POLITECNICO DI TORINO
Repository ISTITUZIONALE

Hemodynamic perturbations due to the presence of stents

Original

Hemodynamic perturbations due to the presence of stents / Chiastra, Claudio; Dubini, Gabriele; Migliavacca, Francesco
- In: Biomechanics of Coronary Atherosclerotic Plaque: From Model to Patient[s.l] : Elsevier Inc, 2021. - ISBN 978-0-12-
817195-0. - pp. 251-271 [10.1016/C2017-0-03308-6]

Availability:
This version is available at: 11583/2904524 since: 2021-06-06T15:50:21Z7

Publisher:
Elsevier Inc

Published
DOI:10.1016/C2017-0-03308-6

Terms of use:

This article is made available under terms and conditions as specified in the corresponding bibliographic description in
the repository

Publisher copyright

(Article begins on next page)

17 April 2024



Accepted chapter available at https://doi.org/10.1016/C2017-0-03308-6

Hemodynamic perturbations

due to the presence of stents

Claudio Chiastra®?, Gabriele Dubini!, Francesco Migliavacca®

1 Laboratory of Biological Structure Mechanics (LaBS), Department of Chemistry, Materials and Chemical
Engineering "Giulio Natta", Politecnico di Milano, Italy

Z PoliToB°Med Lab, Department of Mechanical and Aerospace Engineering, Politecnico di Torino, Turin,
Italy

Address for correspondence:

Francesco Migliavacca

Laboratory of Biological Structure Mechanics

Department of Chemistry, Materials and Chemical Engineering "Giulio Natta"
Politecnico di Milano

Piazza L. da Vinci, 32

20133 Milano, Italy

Phone: +39.02.2399.4316
Fax: +30.02.2399.4286

E-mail: francesco.migliavacca@polimi.it


https://doi.org/10.1016/C2017-0-03308-6

Accepted chapter available at https://doi.org/10.1016/C2017-0-03308-6

Abstract

The outcome of a stenting procedure is related to a number of factors, among which the
hemodynamic perturbations generated by the presence of the stent within the lumen. Computer
models are appropriate tools to give insights on this aspect, especially now that knowledge of the
specific stent location in an artery can be achieved with advanced intravascular imaging techniques,
such as optical coherence tomography. This chapter reviews the main patient-specific studies
investigating the local hemodynamics of stented coronary arteries. Particular attention is dedicated
to the methodologies developed for the inclusion of the stent geometry in the 3D vessel fluid

domain.
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1. Introduction

Coronary stents are wire mesh tubular structures that are expanded inside an atherosclerotic
coronary artery by balloon expansion to restore the correct blood flow to the heart and to hold the
vessel open in the years after the intervention. The main biomechanical effects due to the stent
implantation are (i) the damage caused to the arterial wall, which can induce an inflammatory
reaction (refer to Chapter 26), (ii) the new local fluid dynamics generated by the protrusion of the
stent struts inside the lumen, which can cause an abnormal sensing to the endothelial cells and
accumulation of activated platelets due to high or low wall shear stresses (WSSs), and (iii) the drug
distribution to the arterial tissue based on the position of the expanded stent struts linked to the fluid
dynamic field.

Computer models can elucidate and give insights on some of these aspects. Simplified models
based on a 2D geometry have shown that stent struts lead to local flow disturbances with areas of
recirculation downstream the struts (Fig. 1) [1-3]. The malapposed stent struts (i.e. struts not in
contact with the arterial wall) disrupt the flow and generate regions with high shear rate [2,4,5], which
might increase the risk of stent thrombosis [5-7]. Furthermore, the coupling of mass transport and
fluid dynamic models, even if in simplified 2D models, brought to the important conclusion that the
deposition of the drug in the vessel was more related to the local blood flow alterations than to the
drug deposited between the stent struts and the vessel [1]. Again, the location of apposed or
malapposed struts has implication on the fluid dynamics and, consequently, also on the drug

deposition.

<Figure 1 near here>

Although 2D models can give general indications on the main effects of a stent implantation,

knowledge of the specific behaviour of the stent in an artery can be achieved only with detailed 3D

models. Indeed, when considering a coronary artery, the main hemodynamic effect of a stent is an
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overall reduction of the WSS in the entire treated region in the immediate post-implantation period.
As an example, Figure 2 shows the comparison between the time-averaged WSS distribution along
the lumen of the same patient-specific coronary artery model with and without the stent presence. In
this comparison, the boundary conditions and all the settings of the computational fluid dynamics
(CFD) simulations were kept constant [8]. The stented scenario exhibited a significantly lower
mean time-averaged WSS as compared to the scenario without stent (0.599 Pa vs. 1.020 Pa).
Furthermore, the stented scenario was characterized by a larger percent lumen area exposed to very
low time-averaged WSS (i.e. < 0.4 Pa) as compared to the other case (35.0 % versus 2.6 %). For
additional details about these CFD simulations, the reader is referred to [8].

The present Chapter reviews the main patient-specific studies investigating the local
hemodynamics of post-operative coronary arteries with particular emphasis on the methodologies

developed for the inclusion of the stent geometry in the 3D vessel fluid domain.

<Figure 2 near here>

2. Patient-specific CFD simulations of stented coronary arteries

Patient-specific CFD analyses of stented coronary arteries are usually performed to investigate the
relation between the hemodynamic perturbations provoked by the stent struts and adverse events,
such as in-stent restenosis, or to compare different stents or stenting techniques in subject-specific
anatomies from the hemodynamic viewpoint (‘patient-specific virtual bench testing’) [9,10]. The
construction of 3D patient-specific stented coronary artery geometries for CFD analysis requires to
process clinical images. Different imaging modalities for coronary arteries can be used for 3D
reconstruction, including conventional angiography, computed tomography (CT) angiography,
intravascular ultrasound (IVUS), and intravascular optical coherence tomography (OCT). To
reconstruct the vessel geometry, state-of-the-art methodologies rely on the combination of

intravascular imaging techniques, which enable an accurate detection of lumen contours, with two
4
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angiography projections or CT images, which provide a reference in the 3D space [11]. However, the
inclusion of the stent geometry in the vessel lumen model still represents a challenge. Until now, the
following three main strategies have been proposed to obtain a stented coronary artery fluid domain:
e Drawing of the stent geometry within the patient-specific vessel using a computer-aided design
(CAD) software (‘CAD drawing’);
e Finite element (FE) analyses of stent deployment replicating the real stenting procedure
followed to treat the patient (‘Stent deployment FE analysis’);
e Reconstruction of the stent from OCT images (‘from OCT’).
Table 1 summarizes the recent patient-specific CFD studies on stented coronary arteries by
specifying the strategy adopted for stent reconstruction. The description of the three reconstruction

strategies follow, together with the main results obtained in those studies.

2.1 Stent drawing by computer-aided design software

Gundert et al. [12] and Ellwein et al. [13] proposed a method for including the stent in the post-
operative coronary artery geometry based on CAD software use. The method consists of the
following three main steps: (i) 3D reconstruction of the post-operative lumen model from clinical
images; (ii) creation of an idealized model of a thick stent matching the coronary artery geometry;
(iii) generation of the fluid domain by subtracting the stent volume from the coronary lumen model.
Figure 3 illustrates an example of generation of a stented fluid domain from OCT data. The method
requires few hours for the creation of a stented geometry without the need for numerical
computation of the expanded stent configuration [12]. However, it does not allow replicating the
exact real location of the stent struts inside the coronary artery, being unable to model the non-

uniform expansion of stent cells.

<Figure 3 near here>
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In Gundert et al. [12], the lumen model of a patient-specific left anterior descending coronary
artery (LAD) with one bifurcation was reconstructed from CT images. The study aimed at
comparing the local hemodynamics of two different stent designs (i.e. an open-cell ring-and-link
and a closed-cell slotted tube prototype stent). Although in both cases regions with low time-
averaged WSS were present next to the stent struts and were more prevalent distal to the
bifurcation, the case with the open-cell stent resulted in a larger lumen area exposed to low time-
averaged WSS.

In Ellwein et al. [13], a patient-specific left circumflex artery (LCx) was reconstructed from
OCT. The model of the Cypher stent (Cordis Corp., USA), which was the device implanted in that
patient, was included in the post-operative fluid domain using the previously described method. A
6-month follow-up model was also created from OCT. The CFD simulations showed that the post-
stenting model was characterized by a higher percent lumen area exposed to low time-averaged
WSS than the follow-up model, highlighting that the regions exposed to low WSS returned to
physiological levels at follow-up. Additionally, a preliminary relation between the regions with low
WSS of the post-stenting model and the highest neointimal regrowth measured at the corresponding

follow-up OCT cross-sections was found.

2.2 Finite element analysis of stent deployment

In several studies, patient-specific finite element (FE) analyses of stent deployment were
performed to obtain the post-operative anatomy for hemodynamic investigation. Figure 4 shows the
general workflow of this method, which is characterized by (i) the creation of the of the pre-
operative coronary artery geometry from clinical images, (ii) the virtual stenting simulation
replicating all the clinical procedural steps, and (iii) the extraction of the stented fluid domain from
the final geometrical configuration obtained with the FE analysis. Detailed information about stent

deployment structural simulations in coronary bifurcations are reported in Chapter 26.
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<Figure 4 near here>

In 2013, Chiastra et al. [8] demonstrated the feasibility of investigating the local hemodynamics
of patient-specific stented coronary bifurcation models obtained after structural simulation. Two
pathologic LAD with their bifurcations were reconstructed from conventional angiography and CT.
A Xience Prime (Abbott Vascular, USA) and two Endeavor Resolute (Medtronic, USA) stents were
virtually implanted in the two pre-operative anatomies, respectively, as previously described [14].
The CFD results highlighted that regions with low WSS were present close to the stent struts, in the
region of the bifurcations and, in the case with two stents, in the overlapping zone between the
devices. In addition to the near-wall hemodynamics (e.g. calculation of WSS and WSS-based
descriptors), the bulk flow was investigated by analyzing the helicity, which describes the
arrangement of fluid streams into spiral patterns as they evolve within vessels [15] and has been
suggested to have an atheroprotective role in the coronary tree [16]. The study showed that the helical
flow patterns originated mainly in the region proximal to the stent as a consequence of the vessel
shape and in the bifurcations, and gradually disappeared in the stented region because of the vessel
straightening provoked by the device. Furthermore, smaller helical structures were found generated
by the stent struts protruding into the lumen. Their role on restenosis, either beneficial or detrimental,
was not clarified and further investigation is still needed.

Two more recent studies [17,18] showed the use of sequential stent deployment FE analysis and
CFD simulation to compare different stenting techniques and stent platforms in patient-specific vessel
geometries, as a potential tool for in silico clinical trials and pre-operative planning. In particular,
Mortier et al. [17] investigated the local hemodynamics in a patient-specific left main coronary
bifurcation reconstructed from angiography and IVUS. CFD simulations were used to compare the
stent sizing strategy performed in vivo with respect to an alternative one (i.e. implantation of 3.0 mm
vs. 3.5 mm Abbott Xience Prime stent). Chiastra et al. [18] investigated the hemodynamics of two

patient-specific anatomies (i.e. a LAD and a LCx with bifurcations) reconstructed from CT and OCT.
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Specifically, the authors analyzed the impact on the WSS distribution of the implantation of different
stent platforms and positions.

Although computationally expensive, this method allows the comparison of patient-specific
stented models in terms of different types of biomechanical quantities. In fact, in addition to
hemodynamic quantities, geometrical (e.g. stent malapposition) and mechanical quantities (e.g. stress
and strain within the arterial vessel) can be computed, resulting in a more comprehensive

biomechanical analysis.

2.3 Stent reconstruction from optical coherence tomography data

Currently, OCT is the best imaging technique that allows the accurate detection of both lumen
contours and stent struts because of its superior in-plane resolution (i.e. axial resolution of 12-15
um and lateral resolution of 20-40 um [19]) as compared to the other imaging modalities available
for coronary arteries [20]. This feature enables the direct 3D reconstruction of post-operative
coronary artery models that include the actual stent geometry without the execution of stent
deployment FE analysis. Until now, many (semi)-automatic segmentation algorithms have been
proposed, as extensively reviewed in [20]. Furthermore, different methods have been developed for
the creation of 3D stented vessel models suitable for CFD analysis starting from the segmented
OCT images [20,21].

In a number of studies [22-27], the patient-specific stented models were reconstructed following
these steps: (i) detection of the lumen contours accounting for the stent (or bioresorbable scaffold)
struts in each OCT frame; (ii) placement of the segmented contours perpendicular to the vessel
centerline extracted from two angiographic projections; (iii) estimation of proper orientation of the
OCT frames by using the side branches visible in both OCT and angiographic images as landmarks;
(iv) connection of the segmented contours by generating a non-uniform rational B-spline surface that

represents the stented vessel.
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As regards the hemodynamic investigation performed in those studies, a few of them [22-24]
focused on the relation between WSS and neointimal thickness in patients treated with the Absorb
Bioresorbable Vascular Scaffold (BVS) (Abbott Vascular, USA). An inverse correlation was found
between baseline WSS and neointimal thickness at 6-month or 1-year follow-up. While the analysis
of Papaflakis et al. [22] was limited to one patient-specific case, Bourantas et al. [23] found a
statistically significant inverse correlation between the logarithmic transformed baseline WSS and
neointimal thickness at 1-year follow-up in 12 patients (average r=-0.451; p < 0.001). It is worth
noting that in this study only OCT data were used to reconstruct the stented vessel models with the
result that their real 3D shape was not reproduced. Conversely, in another work by the same research
group [24], OCT and angiography images were combined to reconstruct 6 patient-specific stented
vessels. An inverse correlation was also observed between the logarithmic transformed baseline WSS
and neointimal thickness at 1-year follow-up (r=-0.52 + 0.19, p=0.028). Recent studies [25-27]
compared the WSS distribution immediately after stent implantation with that at 5-year follow-up in
patients treated with the Absorb BVS. In particular, Thondapu et al. 2018 [27] showed that the WSS
was higher at follow-up in 7 patient-specific cases. More in detail, the percent lumen area exposed to
low time-averaged WSS (< 1 Pa) significantly decreased over 5 years (15.92% vs. 4.99%, p <
0.0001), while moderate (1-7 Pa) and high WSS (> 7 Pa) did not significantly change (moderate
WSS: 76.93% vs. 80.7%, p = 0.546; high ESS: 7.15% vs. 14.31%, p = 0.281). Furthermore, a positive
correlation was found (p < 0.0001) between baseline ESS and change in lumen area at 5-years follow-
up.

Differently from the previously mentioned works, Gogas et al. [28,29] performed a preliminary
local hemodynamic analysis of two patient-specific cases treated with the Absorb BVS that were
reconstructed using an alternative method, based on the combination of OCT and angiographic
images and an interactive scaffold pattern interpretation algorithm. This reconstruction method
comprises the following steps: (i) classification of the scaffold strut points detected from OCT as

belonging to the links or the rings of the device by using an in-house developed pattern interpretation
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algorithm; (ii) positioning of the scaffold strut points of each ring/link along the arterial centerline
obtained from two angiographic projections; (iii) interpolation of the scaffold strut points using cubic
splines to construct a continuous 3D scaffold skeleton; (iv) creation of the final scaffold model by
automatically placing and connecting rectangular cross-sections along the skeleton lines.

Li et al. [30] investigated the WSS patterns in 10 patient-specific coronary bifurcations treated
with the DESolve bioresorbable scaffold (Elixir Medical, USA). The stented geometries were
obtained by fusing OCT images with two angiographic projections. An in-house developed surface
reconstruction algorithm based on an adapted marching cube algorithm was used to reconstruct the
3D patient-specific bioresorbable scaffold geometry starting from semi-automatically delineated strut
contours. CFD analyses were performed in the same lumen models with and without the presence of
the bioresorbable scaffold. The inclusion of the bioresorbable scaffold geometry resulted in lower
time-averaged WSS at the inter-strut zones and larger degree of shear oscillation and spatial WSS
heterogeneity, in particular at the side branch ostia. Additionally, the effect of the stent strut thickness
on WSS was analyzed by considering bioresorbable scaffold models with reduced strut thickness (i.e.
100 um instead of 150 um). The cases with thinner struts resulted in less WSS heterogeneity.

Finally, in Migliori et al. [31], one patient-specific stented model of a coronary bifurcation treated
with the Absorb BVS was obtained using a 3D reconstruction method based on prior stent design
knowledge. This procedure was previously validated on a stented bifurcated coronary artery phantom
[24,25]. Specifically, the construction of the patient-specific 3D stent model consisted of the
following steps (Fig. 5): (i) creation of the stent skeleton in its straight, free-expanded configuration;
(if) morphing of the skeleton lines on points that belong to the stent point cloud obtained from OCT
so that their distance was minimized; (iii) generation of the 3D patient-specific stent model by
connecting cross-section curves placed along the stent skeleton lines. A similar stent reconstruction
method was also developed by a different research group, but it was exclusively applied to animal

OCT data [32].
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Since WSS calculation is highly dependent on the local geometry of the stented coronary artery,
the reconstruction of an accurate patient-specific stent geometry is fundamental to obtain reliable
CFD results [20]. A comparison between the different techniques for obtaining the stented vessel
geometry has not been performed yet. In contrast to other strategies [22—-27], the method based on
prior stent design knowledge enables the generation of models that present continuous stent geometry
and the real stent strut cross-sectional shape, and hence it appears as the most promising and accurate.
However, this reconstruction method is time-consuming and requires extensive user intervention
during the stent skeleton morphing phase. Recently, preliminary strategies for automating the
registration between the stent skeleton and the OCT stent point cloud have been proposed [33,34].
Nevertheless, further advancements are still required for automating the stent skeleton morphing step

in case of patient-specific cases.

<Figure 5 near here>

3. Boundary conditions for patient-specific CFD analyses

In addition to the 3D reconstruction of (stented) coronary artery geometry from clinical images,
subject-specific boundary conditions are required to perform proper patient-specific CFD analyses.

As regards the inlet boundary condition, the patient-specific inlet flow-rate can be estimated
from angiography using the frame count method, as performed in several studies summarized in
Table 1 [22,24,26,30,31]. This method consists in counting the number of cine-angiographic frames
for the contrast agent to pass from the inlet to the outlet of a vessel section free of significant side
branches. The following similar formulas can be applied to compute the volume flow-rate (Q)

depending on whether the volume of the vessel [35] or the length of its centerline [36] is estimated:

__rIv

Q - #frames (1)
_ f-lA

Q - #frames (2)
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where f is the cine-angiography frame-rate, #frames the number of counted frames, V the volume

and | the length of the vessel section under consideration, and A the vessel inlet cross-sectional area.

Alternatively, dual-sensor pressure and Doppler velocity wires might be used to measure the
velocity in vivo at multiple locations of the coronary branches. The measured velocity waveforms
and the derived flow-rates might be applied as boundary condition of the patient-specific CFD

model. However, these measurements are rarely carried out in the clinical routine because of their

high invasiveness.

As regards the outlet boundary conditions, in the absence of in vivo measurements, the flow
distributions among the coronary branches (if modeled) can be estimated using diameter-based

scaling laws [37]. Given a coronary bifurcation with daughter branches characterized by diameters

D: and D> and flow-rates Q1 and Q-, the following scaling laws are commonly used:

e Murray’s law [38], which relies on the principle of minimum energy

Q2 _ (@)3
Qp1 Qp1

e HK model [39], which is based on the assumption of a fractal-like branching pattern in a tree

structure

7

Qb2 _ (@)5
Qp1 Qp1

e van der Giessen’s law [40], which was obtained by fitting the flow-rate and diameter

measurements in human coronary arteries provided by Doriot et al. [41]

Q2 _ (@)2'27
Qp1 Qp1

van der Giessen’s law was used in some studies of Table 1 [8,17,31]. As an alternative to the
diameter-based scaling laws, the 3D model of the stented vessel can be coupled with a lumped
parameter model (i.e. 0D model) made of resistances, compliances, and inductances, which

represent the downstream coronary vasculature. This modeling strategy was adopted in other

(3)

(4)

(5)
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studies reported in Table 1 [12,13,18]. The critical aspect of this strategy is the estimation of the

parameters in case of lack of in vivo pressure and velocity measurements.

4. Blood model

In the patient-specific CFD studies summarized in Table 1, blood was modeled as an
incompressible, homogeneous fluid with constant density and viscosity described using a
Newtonian [12,13,18,22-24,26,30] or non-Newtonian model [8,17,25,27,31]. In several studies
[8,17,31], the Carreau model was chosen as non-Newtonian model to take into account the shear

thinning properties of blood. In this model, the viscosity is written as:
L 2q(n-1)/2
u=uoo+(uo—uoo)-[1+(15)] (6)
where  is the dynamic viscosity, uo and u« are the viscosity values as the shear rate goes to zero
and infinity respectively, S is the shear rate, A is the time constant, and n is the Power-Law index. In
two studies [25,27], the non-Newtonian behavior of blood was described using Quemada’s model

[42,43], in which viscosity changes depending on shear rate and haematocrit as follows:

_ Up
A ) @

where up is the viscosity of the suspending fluid, H is the concentration of suspended particles (i.e.

heamatocrit), and k is an intrinsic viscosity calculated as:

o= ot ®)
where ko, k=, and Sc are three parameters that are functions of particle concentration H.
The selection of one non-Newtonian model for blood viscosity rather than another has a degree
of arbitrariness. Previous investigations showed that the blood shear thinning behavior seems to be
the dominant non-Newtonian property [44]. Therefore, non-Newtonian models considering the

shear thinning behavior of blood in similar ways should generate comparable results. Moreover, the
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necessity of including the non-Newtonian blood behavior for studying the hemodynamics in
coronary arteries is still subject of debate. Johnston et al. [45] showed that the effect of a non-
Newtonian blood model was only significant for a portion (i.e. approximately 30%) of the cardiac
cycle of transient CFD simulations of imaged-based right coronary arteries. Thus, the researchers
concluded that the choice of the Newtonian model for blood viscosity might be an acceptable
approximation for the WSS calculation. Recently, Arzani [46] proposed a novel non-Newtonian
model in which the blood shear thinning behavior is activated in high residence-time regions. In
contrast to current non-Newtonian models, Arzani’s model account for the rouleaux formation,
which plays a major role in blood shear-thinning behavior. The study showed that the activation of
shear-thinning behavior only in regions of high flow stagnation resulted in WSS patterns
qualitatively similar and quantitatively closer to the Newtonian model as compared to a
conventional non-Newtonian model (i.e. Carreau-Yasuda model). Further investigation is required
as in Arzani’s study the novel viscosity model was applied only to an internal carotid artery
aneurysm and an abdominal aortic aneurysm imaged-based cases, without analyzing any coronary

artery case.

5. CFD model validation

The number of studies reporting a validation of the CFD models of complex stented vessel
geometries with respect to in vitro experiments is rather limited. Raben et al. [47] compared the
steady-state velocity field measured in several stented and non-stented bifurcations phantoms (with
three bifurcation angles and four different single- and double-stenting techniques) by means of
digital particle image velocimetry (PI1V) with corresponding CFD results. In general, a good
qualitative agreement between experimental and numerical results was found. Both techniques were
able to identify regions of low and recirculating flow. Garcia Garcia et al. [48] obtained good
agreement in terms of velocity field between experimental PIV data and CFD results in four stented

bifurcated coronary phantoms in both steady-state and pulsatile conditions. The hemodynamics of
14
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four bifurcated coronary phantoms with one or two implemented stents was analyzed. To reduce the
geometrical uncertainties in the replicated computational models, the stented bifurcated phantoms
were scanned after stent deployment using micro-computed tomography. In addition, the same
research group [49] provided a series of controlled and detailed velocity PIV measurements
obtained in a simplified coronary bifurcation phantom with different stent configurations, for use as
a benchmark for CFD model validation.

In the previous mentioned studies, the CFD results in terms of WSS distribution along the vessel
lumen were not validated. The calculation of WSS requires the precise knowledge of the three-
directional velocity field next to the vessel lumen. Studies that use a 3D PIV system for WSS
calculation have not been proposed yet because of the technical complexity of measuring the
velocity field in the proximity of the walls of a stented silicone phantom with the dimension of a
coronary artery. Brindise et al. [50] estimated the WSS in four stented bifurcation phantoms from
experimental PIV data and investigated the impact of three stenting implantation techniques against
one unstented scenario. However, their analysis was limited to the plane of the bifurcations as a
standard 2D PIV system was used. Furthermore, a comparison against numerical results was not
performed.

In vivo validation of velocity patterns and WSS in stented coronary arteries is still unfeasible
with current imaging techniques. In fact, currently, blood flow 3D velocity data can be acquired in
vivo only using 4D flow magnetic resonance imaging, whose spatial resolution is sufficient for 3D
velocity field and WSS measurements in large vessels (e.g. in the aorta [51]), but not in smaller

vessels as coronary arteries with stents.

6. Conclusions and future directions

This Chapter provided a review of the hemodynamics generated by the stent implantation in in
silico, patient-specific models. Good progresses have been made in the recent years. Until now,

different techniques have been proposed to obtain the 3D stented coronary artery models for CFD
15
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analysis. Investigation on the impact of these techniques as well as of specific geometric parameters
(e.g. OCT interslice distance for the lumen reconstruction) on the hemodynamic results is missing
and would be very useful to quantitatively identify the most accurate reconstruction strategy. The
future of these CFD models - maybe not too far - is their usage in clinical routine to get additional
information for the clinicians in terms of hemodynamic indexes when implanting a stent. For this
purpose, significant improvements are still needed in terms of automation of the 3D stented vessel
reconstruction method from OCT images and reduction of the computational costs of the CFD

simulations.
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Table 1. List of published studies on computational fluid dynamics simulations of patient-specific

stented coronary artery models.
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Figure 1. Impact of stent strut design on flow patterns: computed streamlines (left panel) and shear
rates (right panel) for 4 different stent strut shapes and strut thickness, namely the Absorb
Bioresorbable Vascular Scaffold (BVS) (Abbott Vascular, USA) and the Xience Prime (Abbott
Vascular, USA), Resolute Integrity (Medtronic, USA), and Orsiro (Biotronik, Germany) drug eluting

stents. Thinner struts create a smaller obstacle for blood flow with lesser shear disturbances.

Reprinted with permission from [3].
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Figure 2. Comparison between the contour map of time-averaged wall shear stress (TAWSS) of a
patient-specific coronary artery model with (A) and without (B) the presence of a stent. The
coronary artery model represents the proximal portion of the left anterior descending coronary
artery and was reconstructed from conventional angiography an computed tomography angiography
data [8]. The stent (Xience Prime, Abbott Vascular, USA) was virtually implanted in the coronary
artery model by means of finite element analysis replicating all the stent implantation steps

performed by the clinicians [8,14]. Figure inspired to [8].
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Figure 3. Stent reconstruction method based on computer-aided design drawing of the stent

geometry within the patient-specific vessel geometry [12,13]. Solid models of the outer surface of
the stent (b) and vessel lumen (e) were lofted from the white and cyan segmentations of the optical
coherence tomography images (a). The stent radial thickness was subtracted from the model of
lofted stent segmentation (b), which was subsequently subtracted from a thick stent model (c) to
create a patient-specific stent model (d). Subtracting the patient-specific stent model (d) from the
lumen model (e) as shown in (f) generated a computational representation of the blood flow

domain. Reprinted with permission from [13].
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A) Vessel geometry reconstruction

=

B) Stent deployment simulation

Figure 4. Workflow for computational fluid dynamics investigation of patient-specific stented
coronary artery models obtained by virtually deploy the stent using finite element (FE) analysis.
The workflow is applied to the diseased proximal portion of a patient-specific left anterior
descending coronary artery model [8,14]. A) 3D reconstruction of the coronary vessel from clinical
images (left) and identification of the plaque regions (right, highlighted in yellow). B) FE analysis
of stent deployment replicating the stenting procedure followed by interventional cardiologists to
treat the patient (1- Angioplasty procedure, 2- Deployment of a 3x32 mm Xience Prime stent
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(Abbott Vascular, USA), 3- proximal optimization technique using a 3.5x20 mm balloon, and 4-
final geometry after stent recoil). C) Extraction of the fluid domain from the final geometry

obtained from the structural analysis (left) and execution of the CFD simulation with an example of

velocity streamlines (right). Figure inspired to [8,14].
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Figure 5. Morphing procedure for the creation of a patient-specific coronary artery stented model
from post-operative optical coherence tomography (OCT) images for fluid dynamic analyses. A) The
stent skeleton in straight expanded configuration (i.e., the straight stent centerline) is morphed on the
OCT stent point-cloud to generate the deployed configuration of the stent centerline (i.e., morphed
stent centerline) and subsequently the 3D stent geometry. B) Morphing of the stent centerline by using
handles to minimize its distance with the OCT stent-point cloud. C) Final 3D reconstruction of the
patient-specific post-operative coronary artery with detail showing the high reconstruction quality of
the stent struts. D) Contour map of time-averaged wall shear stress (TAWSS) along the lumen. The

region exposed to very low (< 0.4 Pa) TAWSS was confined to the stent region with percent area of
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39.5%. The example case shown in this figure refers to a right coronary artery segment of a patient
treated with a 3.5x28 mm Xience Prime stent (Abbott Vascular, USA) at the Institute of Cardiology,
Catholic University of the Sacred Heart (Rome, Italy). The morphing procedure is described in detail

in [52]. Panels A and B are reprinted with permission from [20].
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Table legend: CT — computed tomography; Angio — angiography; IVUS — intravascular ultrasound; OCT — optical coherence tomography; FE — finite element; CFD — computational fluid dynamics;
Qin= inlet flow-rate; WSS — wall shear stress; NIT — neointimal thickening; FCM — frame count method; i — dynamic viscosity; p — density; NA — not available.
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