluid dynamics of stented coronary bifurcations studied with a hybrid
discretization method. (©)(2012) Elsevier Masson SAS.
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Figure 5.5: WSS on a line in the axial direction of the vessel for the tetrahedral and hybrid meshes.
In the magnification area, WSS peaks corresponding to the influence of stent struts are shown.
Reprinted with permission from European Journal of Mechanics B/Fluids Vol.35, 76-84. C. Chi-
astra et al. Computational fluid dynamics of stented coronary bifurcations studied with a hybrid
discretization method. (©)(2012) Elsevier Masson SAS.
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time, obtaining at the same time similar results (Table 5.3). In fact, the awa-
WSS percentage difference between the two models is 0.15 %. Looking at
Fig. 5.5, which shows the comparison between tetrahedral and hybrid meshes
through WSS on a line in the axial direction of the vessel, no significant differ-
ences are present, too. Moreover, in Fig. 5.6 the comparisons between velocity
profiles computed in three different locations with the hybrid (dotted line) and
fully tetrahedral (solid line) meshes are proposed. Results highlight that hex-
ahedral mesh density allows to correctly replicate velocity field in the core of
the coronary artery. Acceptable differences were found in the transition be-
tween hexahedral and tetrahedral regions. Thus, the hybrid mesh appears to
be a powerful tool to obtain correct fluid dynamic results in complex geome-
tries like stented coronary arteries with a relatively low computational cost. In
case of curved and asymmetric image-based models, the implementation of the
hybrid mesh could be more complicated, still maintaining its computational ad-
vantages.

5.4 Conclusions

3D geometries of stented artery models are very complex, resulting in high
computational requests for CFD simulations. The hybrid meshing method pro-
posed in the present study aims to obtain accurate CFD results in a short time
compatible with the available computational resources. This objective could be
considered as a first step to obtain useful results for clinicians in a short time
with the future perspective to run CFD simulations during the surgical planning
phase.

The new meshing strategy was successfully developed on a straight real-
dimensioned coronary artery. The computational time resulted to be halved
using a hybrid mesh instead of a traditional tetrahedral grid, obtaining at the
same time similar results.

In the end, the hybrid meshing method appears to be a powerful tool to ob-

Table 5.3: Comparison between the hybrid mesh and the standard tetrahedral mesh.

Hybrid mesh  Tetrahedral mesh (Mesh C)

awa-WSS [Pa] 0.928 0.930
percentage diff. 0.22 %
Total CPU time [s] 162.6 351.2

Wall-clock time [s] 82.2 177.6
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tain correct fluid dynamic results in complex geometries like stented coronary
arteries with a relatively low computational cost.
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Figure 5.6: Comparisons between velocity profiles computed in three different locations of the
vessel with the hybrid and fully tetrahedral meshes. Reprinted with permission from European
Journal of Mechanics B/Fluids Vol.35, 76-84. C. Chiastra et al. Computational fluid dynamics
of stented coronary bifurcations studied with a hybrid discretization method. (©)(2012) Elsevier
Masson SAS.



Chapter 6

Hemodynamic assessment of
stenting procedures for
coronary bifurcations

Stent implantation in coronary bifurcations is still a challenging area in
interventional cardiology. A great number of stenting procedures has been
proposed. However, each technique is associated with some limitations that
make uncertain the choice of the treatment. CFD analyses on idealized
stented coronary bifurcation models were performed in order to study the
hemodynamic influence of different stenting techniques. Firstly, FKB inflation
within PSB stenting approach, which is the current preferred strategy for the
treatment of coronary bifurcations, is investigated. Secondly, the different
hemodynamic scenarios provoked by FKB performed with a proximal or a dis-
tal access to the SB are compared. Lastly, the double stenting culotte technique
is studied, comparing the behavior of a dedicated stent with a conventional one.

The contents within this chapter have been published in:

Morlacchi, S., Chiastra, C., Gastaldi, D., Pennati, G., Dubini, G., and Migliavacca, F. (2011).
Sequential structural and fluid dynamic numerical simulations of a stented bifurcated coronary
artery. Journal of Biomechanical Engineering, 133, art.no. 121010.

Chiastra, C., Morlacchi, S., Pereira, S., Dubini, G., and Migliavacca, F. (2012). Computational
fluid dynamics of stented coronary bifurcations studied with a hybrid discretization method.
European Journal of Mechanics B/Fluids, 35: 76-84.
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6.1 PSB approach: kissing balloon inflation

6.1.1 Introduction

by interventional cardiologists for the treatment of coronary bifurca-

tion lesions because of its simplicity, flexibility for different sorts of
lesions and bifurcated geometries, and good clinical outcomes ( ,

; , ). It implies the stenting of the MB followed by the

optional treatment of the SB if the clinical conditions of the patient are consid-
ered sub-optimal after the first stent implantation. In this way, the highly non-
physiological biomechanical influence induced by the simultaneous presence
of two devices in the bifurcation is only limited to those cases that truly require
it. This approach differs from the routine double stenting approach where the
choice of implanting two stents is taken at the beginning of the treatment.
Frequently, the PSB approach is concluded with the final kissing balloon (FKB)
procedure, which consists in the simultaneous expansion of two angioplasty
balloons in both branches of the bifurcation. FKB procedure aims to free the
access to the SB from the stent struts protruding into the lumen, allowing the
optional implantation of a stent in the SB; furthermore, it improves the fluid
dynamics downstream from the bifurcation.
Various clinical studies ( s ) have proven the idea that the FKB
procedure causes an improvement in the clinical results in complex double
stenting procedures like crush or culotte techniques. However, major uncer-
tainty still remains on the application of the FKB procedure within one stent
techniques as performed in the PSB stenting approach ( , ).
For this reason, a better investigation of the PSB stenting biomechanical influ-
ences is still needed. Fluid dynamic simulations were performed in order to
examine hemodynamic forces on the intimal layer of the vessel before and after
the FKB procedure, enlightening both its benefits and drawbacks. Furthermore,
a new tapered balloon dedicated to bifurcations was proposed to limit the struc-
tural damage induced to the arterial wall and to enhance WSS pattern at the
intimal layer of the bifurcation.

NOWADAYS PSB stenting approach is the preferred strategy employed

6.1.2 Materials and methods
Creation and discretization of the fluid domain

A CAD model representative of the bifurcation of LAD with its first diagonal
branch was created using Rhinoceros v.4.0 CAD program (McNeel & Asso-
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ciates, Indianapolis, IN, USA). The model has a bifurcation angle of 45° (

, ) and includes the presence of two asymmetric atherosclerotic
plaques corresponding, for the most critical section, to a 30.2% of area stenosis
and a 2.06 mm hydraulic diameter (Fig. 6.1a). The internal diameters of the MB
and the SB are respectively 2.78 and 2.44 mm ( , ) while the
thickness of the arterial wall (0.9 mm) was considered constant along the whole
artery. The arterial wall was divided into three layers with different thicknesses
corresponding to the intima (0.24 mm), the media (0.32 mm) and the adventitia
(0.34 mm) in accordance to the work of ( ).

The plaques were placed in correspondence of the external sides of the bifurca-
tion as these zones are characterized by low and oscillating WSS and are a very
athero-prone environment ( , ).
The model of the stent (Fig. 6.1b) resembles the geometry of the CoCr Multi-
Link Vision® coronary system (Abbott Laboratories, Abbott Park, Illinois,
U.S.A). This stent is characterized by a total length of 15.5 mm, a thickness
of 0.09 mm and an external diameter in the non-crimped configuration of 1.76
mm.
Structural simulations of stent deployment were performed by means of
ABAQUS/Explicit (Dassault Systemes Simulia Corp., RI, USA) simulating the
PSB stenting approach. Both standard cylindrical polymeric balloons and a
novel tapered balloon dedicated to FKB inflation were used. The tapered bal-
loon is characterized by a proximal conical part, a zone of transition and a distal
cylindrical part as depicted in Fig. 6.1c. In Fig. 6.2 the steps of the PSB tech-
nique are schematized. All the details about these structural simulations can
be found in ( ). At each significant procedural stage, the
surfaces of the stent and the biological tissues defining the blood volume were
exported from ABAQUS in terms of triangulated surfaces (Fig. 6.3). After-
wards, these surfaces were imported into the meshing software ANSYS ICEM
CFD (Ansys Inc., Canonsburg, PA, USA). In order to reduce the number of ele-
ments and to increase the computational speed, the hybrid discretization method
proposed in Chapter 5 was applied ( , ).
Hybrid meshes of three different cases were implemented: (1) bifurcation after
stenting of the MB (model MBst); (2) bifurcation after ’standard FKB’ (model
FKBstd); (3) bifurcation after ’'modified FKB’ (model FKBmod). Mesh param-
eters (in particular, maximum element size) were chosen after an appropriate
mesh independence study on WSS in the region close to the stent, resulting in
the number of elements summarized in Table 6.1 and ensuring that results were
independent from the number of mesh elements.
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Figure 6.1: a) Geometric model of the atherosclerotic coronary bifurcation. In the magnification
area on the left, the stratification of arterial wall in the three layers (intima, media and adventi-
tia) is depicted; on the right, the illustration of the section corresponding to the maximal stenosis
(30.2 % of stenosis area) provoked by the presence of the two atherosclerotic plaques. b) CAD
model of the Multi-Link Vision® stent (Abbott Laboratories, Abbott Park, Illinois, U.S.A). ¢) Ex-
ample of the two different models of polymeric balloons: a standard cylindrical balloon (top) and a
tapered balloon characterized by a conical proximal part and a cylindrical distal part (bottom). Di-
mensions are in millimeters. Adapted with permission from Journal of Biomechanical Engineering
2011 Vol 133(12): 121010. S. Morlacchi et al. Sequential structural and fluid dynamic numerical
simulations of a stented bifurcated coronary artery. ©(2011) ASME.

Simulations settings

The following continuity and Navier-Stokes equations for transient incompress-
ible flow were solved using the commercial software ANSYS Fluent v.12.1
(Ansys Inc., Canonsburg, PA, USA):
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V-v=0 6.1)

ov
P ot
where v is the velocity vector, ¢ is the time, p is the pressure, p is the fluid
density and p is its dynamic viscosity. A coupled solver was chosen with a
second-order upwind scheme for the momentum spatial discretization and a
first-order time implicit scheme to discretize the governing equations. A time
step size of 10 s was considered. Under-relaxation factors of 0.4 for pres-
sure and momentum and 1 for density were used. Convergence criterion for
continuity and velocity residuals was set to 10", Blood was assumed as an in-
compressible, non-Newtonian fluid with the density equal to 1,060 kg/m>. The
viscosity was described using the Carreau model (Eq. 5.3) with the parameter
values proposed by ( ).

+p(v-VV) = -Vp+uViv 6.2)

Definition of the boundary and flow conditions

Artery and stent struts were assumed to be rigid and defined with a no-slip con-
dition. A pulsatile blood flow tracing was applied at the inlet as a paraboloid-
shaped velocity profile with an average flow rate of 80.7 mL/min according to

( ) (Fig. 6.4a). The definition of the boundary conditions
at the outlets of the bifurcation was achieved by combining in a multi-domain
approach the 3D CFD model of the bifurcation with a lumped parameter model
applied at the outlets ( , ) (Fig. 6.4b). In this
work, preliminary simulations were carried out for a non-stented model of bi-
furcation without and with plaques, considering a part of the lumped parameter
scheme proposed by ( ). The value of each element used
in the lumped parameter scheme is reported in Table 6.2. Four cardiac cycles
were simulated in order to guarantee convergence of the multi-domain approach

Table 6.1: Mesh element number of the three investigated models: bifurcation after stenting of
the MB (MBst), bifurcation after ’standard FKB’ (FKBstd) and bifurcation after *modified FKB’
(FKBmod).

Number of elements ~ Number of nodes

MBst 2,639,271 496,924
FKBstd 2,665,097 508,822
FKBmod 2,576,539 495,845
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Figure 6.2: PSB technique steps: a) positioning of the crimped stent in the bifurcation, implantation
in the MB, elastic recoil; b) final step called ’standard FKB” inflation, performed with two cylin-
drical balloons in both branches; ¢) “modified FKB” carried out by deploying a cylindrical balloon
in the MB and a tapered one in the SB. d) Deformed configurations of the stent struts in proxim-
ity of the bifurcation before (top) and after (bottom) the standard FKB (view from the access to
the SB). Reprinted with permission from Journal of Biomechanical Engineering 2011 Vol.133(12):
121010. S. Morlacchi et al. Sequential structural and fluid dynamic numerical simulations of a
stented bifurcated coronary artery. (©)(2011) ASME.

used. Results in terms of flow rates at the outlets were virtually identical for
both the two limit cases. This occurrence showed that downstream districts
play a dominant role in establishing the blood flow distribution to downstream
tissues. In other words, the flow resistance created by the stent struts in the SB
area is not influencing the flow distribution between the distal MB and the SB.
This assumption is in accordance with the results obtained by Balossino et al.
(2009) for a carotid artery bifurcation where only a 90% stenosis affected the
flow split between the branches of the carotid bifurcation. As a consequence,
flow tracings at boundaries (Fig. 6.4a) were maintained constant in the inves-
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tigated cases, which were solved as stand-alone models. In particular, at the
MB outlet section, the flow resulting from the lumped parameter model of the
coronary tree was applied as an outflow boundary condition while a reference
pressure was imposed at the SB outlet cross-section. By neglecting the lumped
parameter model at the outlet cross-sections we had the opportunity of obtain-
ing correct results with a greater time step size (10 s versus 10 s, respectively
for the stand-alone and the multi-domain model) and without simulating more
consecutive cardiac cycles. This choice was done after a temporal sensitivity
analysis and reduced the computational time to almost 40 hours for each tran-
sient simulation using a desktop computer equipped with a Intel 17-860 (2.93
GHz) quad core processor with 8§Gb RAM.

Analysis of the results

The results of the CFD simulations were analyzed considering the following
hemodynamic quantities: TAWSS and OS], in order to investigate the forces
acting on the arterial wall, and velocity magnitude and helicity in the transversal
plane, to examine the influences of the stent struts on the local blood flow. These
quantities are defined in Section 3.1. The percentage of area exposed to low
TAWSS was calculated in the portion of the arterial wall which contains the
stent (in the following we refer to it as the ’stented region’) as the ratio between
the area exposed to WSS < 0.5 Pa and the total area of the stented region.

Figure 6.3: Creation of the fluid domain (right) from the final geometrical configuration obtained
through structural simulations (left). Adapted with permission from Journal of Biomechanical En-
gineering 2011 Vol.133(12): 121010. S. Morlacchi et al. Sequential structural and fluid dynamic
numerical simulations of a stented bifurcated coronary artery. (©)(2011) ASME.
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Figure 6.4: Multi-domain model of LAD with its diagonal branch. a) Flow tracing used as inlet
condition (solid line) proposed in Charonko et al. (2009) and the flow tracings obtained at the MB
(line-dotted model) and at the SB (dotted line). b) 3D model of the coronary bifurcation with the
lumped parameter model of part of the coronary tree connected to the outlets. ¢) Example of the
lumped parameter scheme used to model a segment of a coronary vessel characterized by two resis-
tances, a capacitance and an inductance. Reprinted with permission from Journal of Biomechanical
Engineering 2011 Vol.133(12): 121010. S. Morlacchi et al. Sequential structural and fluid dynamic
numerical simulations of a stented bifurcated coronary artery. (©)(2011) ASME.

Table 6.2: Values of the lumped parameter model of left coronary tree by Pictrabissa et al. (1996).

Branch Resistance R Inductance L Capacitance C' Afterload Ro
[mmHg-s/mL] [mmHg-s?/mL) [mL/mmH g] [mmHg - s/mL]
LADI 3.1 0.10 1.3-103 115.6
LAD2 0.9 0.04 12103 -
LAD3 6.7 0.10 2.8-10* 425.0
LAD4 4.7 0.16 1.9-103 55.2
SBI1 3.1 0.10 13-103 115.6
SB2 6.7 0.10 2.8-10* 327.5
SB3 18.3 0.14 9.8-107 327.0
Capillaries 10.6 - -

Venous bed 3.0 - 6.0-102 -




6.1. PSB approach: kissing balloon inflation 95

6.1.3 Results

The hemodynamic forces acting on the internal layer of the artery were analyzed
in terms of TAWSS magnitude and OSI (Fig. 6.5). The percentage of area
exposed to TAWSS lower than 0.5 Pa is 62.3% for MBst, 79.0% for FKBstd,
and 71.3% for FKBmod. FKBstd creates a wider region with low WSS in the
proximal part of the MB, in particular at the entrance of the stent, than MBst
(Figs. 6.5a and 6.5b). The situation is partially improved by the introduction
of the modified balloon (Fig. 6.5c), resulting in a smaller area exposed to low
TAWSS (71.3%). Figure 6.5 illustrates the contours of the OSI, as well.

Figure 6.6 shows the stent strut influence on the local blood flow pattern in
terms of velocity magnitude field and helicity before and after inflation of the
modified FKB (Figs. 6.6a and 6.6b, respectively). Contours are plotted on the
plane transversal to the bifurcation. A qualitative analysis of the results shows
the positive influence of the FKB that removes the stent struts from the blood
flow, freeing the access to the SB and lowering the hemodynamic disturbances
downstream from the bifurcation.

6.1.4 Discussion

The fluid dynamic influence of FKB within PSB stenting approach was inves-
tigated. Three different cases were considered (MBst, FKBstd, FKBmod), cor-
responding to different steps of stenting procedure or balloon shapes. As ex-
pected, the three structural simulations generated very different deformed con-
figurations for the artery and the stent, enhancing the importance of a structural
simulation to obtain reasonable geometries for CFD simulation after stenting.
These geometries could not have been deduced a priori.

The decision on whether performing or not the FKB after a single stenting tech-
niques like PSB is still an open question ( , ). In agreement
with this debate, numerical simulations carried out in the present work highlight
both advantages and limits of performing the FKB procedure. For instance, our
results highlight that stenting of the MB permits total recovery of the vessel lu-
men, but reduces access to the SB by interposing metallic struts in the midst of
the blood flow. Figure 6.6a clearly shows the fluid dynamic alterations caused
by the presence of the hanging struts. Execution of the FKB allows the dis-
placement of these struts and frees the access to the SB, while maintaining at
the same time a straight configuration of the device (Fig. 6.2). These results
point to improvements in the local blood flow pattern in terms of a more regular
flow downstream of the bifurcation and a decrease of the helicity magnitude
field (Fig. 6.6b). On the other hand, FKB creates a non-physiological overex-
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Figure 6.5: Hemodynamic forces acting on the endothelial layer. Contours of TAWSS (left) and
OSI (right) for the analysed cases: a) stenting of the MB, b) standard FKB inflation performed with
two cylindrical balloons (3.00 mm in the MB and 2.00 mm in the SB), ¢) modified FKB inflation
performed with a cylindrical 3.00 mm balloon in the MB and a dedicated conical balloon in the SB.
Reprinted with permission from Journal of Biomechanical Engineering 2011 Vol.133(12): 121010.
S. Morlacchi et al. Sequential structural and fluid dynamic numerical simulations of a stented
bifurcated coronary artery. ©(2011) ASME.

pansion in the proximal part of the MB due to the simultaneous presence of two
balloons. The hemodynamic forces acting on the endothelial cells are altered:
after the FKB (Fig. 6.5b) the area characterized by TAWSS lower than 0.5 Pa is
wider than in the case of MB stenting only (Fig. 6.5a), rising from 62% to 79%.
This phenomenon is more evident in the proximal part of the MB and, particu-
larly, at the entrance of the stented area. This region is particularly critical also
because of the high OSI values calculated.

The last considerations proposed in this work are related to the use of a different
balloon specifically designed to overcome the major limitation provoked by a
standard FKB inflation: the overexpansion in the proximal part of the MB. This
balloon is characterized by three different regions: a tapered proximal part, a
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Figure 6.6: Velocity magnitude, streamlines, and helicity at the average flow rate in the transversal
plane after the MB stenting (a) and the modified FKB (b), respectively. Reprinted with permis-
sion from Journal of Biomechanical Engineering 2011 Vol.133(12): 121010. S. Morlacchi et al.
Sequential structural and fluid dynamic numerical simulations of a stented bifurcated coronary
artery. ©(2011) ASME.

transition zone and a distal standard cylindrical part (Fig. 6.1c). By perform-
ing a modified FKB with the tapered balloon, the overexpansion of the MB
decreases while maintaining, at the same time, the positive effects of this proce-
dure from the hemodynamic point of view. Simulations showed that the use of a
tapered balloon improves the hemodynamic influence of the FKB by decreasing
the zone characterized by low and oscillating WSS (Fig. 6.5¢) if compared to
the standard FKB procedure (Fig. 6.5b).

6.1.5 Conclusions

The hemodynamic influence of the FKB during the PSB approach, which nowa-
days is the preferred bifurcation stenting strategy, was investigated.

Results of fluid dynamic simulations highlighted the advantages of FKB infla-
tion in terms of better flow pattern and access to the SB, but also its drawbacks
in terms of overexpansion of proximal part of the MB. In particular, FKB pro-
vokes a wider region characterized by low and oscillating WSS, which is asso-
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ciated to the risk of ISR. In the end, this work shows that the use of a tapered
balloon deployed in the SB during FKB might reduce the main drawbacks of
this procedure.

6.2 PSB approach: proximal or distal access to
side branch?

6.2.1 Introduction

As previously exposed in Section 6.1.1, PSB approach is usually concluded by
FKB procedure which consists in the simultaneous expansion of two balloons
in both the coronary bifurcation branches. Several kinds of accesses to the SB
can be used to perform FKB resulting in different final geometrical configura-
tion of both artery and implanted stent and, consequently, altered hemodynamic
scenarios. Clinical experience showed that opening the stent struts through the
most distal strut available (Fig. 6.7c) improves the structural support to the SB,
the apposition of stent struts to the arterial wall favouring a correct drug elution
and the blood flow pattern across the bifurcation. On the other hand, performing
FKB with a proximal access to the SB (Fig. 6.7b) might result in the protru-
sion of some stent struts in the MB leading to strut malappositions and major
disturbances to the blood flow. However, the current preference for the distal
access is purely based on clinical experience and no quantitative data on the
actual modifications of the blood flow have been presented in scientific litera-
ture, yet. Hence, the aim of this work is the implementation of a CFD model
to quantitatively investigate the different hemodynamic scenarios provoked by
a PSB procedure performed with a proximal or a distal access to the SB.

6.2.2 Materials and methods

An idealized coronary bifurcation ( , ) representative of the
junction between the LAD and its first diagonal branch was built in the CAD
software Rhinoceros v.4.0. The bifurcation angle is 45° and the diameters of
the MB and the SB of 2.78 mm and 2.44 mm, respectively.

The geometry of the stent model resembles the commercial Multi-link Vision®
(Abbott Laboratories). The geometrical configuration of the stented artery
was calculated by means of a structural simulation carried out using the
ABAQUS/Explicit commercial code ( , ). In the simulation,
the stent was positioned across the bifurcation and expanded by the inflation
of a 3.00 mm polymeric balloon (Fig. 6.7a) to mimic the stenting of the MB.
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Figure 6.7: PSB approach: a) stenting of MB. b) FKB inflation performed with a proximal access to
the SB. ¢) FKB performed with a distal access to the SB. Dark grey arrows indicate the access to the
SB used during the FKB procedure. Adapted with permission from European Journal of Mechanics
B/Fluids 2012 Vol.35: 76-84. C. Chiastra et al. Computational fluid dynamics of stented coronary
bifurcations studied with a hybrid discretization method. (©)(2012) Elsevier Masson SAS.
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Then, while simulating the FKB inflation with a 3.00 mm balloon in the MB
and a 2.5 mm balloon in the SB, two different options were investigated: in Fig.
6.7b, the MB stent is crossed through the most proximal strut available at the
bifurcation while Fig. 6.7c shows an example of a distal SB access.
The two final geometrical configurations were used to perform transient fluid
dynamic simulations. The fluid volumes were discretized using the hybrid mesh
method described in Chapter 5 with about 2,500,000 elements (2,440,000 tetra-
hedrons and 60,000 hexahedrons).
Transient fluid dynamic simulations were performed using ANSYS Fluent
v.13.0. A pulsatile blood flow tracing (Fig. 6.8) was applied at the inlet as a
paraboloid-shaped velocity profile according to ( ). The aver-
age flow rate value is 60 mL/min (mean velocity = 0.13 m/s) and the duration
of the cardiac cycle is 0.903 s. The adopted profile is representative of a typical
flow tracing of a human LAD. At the outlet cross-sections, a flow split of 70 %
in the MB and 30 % in the SB was imposed according to the study of

( ). The no-slip condition was imposed along the walls. Blood param-
eters were set as reported in Section 5.2.2.
A coupled solver was used with a second-order upwind scheme for the mo-
mentum spatial discretization. Under-relaxation factors of 0.3 for pressure and
momentum and 1 for density were used. Convergence criterion for continuity
and velocity residuals was set to 10°. Time step size was set to 0.01806 s, after
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Figure 6.8: Pulsatile velocity tracing applied at the inlet cross-section of the models. Reprinted with
permission from European Journal of Mechanics B/Fluids 2012 Vol.35: 76-84. C. Chiastra et al.
Computational fluid dynamics of stented coronary bifurcations studied with a hybrid discretization
method. (©)(2012) Elsevier Masson SAS.
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an appropriate temporal sensitivity analysis. Simulations were performed on a
desktop computer equipped with a Intel 17-870 (2,93 GHz) quad-core processor
with 16 GB RAM using four processors in parallel. An analysis of the results
similar to the one presented in Section 6.1.2 was conducted.

6.2.3 Results and discussion

In Fig. 6.9a, TAWSS contour maps are shown. A qualitative comparison be-
tween the distal and proximal access contour maps shows that distal access
leads to a lower area characterized by TAWSS < 0.5 Pa, especially in the proxi-
mal part of the stent and in the bifurcation region. In particular, the area exposed
to low TAWSS in the case of the distal access is 84.7 % while in the proximal
access it increases until 88.0 %. Figure 6.10 reports the bar graph of TAWSS in
the stented region proving the previously mentioned result.

Although most researches on atherosclerosis focuses primarily on WSS as indi-
cator of disturbed flow, flow-driven mechanisms associated with vascular phys-
iopathology also deal with four-dimensional phenomena such as species trans-
port. Quantities like velocity, helicity and vorticity are primarily responsible
for particle transport and mixing of low diffusivity species in fluids (including
blood) ( s ). Thus, WSS-based analyses might be incom-
plete and they should be complemented by a description of the bulk flow (

s ; s ). Looking at the velocity contour
map and at the Velocity streamlines in the case of the proximal access (Fig.
6.9b) low velocity zones can be observed in the flow divider region due to the
presence of the stent struts inside the vessel. These struts disturb the access
to the SB, modifying the flow patterns. A lower distortion of the flow can be
detected in the distal access case where the opened struts are moved towards
the external side of the SB wall. This evidence supports the clinical experience
which shows that opening the stent struts through the most distal strut available
improves the blood flow distribution across the coronary bifurcation. A qualita-
tive evaluation of the flow disturbance can be also observed in Fig. 6.9c, which
shows the helicity field on the middle plane of the models, giving a description
of the bulk flow behaviour. The helicity is higher in the case of proximal access
than in the distal one, resulting in a more disturbed flow condition.

In conclusion, the fluid dynamic results of the present work give a quantita-
tive support to the clinical experience that suggests to perform the distal access
instead of the proximal one when the PSB stenting strategy is chosen.
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Figure 6.9: Comparison of proximal (on the left) and distal (on the right) access within the PSB
approach: a) TAWSS contours; b) velocity contours in the middle plane and velocity streamlines
(in the boxes); c) helicity field in the middle plane. Reprinted with permission from European Jour-
nal of Mechanics B/Fluids 2012 Vol.35: 76-84. C. Chiastra et al. Computational fluid dynamics
of stented coronary bifurcations studied with a hybrid discretization method. (©)(2012) Elsevier
Masson SAS.

6.2.4 Conclusions

Pulsatile CFD simulations were performed in order to investigate and to com-
pare the proximal and distal access to the SB within the PSB approach. In
particular, by looking at WSS distribution along the arterial wall, the velocity
and the helicity field, the distal access resulted to be better than the proximal
one.
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Figure 6.10: Bar graph of TAWSS in the stented region of the two investigated models. Black bars
are associated to the distal access case while grey bars refer to the proximal access. Reprinted with
permission from European Journal of Mechanics B/Fluids 2012 Vol.35: 76-84. C. Chiastra et al.
Computational fluid dynamics of stented coronary bifurcations studied with a hybrid discretization
method. (©)(2012) Elsevier Masson SAS.

Fluid dynamic simulations provided a valid tool to quantitatively support the
clinical experience that suggests to perform the distal access instead the proxi-
mal one in the case of the PSB approach.

6.3 Culotte technique: conventional or dedicated
stents?

6.3.1 Introduction

The asymmetrical shape and great anatomic variability present in coronary bi-
furcations can make current PCI techniques with conventional stents labori-
ous and limited by the degree of anatomic/morphologic complexity encounter
( , ). Common complex techniques with double stent-
ing are associated with stent underexpansion or gap at the SB ostium, excessive
metal density at the carina, malapposition, and stent distortion or disruption. To
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overcome some of the limitations associated with conventional stenting in bi-
furcations, dedicated bifurcation devices were developed and introduced (

R ) (Section 2.3.2).
In this work, the dedicated bare-metal stent TrytonTM (Tryton medical, Newton,
MA, USA) is considered (Fig. 2.11b). It has been proposed on the market to
overcome the drawbacks of the culotte technique, which is one of the most com-
monly applied double stenting procedures ( , ). This
technique consists in the implantation of a device in the SB of the bifurca-
tion, the re-wiring, the treatment of MB through the struts of the previously
implanted stent and, finally, the FKB inflation. Main advantages of the culotte
technique are the good coverage of the whole bifurcation and the suitability for
all the bifurcation angles. However, this procedure provokes a high concentra-
tion of metal in the proximal part of the MB due to the overlap of the devices
that could lead to ISR and thrombosis. The particular design of Tryton™ stent,
characterized by few struts in its proximal part, should allow a decrease of the
overlap region and also an easy access to the implantation site for the second
device.
The aim of this work is the analysis of the fluid dynamics induced by culotte
procedure, in order to compare the behavior of the Tryton™ stent with respect
to a conventional one.

6.3.2 Materials and methods

An ideal coronary bifurcation model was created with a bifurcation angle
of 45° using Rhinoceros v.4.0 CAD program. The internal diameters of
the bifurcation respected the ratios proposed by the Murray’s law (Eq. 2.1)
( , ) and were 3.28 mm, 2.78 mm and 2.44 mm for the proximal
part of the MB, the distal part of the MB and the SB, respectively.
Stent geometries (Fig. 6.11) were obtained using the previously mentioned
CAD software and resembled the Tryton™ and the Multi-Link Vision® stents.
Numerical simulations of stents deployment were performed using
ABAQUS/Explicit commercial code, following the procedure defined in
( ) and ( ). Two different simulations
of the culotte technique were carried out:

e Tryton-based culotte (TRY-CUL): the Tryton™ stent was expanded as a
SB device with a Multi-Link Vision® stent implanted in the MB as a
workhorse stent;

e conventional culotte (CUL): the bifurcation was treated with two standard
Multi-Link Vision® devices in either the SB and the MB.
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The whole culotte technique can be summarized through the following steps
(Fig. 6.12): (1) stenting of the SB with a 2.5 mm balloon; (2) opening of the
MB access by deploying a 3 mm balloon through the struts of the first device;
(3) expansion of the second device across ostium of the SB; (4) FKB procedure
by simultaneously expanding a 3 mm balloon in the MB and a 2.5 mm balloon
in the SB.

The fluid domains were created starting from the final geometrical configura-
tions of the structural simulations (Morlacchi et al., 2011a). The hybrid mesh
method proposed in Chapter 5 was applied (Chiastra et al., 2012).

Transient fluid dynamic simulations were carried out using ANSYS Fluent
v.13.0. The artery and the stent struts were assumed to be rigid and defined with
a no-slip condition. As previously done in the work reported in Section 6.2.2,
a pulsatile blood flow tracing was applied at the inlet as a paraboloid-shaped
velocity profile according to the study by Davies et al. (2006). The average
flow rate value was 60 mL/min (mean velocity = 0.13 m/s) and the duration of
the cardiac cycle was 0.903 s. At the outlet cross-sections, a flow split of 70
% in the MB and 30 % in the SB was imposed. Blood flow was modeled as a
non-Newtonian fluid with a density of 1,060 kg/m?>. Its viscosity was described
through the Carreau model (Eq. 5.3), using the parameter values proposed by
Seo et al. (2005).

A coupled solver was used with a second-order upwind scheme for the momen-
tum spatial discretization and a second-order time implicit scheme to discretize
the governing equations. Under-relaxation factors of 0.3 for pressure and mo-

Figure 6.11: CAD model of the two investigated stents: a) dedicated stent Tryton™ (Tryton med-
ical, Newton, MA, USA); b) conventional stent Multi-Link Vision® (Abbott Laboratories, Abbott
Park, Illinois, U.S.A). All measures are in millimeters.
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A) B)

Figure 6.12: Main steps of the culotte technique: a) positioning of the SB stent by inflating a 2.5
mm cylindrical balloon; b) opening of the MB access by crossing and deploying a 3 mm cylindrical
balloon through the struts of the SB device; c) positioning and deployment of the second device in
the MB across the bifurcation; d) FKB procedure with a 3 mm balloon and a 2.5 mm balloon in the
MB and the SB respectively and e) final configuration achieved. All the balloons are inflated at 15
atm. In this figure the implantation of the dedicated stent is shown.

mentum and 1 for density were used. Convergence criterion for continuity and
velocity residuals were set to 10, Simulations were performed on a desktop
computer equipped with a Intel i17-870 (2,93 GHz) quad-core processor with 16
GB RAM using four processors in parallel.

Fluid dynamic results were evaluated in terms of near-wall quantities. In partic-
ular, TAWSS, OSI and RRT were calculated. The percentage of area exposed
to low TAWSS was calculated in a ROI as the ratio between the area exposed
to WSS < threshold and the total area of the region of interest. Two ROI were
considered: the ’stented region’, i.e. the portion of the arterial wall which con-
tains the stent, and the proximal part of the MB. Different thresholds (0.5 Pa,
0.25 Pa) were evaluated in order to highlight the differences between the two
investigated cases. The percentage area in the stented region and in the proxi-
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mal region of the MB exposed to high OSI (> 0.1) and high RRT (> 20) was
also calculated.

6.3.3 Results and discussion

A critical point of double stenting procedures, particularly evident in the cu-
lotte technique, is the occurrence of double or even triple metallic layers in the
proximal part of the MB due to the overlap of the stents (Latib and Colombo,
2008). This issue results in a non-physiological biomechanical condition which
could lead to ISR or sub-acute thrombosis. Figure 6.13 illustrates the amount
of struts in contact with the arterial wall in the proximal part of the MB where
the two devices overlap. The use of TlrytonTM stent, thanks to the fewer struts
in its proximal design, reduces the metal-to-artery ratio (ratio between the total
area of the external surfaces of the stents and the area) from 27.4 % to 20.6 %.

The presence of a double-metallic layer has a negative influence on the hemo-
dynamic field as well. Stent struts provoke a decrease of the WSS acting on the
arterial wall (Fig. 6.14a); this is particularly evident in the proximal MB where
the two stents overlap. However, significant differences between the two inves-
tigated models are disclosed at the level of this region. Table 6.3 reports the
results of near-wall quantities in terms of percentage areas in the proximal part
of MB for the two investigated cases. The particular design of the dedicated
device, characterized by fewer struts in its proximal part, markedly decreases
the areas characterized by low TAWSS (73.5 % versus 90.9 %, respectively
for TRY-CUL and CUL), which are considered as risk factors of ISR. High
OSI are present in correspondence of the regions of the artery characterized
by low TAWSS for both investigated models (Fig. 6.14b). The implantation of

3

Figure 6.13: Metal-to-artery ratios for the two investigated cases: a) Tryton-based culotte (TRY-
CUL); b) conventional culotte (CUL). The measured ratios in the same region of the proximal MB
are 20 % and 27.4 %, respectively for TRY-CUL and CUL.



108 Chapter 6. Hemodynamic assessment of stenting procedures for coronary bifurcations

Table 6.3: Results of near-wall quantities in terms of percentage areas in the proximal part of the
MB for the two investigated cases.

TRY-CUL CUL

Percentage area TAWSS < 0.25 Pa 73.5 % 90.9 %
Percentage area OSI > 0.1 33.9% 29.7 %
Percentage area RRT > Pa’! 26.8 % 353 %

Table 6.4: Results of near-wall quantities in terms of percentage areas in the stented region for the
two investigated cases.

TRY-CUL CUL

Percentage area TAWSS < 0.25 Pa 742 % 79.7 %
Percentage area OSI > 0.1 17.6 % 14.5 %
Percentage area RRT > 20 Pa’! 155 % 17.8 %

Tryton™ stent instead of a standard one within culotte technique could not pro-
duce better OSI results. In fact, TRY-CUL shows a percentage area with high
OSI in the proximal MB region higher than CUL model. The use of the dedi-
cated stent shows better outcomes than the standard stents in terms of RRT (Fig.
6.14c¢), with a lower percentage area characterized by high RRT (26.8 % versus
35.3 %, respectively for TRY-CUL and CUL). This quantity is a combination of
TAWSS and OSI but it has a more tangible connection to the biological mecha-
nisms underlying atherosclerosis ( , ).

Considering the whole stented region, similar results can be found, although the
differences between the two investigated models are smaller (Table 6.4). TRY-
CUL shows better outcomes, with a smaller area characterized by low TAWSS
and high RRT in comparison to CUL model.

The analysis of near-wall quantities highlight that the use of the dedicated de-
vice within the culotte technique can potentially improve the hemodynamic
conditions by decreasing the percentage of areas with low TAWSS and high
RRT.

6.3.4 Conclusions

CFD simulations were performed in order to study the culotte technique, a com-
monly applied double stenting procedure, comparing the behavior of a stent
dedicated to coronary bifurcations (Tryton™ stent) with a conventional one
(Multi-Link Vision® stent).
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One of the critical aspects of the culotte technique is the presence of double
metallic layers in the proximal part of the MB. The use of the Tryton™ stent,
which is characterized by few struts in its proximal part, allows to reduce the
amount of these layers, resulting in a lower metal-to-artery ratio with respect
to the Multi-Link Vision®. Furthermore, the design of the dedicated stent
markedly reduced the areas with low TAWSS and high RRT, especially in the
proximal MB. These results indicate that the use of the dedicated stent within
culotte technique might improve the hemodynamics, thus reducing the regions
associated to the risk of ISR.

TRY-CUL CUL

TAWSS [Pa]

l 0.5

535577 2

PEE SIS

Figure 6.14: Contour maps of (a) TAWSS, (b) OSI, and (c) RRT for the two investigated cases:
Tryton-based culotte (TRY-CUL) (left); conventional culotte (CUL) (right).
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6.4 Limitations

Any clinical consideration derived from these three studies should be inter-
preted with caution bearing in mind that some limitations are introduced in
these models.

The geometries of the coronary bifurcation were drawn through a CAD soft-
ware, representing idealized models, and they were not reconstructed from
patient-specific images. Reasonable values were adopted to describe the main
features of the bifurcation of the LAD with its first diagonal branch (

s ; ) ). However, diameter ratios defined by Mur-
ray’s law ( , ) were considered only in the bifurcation model of the
third study (Section 6.3). Atherosclerotic plaques were not included in the sec-
ond (Section 6.2) and third (Section 6.3) work.

One hemodynamic state was investigated in each study. In the first work
(Section 6.1) the flow-rate waveform was taken from an in vitro investigation
( , ) and it is not representative of the basal coronary pulse
although its tracing has a pattern similar to that observed in in vivo measure-
ments for LAD ( s ; s ). Average flow
rate (80.7 mL/min) is significantly high corresponding to the upper values of
the range (53.4 £ 32.8 mL/min) proposed by ( ) who quanti-
fied coronary flow in humans using phase difference magnetic resonance imag-
ing. Even if this kind of measurements for obtaining coronary flow rate have
significant inaccuracies because of the inherent arterial movement and invasive
measurements using Doppler guidewire provide more accurate flow data, the
flow curve used is in our opinion still valid for this comparative study. In this
light, the results based on the used waveform need to be carefully interpreted
and not taken as absolute results for coronary arteries.

Additionally, fluid dynamic models did not consider the vessel movements dur-
ing the cardiac cycle. This assumption could result in a different WSS distribu-
tion and flow disturbances as previously discussed in Section 3.4.1.

In conclusion, the numerical models proposed in the present chapter could not
provide patient-specific indications but only general guidelines that must be
carefully interpreted and adapted to every specific clinical case.



Chapter 7

CFD analyses of image-based
stented coronary bifurcation
models

In this chapter the study of the hemodynamics of image-based stented coronary
artery models which replicate the complete clinical procedure of stenting
implantation is presented. Two cases of LAD with their bifurcations are
reconstructed from CTA and CCA images.

Results of WSS and RRT show that the wall regions more prone to the risk
of restenosis are located next to stent struts, to the bifurcations and to the
stent overlapping zone for both investigated cases. Considering a bulk flow
analysis, helical flow structures are generated by the curvature of the zone
upstream from the stent and by the bifurcation regions. Helical recirculating
microstructures are also visible downstream from the stent struts.

This study demonstrates the feasibility to virtually investigate the hemodynam-
ics of image-based coronary bifurcation geometries.

The contents within this chapter have been published in:

Chiastra, C., Morlacchi, S., Gallo, D., Morbiducci, U., Cardenes, R., Larrabide, I., and Migliavacca,
F. (2013). Computational fluid dynamic simulations of image-based stented coronary bifurcation
models. Journal of the Royal Society of Interface, 10(84), art.no. 20130193.
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7.1 Introduction

arteries with great resolution does find reason in the widely accepted ev-

idence that the biological processes leading to stent failure (e.g., ISR)
have been found to be partially flow dependent ( , ). For
this reason, in recent years sophisticated numerical models have been proposed
in the literature, considering coronary bifurcations and introducing increasingly
refined hemodynamic indicators for the risk of restenosis. However, as pre-
viously exposed in Chapter 3, the majority of these works consider idealized
geometries limiting the discussion to a comparison between different stenting
techniques. Only in two recent works fluid domains are reconstructed from
patient-specific data (Section 3.3.3). Briefly, ( ) developed a
method to virtually draw a stent in a LAD model created from CT scans. Two
different stent designs (an open-cell ring-and-link design and a close-cell slot-
ted tube prototype design) were compared from the fluid dynamic point of view.
In a further study by the same research group ( , ), the fluid
dynamics of a stented LCX with a thrombus was investigated. The geometry
of the vessel was reconstructed combining OCT and CT images while the stent
was drawn inside the artery applying their previously developed method (

, ). Those two works are affected by the same limitation: the

deformation provoked by stent implantation is not considered, probably leading
to an altered quantification of the local hemodynamics.
In this context, the aim of the work presented in this chapter is to study the fluid
dynamics in image-based stented coronary artery models which replicate the
complete clinical procedure of stenting implantation, with particular emphasis
on how local hemodynamic structures might influence flow-related processes
leading to restenosis. In particular, two cases of pathologic LAD with their
bifurcations treated at University Hospital Doctor Peset (Valencia, Spain) are
studied. The vessels are reconstructed using the pre-operative CTA and CCA
images ( , ). Then, the fluid domains are obtained from the
structural simulations which replicate the stenting procedures followed by the
clinicians who performed the interventions ( , ). Both near-
wall and bulk flow quantities are investigated, thus providing a complete study
of the hemodynamics of the two analyzed cases.

THE increasing impact of CFD in studying the hemodynamics in stented
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7.2 Material and methods

7.2.1 Fluid dynamic models

The hemodynamics of two clinical cases of adult females treated with a provi-
sional T-stenting technique without FKB inflation was studied. Case A involves
the proximal section of the LAD while case B both the proximal and mid-part of
the LAD. Two different CoCr DES were used in the interventions. In case A, the
Xience Prime™ (Abbott Laboratories, Abbott Park, IL, USA) was implanted.
This device is characterized by an external diameter of 1.76 mm (uncrimped
configuration), a length of 28 mm, and a strut thickness of 81 ym. In case B,
two Endeavor® Resolute (Medtronic, Minneapolis, MN, USA) were deployed.
These devices have an external diameter of 1.6 mm (uncrimped configuration),
a length of 15 mm, and strut thickness of 91 pm.
Pre-treatment CTA and CCA were used to create the internal surfaces of the
pre-stenting geometries following the methodology proposed by
( ). The combination of these two imaging modalities provides a more re-
alistic reconstruction than just using one of them alone. CTA gives the 3D
trajectories followed by the arteries while CCA gives an accurate lumen ra-
dius estimations. The internal surfaces were used to construct 3D solid mod-
els of the two investigated coronary bifurcations (Fig.7.1a) ( ,
). The external wall surfaces were created by smoothly connecting circum-
ferential cross-sections perpendicular to the centerlines of the models using the
CAD software Rhinoceros v.4.0 (McNeel & Associates, Indianapolis, IN, USA)
( , ). The diameters of the external walls were chosen in or-
der to comply with the internal diameter and wall thickness of arterial branches
investigated in a physiological healthy state ( , ).
Subsequently, structural simulations which replicate all the stenting implanta-
tion steps performed by the clinicians were carried out by means of the finite
element commercial software ABAQUS (Dassault Systemes Simulia Corp., RI,
USA) (Fig.7.1b) ( , , ). Two
CAD models were created resembling the stents 1mp1anted during the interven-
tions and including the real cross-section geometry, namely squared for Xience
Prime™ and circular for the Endeavour® Resolute. The atherosclerotic plaques
were considered and they were defined with an identification process based
on the calculation of the distance between each structural mesh node and the
centerline of the external wall. A comprehensive description of these patient-
specific structural models can be found in ( ).
Lastly, the final geometrical configurations obtained through the structural sim-
ulations were used as fluid domain to perform the fluid dynamic analyses
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(Fig.7.1c) (Morlacchi et al., 201 1a). The fluid domains are characterized by the
following dimensions: regarding case A, the inlet diameter is 3.36 mm while
the diameter of the outlet of MB is 2.33 mm and of SB is 1.52 mm; for case B,
the inlet diameter is 3.45 mm, the diameter of the outlet of the MB is 1.97 mm
and the diameters of the SB are 2.13 mm and 0.90 mm, respectively for the first
bifurcation and the second bifurcation.

The hybrid discretization method proposed in Chapter 5 was applied (Fig. 7.2).
The final meshes used in the work have 8,869,716 and 7,527,350 elements
(1,633,883 and 1,387,985 nodes), respectively for case A and B. The squared
stent struts of case A are discretized by 5 to 8 elements on each side of the strut
while the circular struts of case B by about 25 elements, radially.

Figure 7.1: a) Sectional view of the 3D solid models of case A (left panel) and case B (right
panel). The arterial wall is colored in red while the plaques in yellow. b) Final geometrical config-
urations obtained through structural simulations which replicate all the stenting implantation steps
performed by the clinicians. ¢) Fluid domains extracted from structural simulations. Reprinted with
permission from Journal of the Royal Society of Interface 2013 Vol.10(84), art.no. 20130193. C.
Chiastra et al. Computational fluid dynamic simulations of image-based stented coronary bifurca-
tion models. (©)(2013) Royal Society.
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Transient fluid dynamic simulations were carried out by means of ANSYS Flu-
ent v.14.0 (ANSYS Inc., Canonsburg, PA, USA). At the inlet cross-section a
pulsatile flow tracing which is representative of a human LAD (Fig. 3) (Davies
et al., 2006) was applied as a paraboloid-shaped velocity profile. The flow curve
amplitude was tuned on the inlet diameters of the two analyzed cases in order
to obtain the average flow rate calculated through the equation proposed by
van der Giessen et al. (2011):

qg=143.d>% (7.1)

where ¢ is the flow and d is the diameter of the coronary artery. The coefficients
of this equation were obtained by van der Giessen and colleagues fitting the data
of blood flow of 18 human coronary bifurcations (Doriot et al., 2000) by means
of a non-linear regression analysis. In particular, the blood flow velocity was
measured by intracoronary Doppler ultrasound while the cross-sectional areas

Figure 7.2: a) Generation process of the hybrid mesh: first, an internal cylinder is created inside
the geometrical model and discretized using hexahedral elements (top); second, the region between
the cylinder and the arterial wall is meshed with tetrahedral mesh obtaining the final grid (bottom).
b) Example of a cross-section of the proximal region of case A characterized by the hybrid mesh.
Hexahedral elements are clearly visible in the core region of the section. Tetrahedral elements are
present in the external regions and they are smaller near the wall and the stent struts. It is possible
to notice that the top stent struts are in contact with the arterial wall while the bottom struts are
malapposed. A magnification of the tetrahedral mesh around two malapposed struts is shown in
the box. Reprinted with permission from Journal of the Royal Society of Interface 2013 Vol.10(84),
artno. 20130193. C. Chiastra et al. Computational fluid dynamic simulations of image-based
stented coronary bifurcation models. (©)(2013) Royal Society.
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were determined by 3D analysis of biplane angiography. From these data the
blood flow and the diameter for each coronary branch were calculated assuming
a parabolic flow profile and circular vessel area ( , ).
Applying equation 7.1, an average flow rate of 42.2 mL/min was calculated for
case A and 45.1 mL/min for case B.

The same measurements ( s ) were used by
( ) to derive the relation between the diameter ratio of two daughter
branches and the flow ratio through the branches:
2.27
d
a2 _ <D2> (12)
qp1 dp1

where ¢p; and gpo are respectively the flow through the daughter branches D,
and D-. Starting from this equation, the following flow splits were imposed to
the models: case A, 72.8% for the MB and 27.2% for the SB; case B, 57.6% for
the MB, 32.9% for the proximal SB and 9.5% for the distal SB.
The no-slip boundary condition was applied to all the surfaces representing the
arterial wall and the stent struts. The arterial wall and the stents were assumed
to be rigid. The blood density was considered constant with a value of 1060
kg/m?. The non-Newtonian nature of the flow was taken into account using
the Carreau model (Eq. 5.3) with the parameter values proposed by
( ). The flow was assumed to be laminar since the maximum Reynolds
number was 195 for case A and 260 case B at peak flow rate (79.1 mL/min and
84.7 mL/min, respectively). These values are an order of magnitude smaller
than the Reynolds number for transition to turbulence (2300) ( ,
) and hence justify consideration of flow to be laminar. The Womersley
number was approximately 1.9 for case A and 1.4 for case B.
A coupled solver was used with a second-order upwind scheme for the momen-
tum spatial discretization and second-order implicit scheme for the time. The
flow Courant number was set to 50. The under-relaxation factors were set to
0.15 for the pressure and the momentum and to 1 for density. Convergence cri-
terion was set to 10~ for continuity and 10~ for velocity residuals. A time
step of 0.009 s was chosen for running the simulations (100 time steps were
necessary for one cardiac cycle). This time step is sufficient to ensure temporal
convergence ( , ). One cardiac cycle was simulated. As ver-
ified in previous studies ( s ; s ), stand-
alone fluid dynamic analyses without coupling with lumped parameter models
that represent the downstream districts do not require multiple cardiac cycles to
guarantee correct results. Computations were performed in parallel on one node
of a cluster (2 quad-core Intel Xeon CPU E5620 @ 2.40GHz, 24 GB RAM for
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each node, InfiniBand Mellanox for the main cluster interconnections).

In order to ascertain from simulation results what effects on hemodynamics are
due to the stent presence per se and what effects are attributable to the complex
vascular geometry, two additional transient simulations in the same geometries
of case A and B with the stents removed were also performed. All the simula-
tion settings were kept equal to those applied to case A and B.

As for the quality of the simulated flow fields, a sensitivity analysis was per-
formed on case B in order to ensure the independence of the results on the
mesh size. The same procedure as in ( ) was followed.
Briefly, three meshes were considered, from a coarser to a finer one: 4034069,
7527350 and 11375228 elements. Steady state simulations were performed
applying the average flow rate (45.1 mL/min) at the inflow section. All the
other simulation settings were kept equal to those previously described. The
different meshes were compared considering the area-weighted average WSS
(awa-WSS) in the stented region. As the maximum difference between the
intermediate and the finest mesh was lower than 0.5% for the awa-WSS the in-
termediate mesh (7,527,350 elements) was considered sufficiently accurate for
the transient simulation. The same meshing strategy was applied to case A.

7.2.2 Analysis of the results

TAWSS and RRT were evaluated. The definition of these quantities can be
found in Section 3.1.1. TAWSS was investigated not only by means of a contour
map but also in quantitative way. In particular, the percentage of area exposed
to low TAWSS was calculated in the arterial wall which contains the stent (in
the following we refer to it as the ’stented region’) as the ratio between the
area exposed to WSS lower than 0.4 Pa and the total area of the stented region.
Moreover, the area distribution of TAWSS was visualized using histograms by
displaying the amount of area of the stented region contained between specific
intervals of the variable value ( s ). The area-averaged
mean, skewness and kurtosis of the distributions were calculated.

The area-averaged mean of TAWSS is defined as:

S (A; - TAWSS))
Z;—vzl Aj

where TAWSS is the face-averaged TAWSS value at the face j, A; is the
surface area of the face j and the summation is over IV faces.
The area-averaged skewness of the TAWSS distributions is calculated as:

(7.3)

,LL:
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S [ (rawss; - |

j=1
S = (7.4)
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where o is area-averaged standard deviation calculated as:
N
S [(4) - (rawss; - ]
o= (7.5)
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The skewness is a measure of the lack of symmetry of a distribution. The skew-
ness for a normal distribution is zero, and any symmetric data have a skewness
near zero. Negative values for the skewness indicate data that are skewed left
and positive values for the skewness indicate data that are skewed right.
The area-averaged kurtosis is defined as:
S [(Ay) - (AW SS; - ']
K — 5 (7.6)
>j=1 (45 -0%)

where the terms are as above. Kurtosis characterizes the relative peakedness
or flatness of a distribution compared with the normal distribution. Positive
kurtosis indicates a relatively peaked distribution. Negative kurtosis indicates a
relatively flat distribution.
The impact of coronary stenting on local hemodynamics was also contextual-
ized with respect to the helicity, a quantity successfully applied to quantify the
interplay between rotational and translational blood motion in stenosed (

) ) and healthy arteries ( s ; s ).
The LNH quantity, defined in Section 3.1.3, was calculated.

7.3 Results

Figure 7.3 shows the streamlines of the two computational models at peak flow
rate, colored by velocity magnitude. The proximal part of case A, immediately
before the device, is characterized by a jet with the highest velocity directed
towards the stent and an evident recirculation and stagnation zone near the ex-
ternal side (Fig. 7.3a). This flow pattern is caused by the particular tortuosity
of the vessel. It is also possible to notice that the first stent struts are not well
apposed to the wall. This aspect is captured by the fluid dynamic model be-
cause the streamlines pass throughout these malapposed struts. Lastly, the flow
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patterns in the bifurcation regions of the two cases are highlighted. The flow
division is clearly visible at the bifurcations; it is possible to observe that the
direction of the fluid elements inside these regions is locally modified by the
presence of the stent. The stent struts behave as an obstacle to the blood flow
inducing a ripple effect on the streamlines (especially in case A).

Figure 7.4 shows the contour maps of TAWSS along arterial wall for case A
and B, with and without stent. Considering the stented cases (Fig. 7.4 top),
low WSS (red colored) are located next to all the struts in both the models.
Moreover, larger areas of low WSS are present near the bifurcations and, for
the case B, in the overlapping zone between the two stents. The regions outside
the stents have WSS higher than 0.4 Pa except the proximal part of case A. In
this region the stagnation zone which results in low WSS is clearly visible. The
percentage of area exposed to low TAWSS in the stented region is 35.0% and
38.4%, respectively for case A and B. Considering the cases without stent (Fig.
7.4 bottom), low WSS are only located in the regions near the branches and, for
case A, in the proximal part of the model. The low WSS spots that appear in
the stented region of case B are probably provoked by the surface of the arterial
wall which remained lightly pleated after the removing of the stents. The per-
centage of area exposed to low TAWSS in the stented region is 2.6% and 3.5%,
respectively for case A and B without stent.

The distribution of TAWSS is presented in Fig. 7.5 where dark grey bars refer
to the stented region while the light grey bars to the remaining part of the arte-
rial wall (non-stented region’). The mean TAWSS value, the skewness and the
kurtosis of the distributions are reported in Table 7.1.

In Fig. 7.6 the contour maps of RRT lower than 5 Pa—! are presented. High

Table 7.1: Statistical quantities associated to the TAWSS distribution of case A and B, with and
without stent: mean, skewness and kurtosis.

Mean [Pa]  Skewness  Kurtosis

Case A stented region 0.599 2.086 13.338
(with stent) whole model 1.046 2.010 12.679
(without stent)  stented region 1.020 1.628 10.882
whole model 1.207 2.205 14.273

Case B stented region 0.633 2.901 21.802
(wit stent) whole model 1.189 1.770 9.732
(without stent)  stented region 0.976 3.834 33.288

whole model 1.298 2.267 12.548
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Figure 7.3: Velocity streamlines for case A (top) and B (bottom) at peak flow rate. In the magnifi-
cation boxes of case A an evident recirculation and stagnation zone near the external side (left) and
the disturbed flow through the stent struts near the bifurcation region (right) are clearly detectable.
In the magnification box of case B the flow passing through the struts of the first bifurcation is
evident. On the top right the shape of the flow waveform which was applied at the inlet section of
the models is shown. The flow curve amplitude was scaled on inlet diameters of each case to obtain
the average flow rate calculated through the relations by van der Giessen et al. (2011). Reprinted
with permission from Journal of the Royal Society of Interface 2013 Vol.10(84), art.no. 20130193.
C. Chiastra et al. Computational fluid dynamic simulations of image-based stented coronary bifur-
cation models. (©)(2013) Royal Society.
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without stent without stent Opposite view

Figure 7.4: Contour maps of TAWSS along arterial wall for case A (left) and case B (right), with
and without the presence of the stents. Low WSS regions are indicated in red. Regions where the
stent struts are in contact with the arterial wall are colored in black. Reprinted with permission
from Journal of the Royal Society of Interface 2013 Vol.10(84), art.no. 20130193. C. Chiastra et
al. Computational fluid dynamic simulations of image-based stented coronary bifurcation models.
(©(2013) Royal Society.

values of RRT (red colored) are located next to all the stent struts, to the bi-
furcations and to the stent overlapping zone. Also the stagnation zone of the
proximal part of case A is characterized by high RRT.

To visualize peculiar topological features in the bulk flow, the mutual orien-
tation of velocity and vorticity vectors, given by LNH, is used. Adopting a
threshold value of LNH (&4 0.4) for the visualization of fluid structures, differ-
ent topological blood flow features can be observed in Figs. 7.7 and 7.8. As
a general observation, in both the two investigated cases helical flow structures
originate in the region of the vessel upstream from the stent, with a helicity-
generation process which appears to be mainly driven by the curvature, tortu-
osity and torsion of the non-stented segment upstream from the stented one.
This statement is enforced by the observation that: (1) for case A, large LNH
isosurface regions appear immediately upstream from the stent, where the flow
arrangement consists in counter-rotating helical structures that persist trough-
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out the cardiac cycle due to the tortuous path of the blood flow (Fig 7.7, left
panel: left-handed, negative LNH values; right-handed, positive LNH values).
Notably, LNH isosurfaces emphasize the flow separation region that has been
pointed out previously in Fig. 7.3; (2) for case B, the arrangment of the stream-
ing blood in helical patterns is less marked, most likely because the upstream
region in case B is less tortuos than case A (Fig 7.7, right panel).

From Fig. 7.7 it emerges also that the straightening of the vessel as induced
by the stent implantation determines the gradual disappearance of large helical
fluid structures and that the presence of branching vessels is involved in the
generation of helical fluid structures, their strenght being related to organ per-
fusion from branch vessels (due to the centripetal spin, i.e., imparted tangential
velocities, induced in blood), as previously observed by ( ).
Using LNH for the visualization of the topological features of the flow field, it
is possible to observe the impact that the presence of stent struts has on near-
wall flow patterns. Fig. 7.8 (top) shows that helical fluid structures at different
lengthscale are present close to the wall, going from the order of magnitude
of strut dimensions to larger structures. These larger helical structures are also
present in the corresponding cases without stent (Fig. 7.8 bottom) while the
small structures are absent.

7.4 Discussion

The mechanisms and the causes of ISR in coronary arteries are not fully under-
stood. One of the most relevant phenomena which seems to be associated to the
formation of NH is an altered hemodynamics in the stented wall region which
leads to persistent low WSS ( , ). Local measurements of the
velocities and velocity gradients in human coronary arteries in vivo are very
difficult and can therefore not be applied to map the shear stress distribution at
the wall ( , ). Alternatively, virtual models of patient-specific
coronary arteries allow studying local fluid dynamics, calculating the WSS and
other quantities which can be related to the risk of restenosis. As a conse-
quence, these models also permit to give some indications to the clinicians. In
the present work, a comprehensive study of the fluid dynamics of two image-
based stented coronary models was carried out.
Looking at the near-wall quantities, both the stented cases are characterized by
low WSS next to the struts (Fig. 7.4), in agreement with the findings by

( ) and ( ). In particular, for each repeating stent
cell, the values of TAWSS increase from the zones near the stent struts towards
the center of each cell, as previously found in other studies ( ,
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; , )-
A wider area with low TAWSS is present in the region close to the branches.
This is due to the vessel geometry and not to the presence of stents. In fact the
wider area with low TAWSS is evident both in the cases with stent and in the
corresponding cases without stent (Fig. 7.4). As experimentally observed in
left and right human coronary arteries by ( ), the flow
in the proximity of the outer wall of the branches is slow with the formation of
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Figure 7.5: TAWSS distribution in case A (left) and case B (right), with and without the presence of
the stents. Each bar of the histograms represents the amount of normalized area with a defined range
of TAWSS. Dark grey bars refer to the stented region while the light grey bars to the remaining part
of the arterial wall. Bar widths are 0.1 Pa. Reprinted with permission from Journal of the Royal
Society of Interface 2013 Vol.10(84), art.no. 20130193. C. Chiastra et al. Computational fluid
dynamic simulations of image-based stented coronary bifurcation models. (©)(2013) Royal Society.
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Figure 7.6: Contour maps of RRT for case A (top) and case B (bottom). Reprinted with permission
from Journal of the Royal Society of Interface 2013 Vol.10(84), art.no. 20130193. C. Chiastra et
al. Computational fluid dynamic simulations of image-based stented coronary bifurcation models.
(©(2013) Royal Society.

slow recirculation and secondary flows which lead to low WSS in those zones.
A wider area characterized by low TAWSS is also visible in the stent overlap-
ping zone of case B. In this zone stent struts protrude inside the lumen in a
more marked way compared to the other stented regions. The protrusion lo-
cally generates a more disturbed flow, with the consequence that a wider area is
subjected to low TAWSS. Considering the stented region, the percentage area
exposed to values of TAWSS lower than 0.4 Pa, which are strongly correlated
with endothelial permeability and can promote NH (Ku, 2007; Malek et al,,
1999), is significant: 35.0% for case A and 38.4% for case B. This result is also
evident in the TAWSS distributions (Fig. 7.5 top, dark grey bars). As reported
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Figure 7.7: Isosurfaces of LNH at five different phases of the cardiac cycle for case A (left panel)
and B (right panel). Threshold values of LNH (4= 0.4) are used for the visualization of the mutual
alignment of velocity and vorticity vector fields (i.e., the necessary condition revealing the presence
of helical flow structures). Positive and negative LNH values indicate counter-rotating flow struc-
tures. Reprinted with permission from Journal of the Royal Society of Interface 2013 Vol.10(84),
artno. 20130193. C. Chiastra et al. Computational fluid dynamic simulations of image-based
stented coronary bifurcation models. (©)(2013) Royal Society.
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Figure 7.8: Example of LNH isosurfaces visualization (LNH=0.4) used to highlight the presence
of helical structures at different length scales close to the wall. LNH isosurfaces are relative to the
systolic phase. Left panel: case A, with and without stent; right panel: case B, with and without
stents. Reprinted with permission from Journal of the Royal Society of Interface 2013 Vol.10(84),
art.no. 20130193. C. Chiastra et al. Computational fluid dynamic simulations of image-based

stented coronary bifurcation models. (©)(2013) Royal Society.

in Table 7.1, these distributions are characterized by a similar value of area-
averaged mean TAWSS (about 0.6 Pa) but the distribution of case B is more
peaked (higher kurtosis value) and more skewed to the right (higher skewness
value). This means that the entire stented wall region of case B is characterized
by a larger area with low WSS and, from a merely fluid dynamic point of view,

might be more prone to the risk of restenosis.
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In case A, the region immediately before the stent shows values of TAWSS
lower than 0.4 Pa. This is due to the marked tortuosity of the vessel which
causes the formation of an evident recirculation and stagnation zone (Fig. 7.3
a). The contribution of this region to low TAWSS distribution can be appreci-
ated looking at the light grey bars in Fig. 7.5 (top). This contribution is lower
if compared to the one caused by the stent presence. In case B, the contribu-
tion of the non-stented vessel segments to TAWSS lower than 0.4 Pa is almost
zero. These results confirm that the regions of the arterial wall with low TAWSS
are mainly induced by the presence of the stents. Comparing the TAWSS dis-
tributions of cases with and without the stent presence, it can be appreciated
that the stent induces lower TAWSS values at the arterial wall of the stented
regions. More in detail: (1) TAWSS distributions of models without stent are
more shifted to the right than the cases with stents; (2) in the stented region
(Fig. 7.5, dark gray bars) the percentage of area exposed to TAWSS lower than
0.4 Pa is significantly higher for the cases with stent.
The RRT contour maps (Fig. 7.6) confirm the results obtained on the two com-
putational models for TAWSS: high values of RRT are located next to the stent
struts, to the bifurcations and to the stent overlapping zone. RRT is a more
complete quantity than TAWSS because it considers not only the magnitude of
WSS but also the oscillatory WSS. High values of RRT also indicate that the
residence time of the particles near the wall is prolonged ( , )
with the possibility of inducing the ISR phenomenon.
As natural blood flow in arteries has been found to be helical ( s ;
s ; R ), in this work an helicity-based de-
scription was used to characterize the bulk flow structures in stented coronary
arteries. More in depth, the analysis was focused on the helical flow because
it has been demonstrated that it is the consequence of the natural optimization
of fluid transport processes in the cardiovascular system ( , ;
, ), that it is strictly related to transport phenomena of
oxygen and lipoproteins ( , ; , ) and that it
is instrumental in suppressing flow disturbances ( , ;

, ). By visualization of LNH isosurfaces as an indicator of the align-
ment/misalignment of velocity and vorticity vectors, it was observed that: (1)
large helical structures differently characterize the bulk flow in the stented re-
gions, in the two investigated cases (Fig. 7.7); (2) small helical structures are
generated as a consequence of the presence of the stent struts protruding into
the lumen of the vessel (Fig.7.8); in fact these small structures can be only ob-
served in the stented vessels and not in the same geometries, where the stent is
removed.
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While it is still not fully clarified which role (i.e., beneficial or detrimental) the
small scale helical flow structures play in the ISR, here the arrangement of fluid
structures in large helical patterns seems to be mainly driven by the shape of
the vessel upstream from the stented segment of the vessel and partially by the
presence of branched vessels. On the contrary, the straightening induced by
the device implantation promotes large helical fluid structures mitigation along
the stented segment. Interestingly, it was also found that, at the same time, the
percentage area of the stented region exposed to low WSS is mildly lower for
case A than for case B and it is accompanied by the presence of a more marked
arrangement of the flow field in helical structures for case A (Fig. 7.7). These
findings, even if preliminary, confirm previous observations in healthy vascular
districts ( s ), in surgical connections ( s )
and in stented vessels ( , ; R ), that there is a link
between the surface area exposed to disturbed shear and helical fluid structures
in the bulk flow.
The regions of the coronary arteries where the risk of ISR is higher from the
fluid dynamic point view have been identified for the two analyzed cases. How-
ever, other aspects should be contemporarily studied to make the virtual model
more predictive. In particular, the study of the drug release from the stents
would be extremely important. A virtual model that takes into account the
hemodynamics and the drug release would be useful in order to better predict
ISR regions. In the literature, some works on the study of the fluid dynamics
coupled with the drug transport have been already proposed but they consider
simplified vessel geometries ( , ) or they approximate the
stent as a line and not as a complex 3D structure ( s ;

, ). Clinical follow-ups of the studied cases will help in a better un-
derstanding of the link between hemodynamics and ISR.

7.5 Limitations

The fluid dynamic solution relies on the initial stented geometry which is sup-
plied by a preliminary finite-element structural analysis. This preliminary struc-
tural simulation predicts the final geometrical configuration of the stented artery
from the pre-operative geometry. As a consequence, the reconstruction of the
pre-operative geometry and the subsequent structural simulation have to be re-
liable. In this study the reconstruction of the vessel models was made under
the assumption of circular cross-section of the vessel, which is true in 70 to
80% of the cases ( s ), but not necessarily in the presence
of stenosis. This could result in a sub-optimal representation of the stent and
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wall interaction during stent expansion. Looking at the results of the structural
analyses ( , ), in case A a good matching between the stent
implanted in the patient and the simulation was found while in case B the distal
side of the stent implanted distally was slightly dislocated with respect to the
real one. This mismatch was limited to the final portion of the stent showing a
good resemblance in the remaining locations.
The movements and the vessel deformations caused by the presence of a beat-
ing heart were not taken into account. As discussed in Section 3.4.1, the effects
of cardiac-motion on hemodynamics are still a subject of study. According to
some numerical studies ( , , ;

, ) cardiac-motion does not 31gn1ﬁcant1y affect the hemodynamics of
coronary tree.
Concerning the choice of the boundary conditions, it was not possible to per-
form the recording of blood flow velocity nor velocity profiles on the patients
and locations selected for the present study. As a consequence, an assumption
was made imposing a flow waveform of a human LAD taken from the literature
( s ) and using the relations by ( )
to calculate the mean flow rate and the flow splits. An additional assumption
was needed for the shape of the velocity profile at the inlet section (as requested
by the imposition of a Dirichlet condition as inflow boundary), because of the
lack of any information about the velocity profile entering the LAD models.
The choice of imposing a paraboloid-shaped velocity profile at the inlet sec-
tion, which is a reasonable assumption that has been previously used by other
authors for fluid dynamics studies in coronary arteries ( , ;

s ), was made.

7.6 Conclusions

A comprehensive study of the fluid dynamics of two realistic stented coronary
bifurcation models which replicate the complete clinical procedure of stenting
implantation was proposed. The attention was focused on how local hemody-
namic structures might influence flow-related processes leading to ISR. Thus,
both near-wall quantities and the bulk flow were investigated.

Results of WSS and RRT showed that the regions more prone to the risk of
restenosis are located next to stent struts, to the bifurcations and to the stent
overlapping zone. Looking at the bulk flow, helical flow structures were gen-
erated by the shape of the vessel upstream from the stented segment and by
the bifurcation regions. Helical recirculating microstructures were also visible
downstream of the stent struts.
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The present work proves how a realistic virtual model can be useful to better
understand the effect on the local hemodynamics of stent implantation in coro-
nary bifurcations, identifying, from a merely fluid dynamic point of view, the
regions that are more prone to the risk of restenosis.



Chapter 8

From OCT to CFD
simulations: a preliminary
study

OCT seems to be a useful tool to reconstruct 3D geometries of stented coronary
arteries due to its higher resolution compared to the other imaging techniques
that are used for the diagnosis of coronary artery disease and to the possibility
to detect both the vessel lumen and the stent. In this chapter reconstruction
methods of stented coronary artery models for CFD simulations based on OCT
images are presented. In particular, a reconstruction method was initially
developed for an in vitro model of a stented coronary bifurcation and the
obtained geometry was used to perform CFD simulations. Subsequently, the
reconstruction method was adapted for an in vivo case.

Although these methods are preliminary, they represent a first step towards
the semi-automatic creation of stented coronary artery models for CFD
simulations that are purely based on clinical patient-specific images.

This work was carried out in collaboration with Dr. Francesco Burzotta (Department of
Cardiovascular Medicine, Universita Cattolica del Sacro Cuore, Rome, Italy), Prof. Luca Mainardi
and Eros Montin (Department of Electronics, Information, and Bioengineering, Politecnico di
Milano, Milan, Italy).
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8.1 Introduction

analysis is performed with a geometrical model reproducing the real-
ity. In few studies ( s ; s ;

, ) image-based geometrical models of patient-specific coronary arter-
ies were reconstructed for performing CFD simulations (Section 3.3.3). How-
ever, in these studies only the vessel lumen was obtained from imaging data.
The stents were virtually drawn inside the artery using CAD operations (

s ; s ) or deployed through structural simula-

tions that replicate the complete stenting procedure followed by the clinicians
during the intervention ( s ).
Currently, optical coherence tomography (OCT) is a promising imaging tech-
nique for coronary arteries. OCT is a catheter-based imaging modality that per-
forms optical cross-sectional images of internal structure in biological systems
and materials ( , ). It was first introduced by ( )
and it was initially applied for imaging of the eye ( , ;

s ), becoming the clinical standard for the assessment of ocular
structure ( , ). OCT was first used for intravascular imaging
of coronary arteries by ( ).

Compared to the other imaging techniques for the diagnosis of coronary artery
disease, i.e. CCA, CT, magnetic resonance imaging (MRI) and IVUS, OCT
is characterized by higher spatial resolution and the p0351b111ty to detect both
the stent and the vessel lumen (Table 8.1) ( , R

). These advantages allow the OCT to be successfully apphed in the as-
sessment of atherosclerotic plaque, stent apposition, and tissue coverage (

s ). Moreover, thanks to these two characteristics, OCT seems to be a
useful tool to reconstruct 3D geometries of stented coronary arteries. Therefore,
the aim of this work is to develop reconstruction methods of stented coronary
artery models starting from OCT images. The geometries obtained through
these methods should be suitable for performing CFD simulations in order to
quantify near-wall quantities that are related to the ISR process.

A reconstruction method was initially developed for an in vitro model of a
stented coronary bifurcation and the obtained geometry was used to perform
feasibility CFD simulations. Subsequently, the reconstruction method was
adapted for an in vivo case.

The works presented in this chapter are preliminary. However, they represent
a first step towards the semi-automatic creation of image-based stented coro-
nary artery models for fluid dynamic simulations. In particular, the stent is

THE results of a CFD simulation are more accurate when the numerical
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Table 8.1: Characteristics and main pros and cons of the imaging techniques that are performed

in clinical practice for detection of coronary artery disease: conventional coronary angiography

(CCA), computed tomography (CT), magnetic resonance imaging (MRI), intravascular ultrasound

(IVUS) and optical coherence tomography (OCT) ( s ; s
).

Imaging Invasiveness Energy Radiocontrast Resolution Plaqge .
technique source agent characterization
CCA + X-ray yes 100-200 p2m no
CT + X-ray yes 350-700 pm no
MRI + radio wave yes/no ~1 mm no
IVUS +++ ultrasound no 100-200 pgm yes
OCT +++ near-infrared yes/no 10-20 pm yes

Key: + least, ++ moderate, +++ most.

reconstructed directly from patient-specific images, without performing a vir-
tual implantation as done, for example, in the work reported in Chapter 7.

The present chapter is organized in the following sections: in Section 8.2 an
introduction to OCT (working principle, applications related to coronary artery
disease, image processing) is given; in Section 8.3 the reconstruction method
developed for the in vitro case and the subsequent CFD simulations are pre-
sented; in Section 8.4 the reconstruction method for the in vivo case is ex-
plained; in Section 8.5 the main limitation of the works and the future per-
spectives are discussed.

8.2 Optical coherence tomography

8.2.1 Working principle

OCT is an optical technique that generates cross-sectional images by measur-
ing the echo time delay and intensity of light that is reflected or backscattered

from internal structures of a tissue ( , ). In Fig. 8.1 a schematic
diagram of OCT is shown. This imaging technique is based on low-coherence
interferometry ( , ; s ). A near-infrared light

(wave-length ~ 1300 nm), which is generated by a laser source, is delivered to
the site of interest using a single optical fiber. The light is split equally into
a reflected and transmitted beam (sample and reference arms, respectively) by
means of a fiber-optic beam splitter. The sample arm is then reflected from the
tissue and consists of multiple echoes giving information about the distance and
the thickness of different structures of the tissue. The reference arm is reflected
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Figure 8.1: Schematic diagram of the OCT. A near-infrared light is split equally into the sample and
reference arm by a fiber-optic beam splitter. The sample arm is reflected from the tissue while the
reference arm is reflected from a reference mirror and travels back to the splitter where it interferes
with the reflected sample arm. The resulting interference signal is measured by a photodetector, and
then amplified, digitalized, and processed by a computer for OCT image reconstruction. Adapted
with permission from Vascular Medicine Vol.14: 63-71. M.U. Farooq et al. The role of optical
coherence tomography in vascular medicine. (©(2009) SAGE Publications.

from a reference mirror, whose spatial position is known, and travels back to the
splitter where it interferes with the reflected sample arm. The resulting inter-
ference signal is measured by a photodetector, obtaining the reflectively profile
along the beam axis, which is called A-scan (Fig. 8.2a). A series of A-scans
is captured by scanning the beam across the sample in order to produce a 2D
cross-sectional image (i.e. B-scan). Current OCT systems are able to generate
hundreds of B-scans per second ( , ).

In intravascular applications, OCT imaging catheters are used. A typical OCT
catheter is made of a single-mode optical fiber with gradient index lens and mi-
croprism or mirror at one extremity in order to guide the light to the sample
( s ). The catheter is housed within a torsion cable. It is simul-
taneously rotated to produce 2D cross-sectional images (Fig. 8.2b) and moved
along the length of the vessel by an automated system of pullback to scan the
segment of interest.

During the OCT exam the blood is cleared from the lumen because red blood
cells cause significant signal attenuation ( , ). Two techniques
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Figure 8.2: a) Example of one-dimensional (1D) depth profile (A-scan). z-axis represents the
position in depth (axial position). b) Example of B-scan of a human coronary artery (B-scan). The
B-scan is obtained by rotating the OCT catheter, thus scanning a 2D cross-sectional image of the
vessel.

exist ( , ; , ):

e occlusive technique, which consists in blood flow interruption by soft bal-
loon inflation and flushing a crystalloid solution (usually Ringer’s lactate)
through the catheter;

e non-occlusive technique, which is performed by exclusively flushing
an iso-osmolar fluid with a viscosity higher than the blood through
the catheter. A commercially available contrast agent (Iodixanol 320,
Visipaque™, GE Health Care, Ireland) is generally employed.

OCT systems can be classified in two categories, based on the different tech-
nologies that can be used to obtain the images ( , ):

o time domain OCT (TD-OCT). It is the first generation of OCT. A scanning
mirror is used in the reference arm (moving reference arm) to temporally
observe the interference pattern a single point at a time allowing the scan
of the whole sample.

e Fourier domain OCT (FD-OCT). It represents the new generation of
OCT. Two processing methods are used in FD-OCT (Fig. 8.3): spectral-
domain OCT (SD-OCT) and swept-source OCT (SS-OCT). In SD-OCT
the reference arm is static. The light of the detector arm is dispersed by a
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spectrometer onto a line scan camera. Each pixel of this camera detects
a portion of the spectrum. In SS-OCT a swept light source is used to se-
quentially probe the sample with different optical frequencies. A single
photodetector is then employed to collect portions of the spectrum as a
function of time. The reference arm is static.

FD-OCT has shown advantages in image acquisition speed and signal-to-noise
ratio with respect to TD-OCT ( s ; s ;

s ). Moreover in FD-OCT the non-occlusive technique, which is

easier and safer than the occlusive technique, is performed to clear the blood
from the lumen ( , ). SS-OCT is the current setup that is used
in intravascular imaging ( , ).
In Table 8.2 the main technical specifications of TD-OCT and SS-OCT are com-
pared to IVUS which nowadays represents the gold standard intravascular tech-
nique. SS-OCT is characterized by a resolution about ten times higher than
IVUS, higher frame rate and pull-back speed than IVUS. However, tissue pene-
tration of OCT systems is limited if compared to IVUS (1-2 mm versus 10 mm,
respectively for OCT systems and IVUS).

Table 8.2: Main technical specifications of TD-OCT, SS-OCT and IVUS.

TD-OCT? SS-0CTP IVUSs®

Energy source Neariinfrared Neariinfrared Ultrasound

light light (20-45 MHz)
Wave-length (pm) 1.3 1.3 -
Axial resolution (pm) 15-20 12-15 100-200
Lateral resolution (pm) 90 20-40 150-300
Frame rate (frame/s) 15-20 100 30
Pullback speed (mm/s) 1-1.5 20 0.5-1
Maximum scan diameter (mm) 6.8 10 15
Tissue penetration (mm) 1-2 1-2 10
Blood clearing toez;ﬁ;lzz N(;Z(-:z:i:(l;lseive Not required

 Based on specifications of the Lightlab M2/M3 (St. Jude Medical Inc., St. Paul, MN, USA) TD-OCT system.
® Based on specifications of the Humien™ C7-XR™ (St. Jude Medical Inc.) SS-OCT system.

¢ Based on specifications of the Volcano (San Diego, CA, USA), Boston Scientific (Natick, MA, USA),

and Terumo (Tokyo, Japan) IVUS systems.
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Figure 8.3: Schematic diagrams of the two existing setups of FD-OCT: a) spectral-domain OCT
(SD-OCT). The light of the detector arm is dispersed by a spectrometer onto a line scan camera.
Each pixel of this camera detects a portion of the spectrum; b) swept-source OCT (SS-OCT). A
swept light source is used to sequentially probe the sample with different optical frequencies. A
photodetector is then employed to collect portions of the spectrum over time. Adapted with per-
mission from The International Journal of Cardiovascular Imaging Vol.27 (2): 251-258. F. Prati
et al. Intracoronary optical coherence tomography, basic theory and image acquisition techniques.
©(2011) Springer.

8.2.2 OCT in coronary artery disease

OCT is used in several clinical diagnostic applications related to coronary artery

disease ( , ). OCT is applied in the assessment of atheroscle-
rotic plaques, allowing their visualization and the characterization of their struc-
ture and extension ( R ). The different components of a diseased
coronary artery can be identified by OCT because they have different optical
properties ( , ). In particular, the following components can be
detected:

e fibrous plaques, which consist of homogeneous high back-scattering ar-
eas (Fig. 8.4a) ( , , ; , ; R
; , )

o calcifications within plaques, which are characterized by the presence of
well-delineated, low back-scattering heterogeneous regions (Fig. 8.4b)

( 9 b ; 9 ; 9 b
) );
e necrotic lipid pools, which are less well-delineated than calcifications and

appear as diffusely bordered signal poor regions with overlying signal-
rich bands, corresponding to fibrous caps (Fig. 8.4c) ( , ,

> > H > ’ > )7
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e thrombi, which are detected as masses protruding the vessel lumen par-
tially separated from the inner surface of the artery (Fig. 8.4d). Red
thrombi exhibit a marked signal attenuation with signal-free shadowing
because they are mainly composed by red blood cells. White thrombi,
which are principally composed by platelets and white blood cells, are
characterized by a lower signal attenuation ( , );

e macrophages, which appear as signal-rich, distinct, or confluent dots that
exceed the intensity of background speckle noise ( , );

e plaque dissections, which are commonly associated to plaque rupture and
appear as rims of tissue protruding into the lumen ( , );

The limited tissue penetration of OCT (1-2 mm) makes this imaging technique
not suitable to study the vessel remodeling as it is not possible to visualize the
media in presence of an atherosclerotic plaque ( , ).

OCT is successfully applied in PCI ( , ). Thanks to OCT high
spatial resolution, stent struts are detectable. In particular, metallic stent struts

Figure 8.4: OCT examples of plaque composition (left panels) and corresponding histology (right
panels): a) fibrous plaque; b) calcification (indicated by the arrow); c) lipid pool (indicated by the
arrow); d) red thrombus (indicated by the arrow). Adapted with permission from European Heart
Journal Vol.31: 401-415. F. Prati et al. Expert review document on methodology, terminology,
and clinical applications of optical coherence tomography: physical principles, methodology of
image acquisition, and clinical application for assessment of coronary arteries and atherosclerosis.
(©(2010) Oxford University Press.
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appear as signal-rich structures with dorsal shadowing which is due to the in-
ability of light beam to pass through metal (Fig. 8.5) ( , ).
OCT provides information on stent expansion and strut apposition. An example
of well apposed and malapposed struts visible in OCT images is shown in Figs.
8.5a and 8.5b, respectively. OCT can also be used to identify the signs of vessel
trauma, such as dissections or tissue prolapse, immediately after stent implan-
tation (Fig. 8.6). In the end, OCT allows the evaluation of tissue coverage in
follow-up analysis ( , ).

8.2.3 OCT image processing

Currently, the analysis of OCT images is conducted manually by an operator
who contours and identifies relevant structures in order to measure clinically
relevant information such as luminal area, stent strut to vessel wall distances and
neointima coverage ( , ). However, the manual analysis process
is impractical for clinical routine because it is extremely time consuming and
labor intensive when large datasets of images are investigated; furthermore, it is
intrinsically operator-dependent ( , ). In the recent years several
automatic or semi-automatic algorithms have been proposed in the literature for
the analysis of OCT images. These algorithms were developed for the following
applications:

e detection of the lumen contour ( , ; , ;

b} s k) s bl b} s

> > ’ s 2 )

detection of stent strut position ( , ; , ;

i > k] s s > i

; ; );
quantification of stent strut malapposition ( , ; ,

);

quantification of stent strut coverage ( , ; ) );

assessment of stent size cell and SB access ( , )

e characterization of atherosclerotic plaques ( s ; s

)

Few works have been proposed for the reconstruction of 3D geometrical mod-
els of coronary arteries that might be used for fluid dynamic analyses. In these
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Figure 8.5: Examples of OCT images acquired immediately after stent deployment. Stent struts
appear as signal-rich structures with dorsal shadowing. In a) all the struts are well apposed while in
b) some struts, indicated by the arrows, are malapposed. Adapted with permission from Herz Vol.36
(5): 417-429. E. Regar et al. The diagnostic value of intracoronary optical coherence tomography.
©(2011) Urban & Vogel, Muenchen.

Figure 8.6: a) Dissection of luminal vessel surface between stent struts (yellow arrow). b) Tissue
prolapse between struts (yellow arrows). Reprinted with permission from International Journal of
Cardiovascular Imaging Vol.27 (2): 259-269. E.A. Mehanna et al. Assessment of coronary stent by
optical coherence tomography, methodology and definitions. (©(2011) Springer.

works the reconstruction of the stent from imaging data was not performed.
Indeed, ( ) developed a reconstruction method of patient-
specific coronary arteries that combines OCT and CT images. Firstly, the ves-
sel lumen border was detected in cross-sectional OCT images at 1-mm intervals.
The integrated image analysis software of the OCT system was used. OCT im-
ages were then processed in MATLAB (MathWorks Inc., Natick, MA, USA) by
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removing measurement markers and applying an appropriate threshold in order
to obtain binary images. The images were aligned vertically in succession and
spaced by a distance calculated from the known pullback speed of the OCT
exam. Secondly, since OCT images do not necessarily lie on the vessel cen-
terline, the wire pullback pathway was determined in order to ensure accurate
registration of the processed images. The wire adopts the straightest configu-
ration within tortuous vessel, minimizing its total bending energy. Therefore,
the wire pathway with minimum bending energy was determined using OCT
and CT images by applying a shortest path algorithm to a graph representation
of the artery. Thirdly, vessel lumen borders were registered orthogonal to the
wire pathway (Fig. 8.7a). Lastly, the total collection of segments was lofted
by means of a CAD software obtaining the fluid domain (Fig. 8.7b). The re-
construction method was applied to imaging data of a stented human LCX with
its second obtuse marginal artery acquired immediately after stent implantation
and at follow-up of 6 months. To include the bifurcation in the geometrical
model, the distal region of the artery was reconstructed from CT data. The
stent was not directly reconstructed from OCT images but was virtually posi-
tioned inside the artery using CAD operations, obtaining the final stented model
(Fig. 8.7¢) ( s ). CFD simulations of the two cases (i.e. post-
stenting and follow-up at 6 months) were performed. Major details about these
analyses are reported in Section 3.3.3.

( ) fused OCT with angiographic data in order to create a
3D geometrical model of a human RCA characterized by plaque rupture. The
luminal surface of the vessel was reconstructed by adapting a methodology pre-
viously developed for the fusion of IVUS and angiographic images (

, ) to OCT and angiography. In particular, the 3D OCT catheter path
was extracted from two end-diastolic angiographic images. The vessel lumen
contours were detected from OCT images and they were placed perpendicularly
onto the 3D path obtaining their absolute orientation. The outcome of this pro-
cess was a point cloud that was used to create a non-uniform rational B-Spline
(NURBS) surface representing the arterial lumen. A CFD simulation was sub-
sequently performed to examine the association between hemodynamics and
plaque rupture.

( ) also proposed a reconstruction method based on OCT
and angiographic data. Their method considers the centerline of the vessel in-
stead the catheter to correctly orientate the lumen borders in the space. The
centerline of the vessel is semi-automatically extracted from two angiographic
projections. The vessel lumen contours are automatically detected and they are
placed perpendicularly onto the path using the centroid of each lumen border.
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Figure 8.7: a) Registration of the vessel lumen borders (dark grey), which were obtained from
OCT images, orthogonal to the wire pathway (black line). The centerline of the vessel is indicated
in light grey. b) Fluid domain of the coronary bifurcation generated by lofting the lumen contours in
a CAD software. c¢) Final fluid domain obtained by virtually positioning the stent inside the artery
using CAD operations. In the magnification box, the thrombus area is depicted. Reprinted with
permission from Cardiovascular Engineering and Technology Vol.2 (3): 212-227. L.M. Ellwein et
al. Optical Coherence Tomography for Patient-specific 3D Artery Reconstruction and Evaluation of
Wall Shear Stress in a Left Circumflex Coronary Artery. (©)(2011) Biomedical Engineering Society.

Finally, the 3D geometrical model of the vessel is created starting from a point
cloud containing the oriented vessel lumen contours.

8.3 3D reconstruction of an in vitro stented coro-
nary bifurcation

8.3.1 Geometrical model reconstruction

An OCT exam was performed in vitro in an ideal silicone model of a stented
coronary bifurcation. The artery model represents the LAD with its first diago-
nal branch. It is characterized by a bifurcation angle of 45° and by the following
diameters: 3.5 mm for the proximal MB, 3 mm for the distal MB, and 2.6 for
the SB. In this model a Multi-Link Vision® stent (Abbott Laboratories, Abbott
Park, IL, USA) was deployed following the PSB stenting procedure. OCT im-
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ages were acquired using the C7-XR™ FD-OCT Intravascular Imaging System
(St. Jude Medical, Inc.) at the Policlinico Gemelli hospital in Rome, Italy. A
segment of the MB of the stented bifurcation model with a length of 54 mm was
scanned using a pull-back speed of 20 mm/s. 271 cross-sectional images were
acquired (frame-rate = 100 frame/s, distance between each frame = 0.2 mm).
The images were stored in the DICOM medical imaging standard file and then
they were processed in MATLAB R2010a.

In Fig. 8.8a an example of in vitro OCT frame which was acquired for the
present work is shown. This image is slightly different if compared with an
in vivo OCT frame (Fig. 8.8b). In fact, in the in vivo frame the vessel lumen
contour and the dorsal shadows due to the presence of the stent struts are visible
while in the in vitro frame the inner and outer borders of the silicone tube, and
the position of the struts within the tube as well as their thickness are clearly
recognizable.

The general workflow of the reconstruction method of the stented bifurcation
model is schematized in Fig. 8.9. The first step of the method consists in the
image pre-processing (Fig. 8.10): (1) images are converted to grayscale; (2) the
lower part of each image, which contains the longitudinal section of the vessel,
is cut because not necessary for the vessel reconstruction; (3) specific thresholds
are applied to remove the noise, and (4) the images are converted into a logical
matrix. After the pre-processing, the reconstruction method is characterized by
two separated parts that allow the creation of the 3D stented artery geometry:
the vessel and the stent reconstruction.

Figure 8.8: Example of (a) in vitro and (b) in vivo OCT images. In the in vitro image the inner and
outer borders of the silicone tube, and the position and the thickness of the stent struts are clearly
visible. In the in vivo image the vessel lumen contour, the dorsal shadows due to the presence of
the struts, and the guide wire are recognizable.
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Figure 8.9: General workflow of the reconstruction method of an in vitro stented coronary bifurca-
tion model from OCT images.

Vessel reconstruction

The reconstruction method of the vessel is schematized in Fig. 8.11. The first
step of the algorithm consists in the stent strut removal. A series of automatic
operations are performed in MATLAB for each frame. The algorithm starts with
a raw identification of the struts combining “opening” and “closing” operations
on a binary image characterized by a threshold that was set according to the
measured noise level of the technique. In particular, ”opening” is a morpholog-
ical operation of dilation followed by erosion that generally removes regions of
an object, break thin connections, and removes thin protrusions ( R

); “closing” is a morphological operation of erosion followed by dilation
that joints narrow breaks, fills holes and long thin gulfs ( , ).
Then, a subtraction is performed between the logical matrix, resulted from the
pre-processing step, and the new matrix containing the struts (Fig. 8.12). The
result is a matrix in which the vessel wall and the struts are separated, and the
majority of the struts is eliminated. The outer border of the vessel is detected
and removed by applying a dilation operation to each frame and then taking into
account that the number of pixels of the outer border is higher than the inner
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Figure 8.10: Pre-processing step of the reconstruction method of an in vitro stented coronary bi-
furcation model: a) original OCT image; b) conversion to grayscale; c) elimination of the lower
part of the image, which contains the longitudinal section of the vessel; d) application of specific
thresholds to remove the noise and the labels, and conversion of the image to a logical matrix.

one. The next step is the elimination of the catheter. Since its position is fixed
in all the images, it is removed by assigning a value of zero to all the pixels of
that region. Afterwards, the lumen border is fitted with an ellipse, which repre-
sents a good approximation for the inner contour of the ideal silicone coronary
artery. Repeating the operations for all the frames, a point cloud representing
the vessel is obtained.

The points are imported in the CAD software Rhinoceros v.4.0 (McNeel & As-
sociates, Indianapolis, IN, USA) (Fig. 8.11). Hence, a surface mesh is created
obtaining the geometry of the MB. The SB is created as an ideal cylinder since
OCT was performed only in the MB. Its dimensions and orientation are known.
In the end, the MB and the SB are combined, obtaining the geometrical model
of the bifurcation (without stent).

Stent reconstruction

An algorithm that automatically identifies the position of the stent struts was
developed in MATLAB (Fig. 8.13). In order to obtain images that contain only
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Figure 8.11: Diagram of the workflow used for the reconstruction of the vessel of an in vitro
coronary bifurcation model starting from OCT images. Reprinted from the Proceedings of the 13™
IEEE International Conference on Biolnformatics and BioEngineering, November, 10-13, 2013,
Chania, Crete (Greece). C. Chiastra et al. Coronary stenting: from optical coherence tomography
to fluid dynamic simulations. (©)(2013) IEEE.

Figure 8.12: Removal of stent struts. A subtraction between (a) the binary image resulting from
the pre-processing step and (b) the binary image containing the stent struts, which is obtained
combining opening and closing operations, is done. The result is (c) a binary image, in which the
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struts, each frame is segmented by applying a fuzzy c-means (FCM) clustering
method in the inner zone of the fitted vessel. FCM clustering method performs
the probability of one piece of data to belong to two or more clusters or seeds
based on some features ( , ). In this work these features are
represented by the red, green, and blue (RGB) values of the native OCT image.
FCM method is applied using three seeds which represent the vessels, the struts
and the background. The method is initialized to the RGB values of these three
labels. For each pixels of the image the probability to belong to each labels is
calculated.

Subsequently, in order to correctly mark each pixel with only one of the three
labels, a defuzzification step is performed. In this step the pixels are labeled
according to the maximal probable mark. A logical matrix of the area contain-
ing the struts is then obtained. A rectangle is placed on each detected strut.
This rectangle has the dimensions of the real strut cross-section of Multi-Link
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Figure 8.13: Diagram of the workflow used for the reconstruction of the stent of an in vitro coronary
bifurcation model starting from OCT images. Reprinted from the Proceedings of the 13" IEEE
International Conference on Biolnformatics and BioEngineering, November, 10-13, 2013, Chania,
Crete (Greece). C. Chiastra et al. Coronary stenting: from optical coherence tomography to fluid
dynamic simulations. (©)(2013) IEEE.
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Vision® stent and is rotated so that the segment defined from the center of the
ellipse and the shorter side of the rectangle is perpendicular to its shorter side.
In the next step, the user, through a graphical user interface, can visualize all the
slices, adding or removing rectangles if they are not correctly detected. When
the creation of the rectangles is finished, the algorithm produces an object file
that contains all the rectangles of the slices in the correct longitudinal position.
In the final step, the object file is opened in the CAD software (Fig. 8.13),
where all the rectangles are manually linked by loft operations, following the
geometry of the Multi-Link Vision® stent and using curvilinear links extracted
from a CAD model of the stent.

8.3.2 Fluid dynamic analysis

The 3D geometry obtained from OCT images applying the previously described
reconstruction method was imported into ANSYS ICEM CFD v.14.0 (ANSYS
Inc., Canonsburg, PA, USA) to create the computational grid. In order to assure
accurate results in the stented region (ROI), the mesh size was chosen after a
mesh independence study. Three tetrahedral meshes with increasing element
number (4800565, 7923535 and 10751884 elements) were created to perform
steady-state simulations. The second mesh was chosen as the percentage differ-
ence with the finest mesh in terms of WSS was lower than the chosen threshold
(0.5 %). Then, in order to reduce the number of elements and to increase the
computational speed, a hybrid discretization of the fluid domain was created,
following the method exposed in Chapter 5. The number of elements of the
hybrid mesh was 7,291,683, about 8 % lower than the full tetrahedral mesh,
implying an increase of computational speed.

A feasibility transient fluid dynamic simulation was carried out by means of
ANSYS FLUENT v.14.0 (ANSYS Inc., Canonsburg, PA, USA) in order to ver-
ify that the 3D reconstructed model was suitable for CFD analyses. Blood was
assumed as an incompressible, non-Newtonian fluid with a density of 1060
kg/m? and the viscosity varying according to Carreau model (Section 5.2.2).
At the inlet, a time-dependent blood flow was applied, referring to the work by
Davies and colleagues ( , ). At the outlets, a flow split was
imposed. The values of the flow split were calculated applying the relation be-
tween flow-rate and vessel diameter defined by ( ).
The arterial wall and the stent were assumed to be rigid and were defined with
a no-slip condition. A coupled solver was used with a second-order upwind
scheme for the momentum spatial discretization. Under-relaxation factors of
0.15 were used for pressure and momentum. Convergence criterion for con-
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tinuity and velocity residual was set to 10°. The simulation was performed
in parallel on one node of a cluster (2 quad-core Intel Xeon CPU E5620 @
2.40GHz, 24 GB RAM for each node, InfiniBand Mellanox for the main cluster
interconnections).

The results of the CFD simulation were analyzed in terms of velocity pattern,
TAWSS, OSI, and RRT. TAWSS was investigated not only by means of contour
maps but also with a quantitative analysis. The percentage area of the stented
region exposed to TAWSS lower than 0.4 Pa was calculated. Moreover, the
histogram of the area distribution of TAWSS was analyzed.

8.3.3 Results and discussion

The 3D geometrical model of the stented coronary bifurcation reconstructed
from OCT images is shown in Fig. 8.14. Stent struts appear deformed because
of the balloon expansion, and well apposed overall.

Fluid dynamic results are in agreement to those found in the literature, indi-
cating that the geometrical model is suitable for CFD analyses. In particular,
Fig. 8.15 shows the velocity magnitude contour map over a longitudinal plane
at the peak flow rate (89.37 mL/min). In accordance to Foin et al. (2012b), it
is possible to observe that the velocity profiles are skewed toward the carina,

Figure 8.14: Final 3D geometrical model of an in vitro stented coronary bifurcation reconstructed
from OCT images. Reprinted from the Proceedings of the 13" IEEE International Conference on
Biolnformatics and BioEngineering, November, 10-13, 2013, Chania, Crete (Greece). C. Chias-
tra et al. Coronary stenting: from optical coherence tomography to fluid dynamic simulations.
(©(2013) IEEE.
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Figure 8.15: Contour map of velocity magnitude at peek flow rate (89.37 mL/min). In the magni-
fication box, an example of recirculation zone that occurs in the vicinity of a stent strut is shown.

resulting in lower velocity in the region opposite to it. Moreover, there are re-
circulation zones near the stent struts, as found in Morlacchi et al. (201 1a), and
stagnation areas in the bifurcation region, where the struts alter the blood flow
towards the SB. Figure 8.16 points out that low TAWSS (< 0.4 Pa) are located
next to the struts and the bifurcation region, according with the results in Katrit-
sis et al. (2012) and Chiastra et al. (2013). The quantitative analysis of TAWSS
shows that the percentage area with TAWSS lower than 0.4 Pa was 72.8 %.
This result is confirmed by the TAWSS distribution, which is characterized by
a mean value of 0.32 Pa and positive values of skewness and kurtosis (6.1 and
72.5, respectively for skewness and kurtosis). These values of skewness and
kurtosis indicate that the distribution of TAWSS is skewed to the right (wider
area with TAWSS values lower than the mean) and more peaked if compared
with the normal distribution. High values of OSI are found next to the carina,
in the regions characterized by the lowest values of TAWSS. RRT values are
high in the vicinity of stent struts (especially close to ”’S-shaped connectors”)
and the carina. These results are in accordance with the fluid dynamic studies
by Chiastra et al. (2013) and Katritsis et al. (2012).

8.3.4 Conclusions

This work shows a method for the reconstruction of a stented coronary artery bi-
furcation model from OCT images. The geometry obtained through this method
was investigated by means of a CFD simulation, in order to quantify near-wall
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quantities and to correlate them with ISR process. Although this is an ideal
arterial vessel with a stent deployed, results confirmed that the highest risk of
restenosis is located in the region near the bifurcation.

A) 0.24
3
g o048
i
£ 042
E
S 0.6 . TAWSIS [Pa]
—|—|K 0 0.2 0.4
0 0.5 1.0 1.5 2.0

TAWSS [Pa]

C) RRT

Figure 8.16: Contour maps of (a) TAWSS, (b) OSI, and (c) RRT. On the top left the TAWSS
distribution is shown. Each bar of the histogram represents the amount of normalized area of the
arterial wall with a defined range of TAWSS. Bar widths are 0.1 Pa.
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8.4 3D reconstruction of an in vivo stented coro-
nary artery

The reconstruction method described in Section 8.3, which was developed for
an in vitro coronary bifurcation model, was adapted for the reconstruction of a
3D geometrical model for CFD simulations of an in vivo case. OCT gives in-
formation about the vessel lumen contour and the position of the stent struts in
each cross-sectional image. However, the spatial orientation of the vessel and
the stent is not provided by this imaging technique. Coronary angiography or
CT can be used to obtain this information, as previously done in several works
( s ; , ; s ). In other
words, the angiographic or CT data can provide the spatial trajectory of the ves-
sel, serving as stem on which the OCT cross-sectional images are positioned
and orientated in the space. In this study, coronary angiography is considered.
Coronary angiography and OCT imaging were performed immediately after
stent implantation in an adult patient with a LAD lesion treated with the
Skylor™ stent (Medtronic Invatec, Roncadelle (BS), Italy) at the Policlinico
Gemelli hospital in Rome, Italy. Coronary angiography was performed with
the Allura Xper X-ray system (Philips, Amsterdam, The Netherlands). OCT
images were acquired in the stented segment using the C7-XR™ FD-OCT In-
travascular Imaging System (St. Jude Medical, Inc.) for a length of 54 mm. A
pull-back speed of 20 mm/s and a frame-rate of 100 frame/s (distance between
each frame 0.2 mm) were set. The images were stored in the DICOM medical
imaging standard file in Cartesian coordinates and then they were processed in
MATLAB R2010a. A schematic diagram of the reconstruction method devel-
oped for in vivo stented coronary arteries is shown in Fig. 8.17. The open-
source software 3D IVUS ANGIO Tool 2.1 (Informatics and Telematics In-
stitute, Thermi-Thessaloniki, Greece) was employed in order to obtain the 3D
centerline of the vessel. This software allowed a semi-automatic reconstruction
of the centerline combining two end-diastolic angiographic projections. The re-
construction method used by the software is described in detail in
( ,b) and (20006).

The OCT images were first pre-processed in MATLAB. In particular, the im-
ages were converted to grayscale and the lower part of each image containing
the longitudinal section of the vessel was removed. Then, the algorithms for the
detection of the lumen contour and the stent struts were applied. As previously
explained in Section 8.3.1, in vivo OCT images are slightly different from in
vitro images (Fig. 8.8). Therefore, new specific algorithms, which are in part
different from those applied in the in vitro case, were developed in MATLAB.



8.4. 3D reconstruction of an in vivo stented coronary artery 153

The algorithm for the detection of the lumen contour of each OCT frame is
based on the following steps (Fig. 8.18):

o conversion of the image from Cartesian to polar coordinates, by using
the following relations:

r =2 + j2; G:tan*% 8.1

where ¢ and j are the Cartesian coordinates, and r (range dimension) and
0 (acquisition angle) are the polar coordinates.

o detection of the lumen border. Firstly, the catheter is removed by con-
sidering its position which is fixed in the space. Secondly, “opening”
operations are performed in order to remove the image noise. Thirdly,
each 6-coordinate of the image is scanned from the lowest to the high-
est value of r saving the first non-zero r-coordinate in order to find the
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Figure 8.17: General workflow of the reconstruction method of an in vivo stented coronary artery
from OCT and angiography images.
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Figure 8.18: Main steps of the algorithm for the detection of the lumen contour of each OCT
frame: a) OCT image after pre-processing; b) conversion to polar coordinates; c¢) removal of the
catheter by considering its position which is fixed in the space; d) scanning of each #-coordinate of
the image from the lowest to the highest value of r in order to save the first non-zero r-coordinate
representing the lumen border. The pixels that belong to the guide wire and not to the vessel lumen
are removed; e) fitting of the lumen border; f) conversion to Cartesian coordinates. In each image
the Cartesian coordinate system (%, j) or the polar coordinate system (r, 0) is indicated.

lumen border. Lastly, the detected coordinates (r, 6) that belong to the
guide wire and not to the vessel lumen are removed. In particular, for
each #-coordinate of the image, the integral of the intensity profile over r
is calculated as the sum of the grey value of each pixel. The #-coordinates
in which the guide wire is present are characterized by a lower integral
value because of the wide shadow generated by the guide wire. There-
fore, these coordinates are not considered for the lumen border detection.

o fitting of the lumen border. The pixels of the image detected as lumen
contour are interpolated with the piecewise cubic Hermite interpolation.
The result is smoothed with a local regression method that uses weighted
linear least squares and a 2" degree polynomial model. The method
assigns zero weight to data outside six mean absolute deviations.

e conversion of the detected lumen contour from polar to Cartesian coordi-
nates. The trigometric functions sine and cosine are applied to transform
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the matrix I(r, #) back to I(i, j), as follows:
i = rcost, j =rsinf (8.2)
where the terms are defined as above.

This procedure is automatically repeated for each OCT frame. At the end of the
process the user can visualize the vessel lumen borders by means of a graphical
user interface and manually modify them if necessary.

The algorithm for the detection of the stent struts was applied to the OCT im-
ages previously converted into polar coordinates (r,#). This algorithm works
under the assumptions that there is only one strut for each #-coordinate (as a
consequence, overlapping stents are excluded) and that the struts are well ap-
posed. In order to find the strut position along the 6-axis, the algorithm uses
the dorsal shadows that are visible behind the struts. For each 6-coordinate of
the image the integral of the intensity profile over r is calculated as the sum of
the grey value of each pixel. Considering all the #-coordinates of the image, the
profile of the integral values along the #-axis is then created (Fig. 8.19a). The
relative minima of this profile correspond to the strut position along the #-axis.
In order to define the strut position along the r-axis, the struts are placed on the
vessel lumen border (Fig. 8.19b). At the end of the strut detection process, the
images are converted back to Cartesian coordinates. A rectangle with the di-
mensions of the real strut cross-section of the Skylor™ stent is placed on each
detected strut. This rectangle is rotated so that the segment defined from the
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Figure 8.19: a) Normalized integral over r of the grey intensity calculated for each 8-coordinate of
the image as the sum of the grey value of each pixel. The relative minima of this profile correspond
to the strut position along the #-axis. b) OCT frame in polar coordinates. The position of the
detected stent struts is indicated in blue. The struts are not placed on the guide wire.
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centroid of the vessel contour and the shorter side of the rectangle is perpendic-
ular to its shorter side. In the end, the user can visualize all the frames using a
graphical user interface, adding or removing rectangles if they are not correctly
positioned (Fig. 8.20).

The next step for the creation of the 3D model of the stented artery consisted in
the registration of all the detected vessel contours and stent struts orthogonal to
the vessel centerline using the centroid of each lumen contour (Fig. 8.21a), as
previously done by ( ).

In the final step of the reconstruction method, the lumen contours and the struts
were imported as a point cloud in the CAD software Rhinoceros v.4.0 for the
creation of the final 3D geometrical model of the stented coronary artery. Fig-
ure 8.21b shows a preliminary model of the coronary artery without the stent
that was obtained by lofting the lumen contours. The black rectangles represent
the strut cross-section that were detected in each OCT image.
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Figure 8.20: Graphical user interface that allow to visualize all the OCT frames adding or removing
stent struts if they are not correctly positioned. The "Load” button imports all the OCT frames in
the interface. The user can choose the frame to visualize with the sliding bar that is positioned
on the left of the image. In each frame the rectangles that represent the strut cross-sections are
shown in red while the centroid of the vessel lumen appears in yellow. The user can add or remove
the rectangles by clicking the ”Add/Remove” button and then selecting the pixel of interest in the
image. Once the user is satisfied, the position of the rectangles of all the frames can be saved in a
object file by clicking the ”Save_obj” button.
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Figure 8.21: a) Registration in MATLAB of all the detected vessel contours and stent struts or-
thogonal to the vessel centerline using the centroid of each lumen contour. Only one frame every
five is shown for clarity. b) Preliminary 3D model of the coronary artery without the stent that was
obtained by lofting the lumen contours in the CAD software. The black rectangles represent the
strut cross-section that are detected in each OCT image.

8.5 Limitations and future works

The studies presented in this chapter are preliminary. The reconstruction meth-
ods were only applied on single in vitro and in vivo cases. Therefore, the
robustness of the implemented algorithms should be tested considering more
cases. Moreover, the reconstruction methods were not validated. The in vitro
case could be used for this purpose, following an approach similar to the one
adopted by ( ). In particular, a micro-CT scan of the stented
coronary bifurcation model could be performed, providing a resolution more
than 10 times higher than OCT in the longitudinal direction. Assuming the 3D
geometrical model obtained from micro-CT as the reference, validation could
be performed by comparing the vessel and the position of the stent struts of 3D
model reconstructed from OCT images with the ones from micro-CT. In vivo
cases are not suitable for validation because, at present, apart from OCT there
are no other imaging technique that allow the reconstruction of the stented ves-
sel.

The main limitation of the studies presented in this chapter is the reconstruc-
tion of the stent. Specific algorithms were developed in MATLAB to automat-
ically detect the struts and place rectangles representing the strut cross-section
on them. However, the loft operations requested in the CAD software to obtain
the final 3D model of the stent are manual, implying elevated reconstruction
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time and operator-dependet results. In order to make the reconstruction pro-
cess automatic, an algorithm for registering an ideal CAD stent geometry to the
struts detected from OCT could be implemented. As an alternative, a method
of fast virtual deployment of the stent inside the artery model, similar to the
one developed by ( ,b) for intracranial aneurysm, could be
used. This method is based on a constrained deformable model of the stent. The
stent is represented by a moving mesh that deforms under the effect of internal
and external forces until it reaches the final configuration. In this specific case,
the constrains could be represented by stent design, the vessel geometry, and
the cross-section of the detected struts.

In the vessel reconstruction method of the in vitro case an elliptical fitting was
used for the lumen border. This is a good approximation for the inner contour
of the ideal silicone coronary artery. However, this fitting is not applicable to in
vivo cases in which the vessel is deformed and not elliptical. In these cases, the
lumen border can be fitted with a high order polynomial or a spline, or interpo-
lated, using for example the piecewise cubic Hermite interpolation as done in
the in vivo case (Section 8.4). Another limitation is related to the algorithm for
the detection of the stent struts developed for the in vivo case that is not able to
detect either malapposed or overlapped struts.

A drawback of the approach proposed in this chapter is that post-operative OCT
can be only used to achieve a verification but not a prediction. However, the ap-
proaches of Chapters 7 and 8 could be combined. In fact, the pre-operative scan
of a patient could be used to predict the stented geometry using structural finite
element analyses and the geometry reconstructed from post-operative OCT of
the same patient could be used to validate such prediction.

In conclusion, although the reconstruction methods proposed in this chapter
are preliminary and not validated, they represent a first step towards the semi-
automatic creation of image-based stented coronary artery models for CFD sim-
ulations.



Chapter 9

Final remarks
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9.1 Conclusions

ics in stented coronary artery models. Indeed, the altered hemodynam-

ics generated by the stent presence in a diseased coronary artery is con-
sidered an important stimulus to ISR ( , ), one of the main
complications of PCI with stenting. Fluid dynamic analyses are a useful tool
to study the local fluid dynamics within stented coronary arteries because they
allow the calculation of quantities involved in the ISR process at a level of de-
tail not always accessible with experimental techniques. The following specific
conclusions can be drawn for the three main topics of the present thesis:

THE present thesis is focused on the numerical modeling of hemodynam-

o the study of the effect of wall compliance of stented coronary artery mod-
els on hemodynamic quantities. The results of FSI models of a straight
stented coronary artery were compared to the corresponding rigid-wall
models (Chapter 4). Two different materials were considered for the
stents, i.e. CoCr and PLLA. Similar results were found in terms of
TAWSS and instantaneous WSS between compliant and rigid-wall cases.
These results indicate that, at least for idealized models of stented coro-
nary artery, rigid-wall assumption for fluid dynamic simulations is ade-
quate when the aim of the study is the study of near-wall quantities like
WSS.

o the comparison, from the fluid dynamic perspective, of different stent-
ing procedures for the treatment of bifurcation lesions. Rigid-wall fluid
dynamic simulations were performed on idealized stented coronary bi-
furcation models (Chapter 6). A hybrid meshing strategy (Chapter 5),
which uses both tetrahedral and hexahedral elements, was applied for the
creation of the computational grids in order to reduce the computational
costs.

Firstly, FKB inflation within PSB approach, which nowadays is the pre-
ferred bifurcation stenting strategy, was investigated. Results of CFD
simulations highlighted the advantages of FKB inflation in terms of flow
pattern and access to the SB, but also its drawbacks in terms of over-
expansion of the proximal part of the MB (wider region characterized
by low and oscillating WSS). This study showed also that the use of a
tapered balloon deployed in the SB during FKB might reduce the main
drawbacks of this procedure.

Secondly, the different hemodynamic scenarios provoked by PSB per-
formed with a proximal or a distal access to SB were compared. Results
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in terms of WSS distribution, velocity and helicity fields were superior
for the distal access, giving a quantitative support to the clinical expe-
rience that suggests to perform the distal access instead of the proximal
one within PSB approach.

Lastly, the double stenting culotte technique was studied, comparing the
behavior of a conventional stent with the dedicated stent (Tryton™ stent),
which is characterized by fewer struts in its proximal part. The use of
this dedicated device reduced the amount of double metallic layers in the
proximal part of the MB (lower metal-to-artery ratio), which represents
a critical point of the culotte technique. Moreover, fluid dynamic results
were found improved in the Tryton-based model. In fact, the particular
design of the dedicated device markedly decreased the areas with low
TAWSS and high RRT.

o the study of the hemodynamics of image-based stented coronaries. Two

cases of pathologic LAD with their bifurcations reconstructed from CTA
and CCA were studied (Chapter 7), investigating both near-wall and bulk
flow quantities. Results of WSS and RRT showed that the regions prone
to the risk of restenosis are located next to stent struts, to the bifurcations
and to the stent overlapping zone. Looking at the bulk flow, helical flow
structures were generated by the shape of the vessel upstream from the
stented segment and by the bifurcation. Helical recirculating microstruc-
tures were also visible downstream of the stent struts.
Moreover, reconstruction methods of stented coronary artery models for
CFD simulations were developed starting from OCT images (Chapter 8).
Although the methodology illustrated in this thesis is preliminary and not
validated, it represents a first step towards the semi-automatic creation of
image-based stented coronary artery models for CFD simulations.

Summarizing, the main achievements of the present work are: (1) the imple-
mentation of a FSI model of a stented coronary artery; (2) the development of a
hybrid meshing strategy for reducing computational costs of fluid dynamic sim-
ulations; (3) the fluid dynamic assessment of different stenting procedures for
the treatment of coronary bifurcations; (4) the hemodynamic analysis of image-
based models of stented coronary artery models which replicate a real stenting
procedure; (5) the development of reconstruction methods of in vitro and in vivo
stented coronary artery models from OCT images.
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9.2 Future perspectives

The methods developed in this thesis can be used as a starting point for fur-
ther research works. In particular, additional studies might be performed for
the assessment, from the fluid dynamic perspective, of stenting procedures for
the treatment of challenging lesions (e.g. bifurcation lesions or LMCA le-
sions), giving general guidelines to interventional cardiologists. Further studies
might be also performed to investigate the hemodynamic alterations induced by
the stent deployment in patient-specific coronary arteries, identifying, from a
merely fluid dynamic point of view, the regions that are more prone to the risk of
restenosis. More in detail, a study considering a large number of patient-specific
cases would be desired in order to better understand the role of the hemody-
namic alterations in the ISR process. Two possible methodological approaches
might be employed for the creation of the CFD models: (1) the reconstruction
of the vessel from patient-specific images followed by structural simulations of
stent deployment replicating the real complete stenting procedure, as done in
Chapter 7; (2) the reconstruction of the entire geometrical model (i.e. vessel
and stent) using patient-specific OCT images, as performed in Chapter 8. The
latter approach represents the most innovative solution because it allows to ob-
tain the real geometry of the stented artery without performing simulations. The
work presented in Chapter 8, although preliminary, shows promising results for
the creation of this kind of models. However, great efforts are required for the
validation of the reconstruction methods and for their improvement in order to
make them reliable.

In order to screen the main parameters that could induce hemodynamics alter-
ations after coronary stenting, a sensitivity analysis might be performed using
design of experiments. Important parameters to be investigated are the elastic
properties of the arterial wall and the plaque composition (e.g. presence of cal-
cifications), which may affect the initial geometry used for the CFD study when
a sequential structural and fluid dynamic approach is followed.

The indications obtained from the fluid dynamic simulations should be care-
fully evaluated because the altered fluid dynamics provoked by the presence of
stents in the coronary arteries is not the only factor involved in ISR process. The
vascular injury caused by device implantation, the stent design (e.g. bare-metal
stent or DES) and hypoxia should be also taken into account. Several works
focused on structural simulations of stent implantation have been proposed in
the literature ( s ; s ). The
results of these kind of simulations provide better insight on the changes of
the mechanical environment due to the stent expansion. Virtual models that si-
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multaneously take into account the fluid dynamics and the drug release would
be also useful to better predict ISR regions, making models more predictive.
Some multiphysics works have been already proposed in the literature coupling
fluid dynamics and drug release analysis ( , ). However,
these works consider simplified vessel geometries ( , )
or approximate the stent as a line and not as a 3D structure ( , ;
, ), with the impossibility of an accurate study of the local
fluid dynamics. In the end, the correlation between ISR and hypoxia is another
important aspect to be considered. Recent indications of this correlation have
been elucidated through in vivo ( s ; s ) and
computational ( s ; s ) studies.
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