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Abstract Purpose. The interplay between geometry and hemodynamics is a
significant factor in the development of cardiovascular diseases. This is partic-
ularly true for stented coronary arteries. To elucidate this factor, an accurate
patient-specific analysis requires the reconstruction of the geometry following
the stent deployment for a computational fluid dynamics (CFD) investigation.
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2 A. Lefieux et al.

The image-based reconstruction is troublesome for the different possible po-
sitions of the stent struts in the lumen and the coronary wall. However, the
accurate inclusion of the stent footprint in the hemodynamic analysis is criti-
cal for detecting abnormal stress conditions and flow disturbances, particularly
for thick struts like in bioresorbable scaffolds. Here, we present a novel recon-
struction methodology that relies on Data Assimilation and Computer Aided
Design.
Methods. The combination of the geometrical model of the undeployed stent and
image-based data assimilated by a variational approach allows the highly auto-
mated reconstruction of the skeleton of the stent. A novel approach based on
computational mechanics defines the map between the intravascular frame of ref-
erence (called L-view) and the 3D geometry retrieved from angiographies. Finally,
the volumetric expansion of the stent skeleton needs to be self-intersection free
for the successive CFD studies; this is obtained by using implicit representations
based on the definition of Nef-polyhedra.
Results. We assessed our approach on a vessel phantom, with less than 10%
difference (properly measured) vs a customized manual (and longer) proce-
dure previously published, yet with a significant higher level of automation
and a shorter turnaround time. Computational hemodynamics results were
even closer. We tested the approach on two patient-specific cases as well.
Conclusions. The method presented here has a high level of automation and
excellent accuracy performances, so it can be used for larger studies involving
patient-specific geometries.

Keywords Optical Coherence Tomography · Stent · Image analysis · Image
Processing

1 Introduction

Percutaneous Coronary Intervention (PCI) is a common minimally invasive
procedure to treat diseased coronary arteries [4]. It consists of the mechani-
cal restoration of the stenotic lumen through balloon expansion (i.e., balloon
angioplasty) followed by the deployment of a metallic tubular mesh, known
as stent. The major issues related to stent placement are in-stent restenosis
and thrombosis. These adverse clinical events seem to be promoted by the
abnormal flow patterns induced by the presence of the stent [48,44,57].

Since flow patterns measures are difficult in vivo, numerical modeling, in
particular Computational Fluid Dynamics (CFD), is a valuable tool for quan-
tification [11]. The step-like geometry introduced by the stent in the flow
stream majorly affects the local hemodynamics, not to mention the pertur-
bation induced by the floating (“malapposed”) stent struts [10]. Accurate
quantification of this interplay may help to understand in-stent restenosis and
thrombosis. On a longer-term, it may support the prediction of adverse events
and the design of next-generation endovascular devices. To do this, the re-
construction of patient-specific stented lumens is necessary. Patient-specific
studies focusing on the artery scale only - without the stent footprint - may
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Semi-Automatic Reconstruction of Stented Coronaries 3

help only at a qualitative level, since specific local geometrical features (e.g.,
at the level of the struts) do affect the hemodynamics significantly.

The significance of computational studies for the clinical purpose is related
to the number of patients that numerical modeling tools can realistically pro-
cess. It is critical that numerical models can be used over a large number of
patients, enough for clinical trials, in the frame of the so-called “In Silico” or
“Computed-Aided Clinical Trials.” A merit criterion for the design of a work-
flow, beyond accuracy and reliability, is therefore the high level of automation
necessary for the efficiency and the operator-independence. While CFD models
for hemodynamics and automatic or semi-automatic methods for the unstented
lumen reconstruction are well established (see, e.g., [2,20,59]), automatic (and
reliable) stent reconstruction methods are not available. In more detail, in
[11,38,36,37,61] most of the stented vessel geometry reconstruction steps re-
quires significant operator interventions, in particular regarding stent/lumen
co-registration and stent mesh repair. Automation procedures may rely es-
sentially on two different paradigms: i) the “model-driven” approach, where
the entire stent deployment procedure is simulated to identify the final post-
operative vessel geometry [14]; ii) the “data-driven” approach [22], where the
stented geometry is retrieved from images. Most of the approaches collocate
between these two paradigms, combining physical or geometrical models with
the available data [11,18,45].

In the “data-driven” approaches, images obtained from Optical Coher-
ence Tomography (OCT) are the best candidate for a high-fidelity reconstruc-
tion. OCT is an intravascular imaging technique, from which a series of high-
resolution cross-sectional images of the stented lumen is obtained during a
catheter pullback (in-plane axial commercially available resolution of 12 - 15
µm, in-plane lateral resolution of 20 - 40 µm, interframe distance of 100 - 200
µm) [43]. As with any intravascular imaging, the real 3D positioning of the
vessel in space cannot be retrieved. Indeed, from OCT, an almost rectilinear1

cylindrical stack of images, called L-view, is obtained. We need extra-vascular
imaging to retrieve the real positioning in space with the actual vessel cen-
terline. Usually, two angiographic views are combined with OCT images to
obtain the 3D patient-specific topology of the stent [11,31].

We propose here a method to reconstruct patient-specific stented coronary
arteries based on Data Assimilation and Computer Aided Design. The assimi-
lation of data and models is done at the morphological level, by combining
the position of the stent struts detected on the images (the “foreground” in-
formation) and the topology of the stent wireframe in undeployed conditions
(the “background” information available from the stent manufacturer and in-
dependent of the specific patient), via a polyline-to-point cloud registration
(skeletonization process) [32]. The skeleton or volumetric stent medial axis is
represented by a polyline, i.e. a set of piecewise linear curves. The polyline is then
registered onto the OCT segmented point-cloud corresponding to the stent struts
by solving an inverse problem. The volumetric reconstruction is then accom-

1 Deviations from rectilinear are induced by the catheter floating.
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4 A. Lefieux et al.

plished by using Nef-polyhedra [25], to guarantee the topological quality of
the reconstructed stent mesh. All the steps proposed are intended to go be-
yond a proof-of-concept and, in the follow-up of the present work, designed to
be almost operator-independent and (semi-)automatic, by using state-of-the-
art computational geometry technique. This enables a short turnaround time
to deliver the mesh used in CFD.

The proposed pipeline shares some features with other available approaches
in the literature [36,61,45,12,60]. We differ for the specific image-registration
procedure during the skeletonization phase (Sect. 2.2.2), the combination be-
tween intra and extravascular images (Sect. 2.2.2) and the volume sweeping
procedure (Sect. 2.2.3). The lumen and the stent are reconstructed as sepa-
rate items; successively, the stent is subtracted from the lumen to create the
footprint in the final geometrical reconstruction.

In addition to the reconstruction method (Sect. 3.1), for benchmarking we
report some results of CFD simulations (Sect. 3.2) pointing out the reliability
and efficiency of our approach when evaluating the local hemodynamics in
the stented region. We use standard CFD methods, even if specific features
of blood flow around the struts requires ad hoc stabilization techniques [55].
However, the CFD methodology is not the focus of the present paper.

The results are discussed in Sect. 4, while we draw our conclusive state-
ments in Sect. 5.

2 Materials and Methods

2.1 Benchmark Data Collection

First, the proposed method was tested with a Multi-Link 8 stent (Abbott
Vascular, Santa Clara, CA, USA), a metallic stent implanted in a realistic
coronary artery phantom designed and 3D printed [36] (Fig. 1). OCT images
were acquired on the phantom for the stented lumen reconstruction with an
inter-frame spacing of 100 µm. Besides, micro-computed tomography (µCT)
images were acquired using the C7-XR OCT system (St. Jude Medical, St.
Paul, MN, USA) to reconstruct the vessel centerline [36]. This experimental
investigation allowed evaluating the accuracy of the skeletonization in a case
free of image artifacts like those occurring in a routine in vivo acquisition.
In this test, we used the original approach in [36] as ground truth (very accu-
rate and time-consuming) to assess the impact of the different reconstruction
methods on the local hemodynamics.

Then, the proposed method was applied to two patient-specific cases pro-
vided by Emory University Hospital (Atlanta, GA, USA). The implanted
stents were both bioresorbable Absorb GT1 Bioresorbable Vascular Scaffolds
(Abbott Vascular) (Fig. 2). The two cases are labeled as BVS1 and BVS2.
OCT images were acquired with an inter-frame spacing of 250 µm for the
BVS1 case and 200 µm for the BVS2 case. BVS1 and BVS2 were implanted in
a straight and a curved coronary track, respectively. Polylines for the skeleton of
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Semi-Automatic Reconstruction of Stented Coronaries 5

Fig. 1 a) CAD model of the coronary artery phantom for 3D printing; b) angiographic
image of the 3D printed phantom after stent implantation; c) example of segmented OCT
frame, with highlighted stent strut sections (red); d) point cloud resulting from OCT image
segmentation and 3D space mapping according to µCT images (see Migliori et al. [36] for
further details).

the undeployed stent can be extracted from either scanned geometries using µCT
[36] or from the manufacture’s CAD model. Possible methodologies for the ex-
traction from polyhedra are described for instance in [54]. For the patient-specific
cases considered here, these polylines are retrieved from the manufacturer’s CAD
model. We picked on purpose these two cases featuring a different coronary
curvature to illustrate our approach on diverse cases. We compared the CFD
with the local hemodynamics in the same lumen geometries without stent (i.e.,
unstented lumen), to point out the importance of the stent footprint.

It is worth noting that the proposed method readily extends to different
stent platforms, as long as the stent template is available. The only restriction
is that the stent cross-section has to be convex (like for circular or rectangular
sections), as we motivate later on for the volumetric reconstruction.

2.2 Reconstruction method of stented vessels

The reconstruction of the coronary lumen, without the footprint of the stent,
is based on a semi-automatic standard procedure, which relies on the level-set
method [53]. This process is performed with an in-house Python code based
on the VTK library [51]. In our experience, OCT pullbacks with the current
technology may generate artifacts [46] that undermine the robustness of the
segmentation process. In this case, manual corrections are necessary.
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6 A. Lefieux et al.

Fig. 2 a) CAD model of an Absorb GT1 Bioresorbable Vascular Scaffolds (BVS) (Abbott
Vascular) in its undeformed configuration before the crimping process; b) example of pro-
cessed OCT frame (the BVS strut sections appear as dark boxes); point cloud resulting
from OCT image segmentation and 3D space mapping according to angiographic images for
BVS1 (c) and BVS2 (d), respectively (see [61] for further details).

As described below, the reconstruction of the stent consists of three major
steps: i) stent strut detection on the images, ii) skeletonization by registration
and mapping in 3D, and iii) reconstruction by volume sweeping.

2.2.1 Stent strut detection

The stent struts were detected in the acquired OCT images using the seg-
mentation method for metallic stents described in [12,36] for the Multi-Link
8 stent geometry (Fig. 1c) and that for polymeric stents described in [61] for
the BVS1 and BVS2 scaffold geometries (Fig. 2b), respectively. The resulting
stent struts point clouds were used as input for the novel stent skeletonization
method.

2.2.2 Skeletonization

The stent strut detected in the OCT images are successively stacked to obtain
a cloud of sparse points, with no topology encoded. The topology, (i.e., the map
of nodes and edges of the stent frame the points belong to), is hardly encoded
from OCT images, as the catheter can float/rotate during the pullback and
the entire slice in each image is not visible for the presence of the guidewire
shadow.

Manual stent topology reconstruction is sub-optimal [61], and it shows a
high operator dependence. A possible automatic approach is given by the NN-
Crust algorithm [16]. Unfortunately, its performances heavily depend on the
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Semi-Automatic Reconstruction of Stented Coronaries 7

density of the point cloud, which is a function of the pullback speed and the
heart motion in our application; hence, it is expected to be highly variable
in clinical applications. Therefore, we opted for a Data Assimilation procedure
where the undeployed design of the stent is the model to retrieve the topology
on the cloud of points. To achieve this task rigorously, we need to register the
skeleton of the undeployed stent and the points. This calls for a polyline-to-
points registration. While surface-to-surface or polyline-to-polyline registration
is a well-investigated topic, polyline-to-point is less developed. Before we recall
the specific solution of the inverse problem required by the registration procedure,
we notice that we have two options in our workflow. As we mentioned in the
introduction, the OCT data refer to the L-view, i.e. the frame of reference of the
intravascular imaging. The real 3D location is retrieved from the angiographies.
We have therefore two steps: the image registration and the 3D map. At this
stage, two options are available2: Map-then-Register (MR), where we first
use the extra-vascular imaging to get the positions of the struts in the real 3D
patient frame-of-reference and then we find the topology by registration (see
[45,32]); Register-then-Map (RM), where we apply the registration in the
L-view framework, and then we find the map to the 3D space (Fig. 3).

Conceptually, the map is just a change of reference (forward problem),
while the registration is an optimization step (inverse problem). Albeit the
two steps theoretically should commute, from the algorithmic viewpoint the
two options are different. Hereafter, we focus primarily on the RM workflow,
as this will be our choice. However, the descriptions of the two steps (forward
and inverse) are general enough to infer the MR approach as well. We motivate
our choice for RM in the Discussion.

L-view polyline-to-point-cloud registration. Registration consists in finding the
transformation that makes an object called template similar to an object called
reference [39]. In our case, the template is a polyline representing the skele-
ton of the undeformed stent design. Vertices and edges define a polyline. An
edge is a couple of connected vertices. The reference of the registration is the
OCT-derived strut-point cloud (Fig. 3, leftmost panel). The result is a function
applied to the vertices of the polyline while the connectivity remains unaltered,
that minimizes the distance between the deformed template and the reference.
This is the solution of a variational (minimization) problem, that we perform in
a deterministic sense, i.e. with no specific assumption on the probabilistic nature
of the noise affecting the data (the reference). We limit ourselves to recalling the
basic features of our assimilation procedure, a complete description can be found
in [32]. More precisely, the assimilation of the data and the model is obtained by
minimizing the following functional

find y to minimize : D(y,p) + αS(y) (1)

where y is the deformed polyline (i.e. the image of the polyline according to
the unknown map), p is the OCT-derived strut-point cloud, D is a measure

2 To the best of the authors’ knowledge, the terminology that follows has not used else-
where.
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8 A. Lefieux et al.

Fig. 3 Strategies for stent skeletonization: Map-then-Register (MR), top vs. Register-then-
Map (RM), bottom. MR follows the upper blue arrows: the registration is performed by
fitting the undeployed stent skeleton to the 3D stent strut point cloud. RM follows the
green arrows: polyline-to-point-cloud registration by fitting the skeleton to the L-view stent
strut point cloud and then map of the resulting polyline to the 3D space.

of the geometrical mismatch between the polyline and the point cloud, while
S is a so-called regularizer that reduces unphysical deformations of the poly-
line. Technically speaking, the latter term helps the mathematical procedure
to obtain a reasonable solution (“convexification” of the problem), by possi-
bly incorporating physical constraints that help preventing the calculation of
inconsistent minima [39]. In [32], a non-parametric regularization procedure is
specifically proposed for a stent-registration problem. This non-parametric regu-
larizer is composed of two terms: a ”diffusion” one, to smooth the deformation,
and a term that penalizes the stretching deformation. The regularization param-
eter α > 0 balances the weight of these constraints in the minimization, and it
can be empirically determined [19]. Specifically, we opted for the well-known L-
curve criterion as implemented in the Matlab library FAIR [40]. To obtain good
results with the non-parametric regularizer, a good initial guess is required. In
[32], an affine transformation followed by a non-linear hyper-elastic deformation
is proposed. Note that Coherent Point Drift (CPD) [42] can be used as well.

We selected the mismatch measure as the sum-of-squared-distance (SSD)
function

DSSD(y,p) =
1

2
||q(y)− p||2 =

1

2

N∑
i=1

[
(qx(y)− px)

2
+

(qy(y)− py)
2

+ κ (qz(y)− pz)
2
] (2)
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Semi-Automatic Reconstruction of Stented Coronaries 9

where q(y) is a vector [qx, qy, qz] containing the projections of the points p
(with coordinates [px, py, pz]) onto the edges of the deformed polyline and
κ is a real number. The map of the polyline deformation is parametrized to
minimize this distance. The parameters used for the deformation function are the
coordinates of the vertices of the polyline. Consequently, the size of the problem
(i.e., the size of the associated linear system) is driven by the number of vertices
of the polyline, as we are considering piecewise linear polylines. Longer stents,
or stents with complex geometries that require finer discretization, will result in
larger problems. In our problems, the number of points is in the range (103, 104).

Problem (1,2) defines our specific deterministic variational assimilation proce-
dure. It is substantially different from other approaches like the one in [45], where
the assimilation is performed directly on the OCT and the angiographies and not
on the skeleton-point cloud pair. In [32] only the case κ = 1 was considered. The
introduction of this parameter is a novel contribution of the present work.

For κ = 1, (2) is isotropic (i.e., all the directions are treated at the same
way). This is, however, is inconsistent with the different density of points and
the different levels of noise affecting the images (and consequently, the coor-
dinates of the points retrieved from the OCT). More precisely, the density of
points along the in-plane coordinates (x and y in the L-view) is generally much
higher than along the longitudinal (z in the L-view) direction. Considering that
the longitudinal resolution is between 0.1 and 0.2 mm, while in each frame, we
have a point with a linear density of about 0.01 mm [29], the DSSD definition
(2) addresses this anisotropy. OCT images are noisier along the longitudinal
direction than in the cross-sectional planes. Indeed, the in-plane noise due to
the cardiac motion is small, at a frame rate of 100 frame/s in the current
OCT platforms, compared to the noise due to the relative cardiac motion in
the longitudinal direction with a pullback speed of about 10-40 mm/s [29,56].
Notice that the longitudinal resolution (and thus the point cloud density in z)
is primarily a function of the sampling rate and the pullback speed. Current
commercial vendors have a sampling rate of from 100 to 160 frame/s, with a
pullback speed between 10 to 40 mm/s [24]. The longitudinal frame density is
then defined as the ratio of frame acquisition rate by the pullback speed. For
a constant frame acquisition rate, lowering the pullback speed would increase
the frame density, but it would increase the signal-to-noise (SNR) ratio as the
pullback would span additional cardiac cycles.

Based on these considerations, with the weight κ along the z coordinate3 we
introduced in the L-view an anisotropic treatment of the data. The selection of
the parameter κ is not trivial, as it should be a trade-off between the different
density of points (that suggests to take κ > 1 to balance the fewer data along
z) and the different SNR ratio (that suggests to take a smaller κ to balance
the impact of the noise on the minimization). Therefore, enforcing a larger κ
improves the absolute value of the minimization (we obtain smaller values of
DSSD), but it may lead to an unphysical solution for the presence of the noise.

3 Here, we have no reason for introducing different parameters for the in-plane Carte-
sian coordinates x and y. A different coordinate system (e.g., polar) may require different
parameters.
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10 A. Lefieux et al.

Fig. 4 Positioning of the OCT frames on the centerline reconstructed from the angiogra-
phies.

The optimal κ depends on the acquisition, the pullback velocity, and the SNR,
which are case-dependent. Recent findings on OCT techniques resort to high
sampling rates [15,28], which may be well corresponded by isotropic mismatch
measures (κ = 1). However, for current commercial solutions, an anisotropic
metric seems more appropriate. For example, considering that the in-plane
resolution is 0.01 mm, and the longitudinal resolution is 0.1 mm, we might set
κ = 10. We discuss the sensitivity on this parameter in the Discussion.

It is worth stressing that an anisotropic distance is possible only in the L-
view, where the different resolutions occur along with the different Cartesian
directions. This is a crucial point in favor of RM, since, in the MR approach,
this differentiation is not possible, as we discuss later on.

Mapping to the 3D space The identification on the angiographic images of the
3D path of the wire within the vessel was routinely performed with QAngio XA
3D RE (Medis Medical Imaging Systems, Leiden, The Netherlands). Once the
wire trajectory is available, frames retrieved from the OCT can be positioned
perpendicularly to it, mimicking the way they were acquired, while retaining
the exact 3D orientation, Fig. 4.

A common anatomical landmark is needed as a starting point to register
all the images at the correct location along the reconstructed wire trajectory.
The landmark is usually a bifurcation that can be identified on both the an-
giographies and the OCT images stack. Once this correspondence has been
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Semi-Automatic Reconstruction of Stented Coronaries 11

established, all frames can be positioned along the wire, before and after the
landmark, at the proper inter-frame distance.

The registration of each image is performed by computing the point-wise
Frenet frame of the line representing the wire 3D trajectory. The Frenet (or
Tangential-Normal-Binormal) frame is a common way to provide a coordinate
system for each point of a 3D line. Formally, the computation of the Frenet
frame requires C3-regularity of the centerline equation, that can be achieved
by resorting to fourth-degree splines (see, e.g., [50]).

Each image is subsequently registered to the corresponding point on the
3D wire and perpendicular to it so that the tangent vector of the line is normal
to the image plane. The mapping of each frame in 3D is formalized through a
roto-translation described by a 4× 4 matrix R defined as

R =

[
A b
0 1

]
(3)

where the 3×3 block-matrix A is the rotation matrix (orthogonal matrix, i.e.,
AT = A−1), and the 3×1 vector b is the translation vector. The coordinates of
each point in an OCT frame plane are multiplied by the corresponding matrix
to obtain the coordinates of the mapped points.

In the RM paradigm, this procedure is applied to the polyline resulting
from L-view registration. This maps the stent skeleton into the 3D space. This
step has some nontrivial aspects to address. In general, the polyline vertexes
do not belong to the OCT frame planes. On the other hand, the mapping
information is only available for those planes extracted from the images. We
need therefore to extend the map from the OCT planes to the entire 3D space.

Our approach relies on the simulation of a physical deformation. This is
not used for the computation of the real deployment, but only for extending
the map available in only a restricted number of positions to the entire 3D
space, consistent with the physics of the problem. We deform the entire L-
view space that contains the registered stent polyline by virtually embedding
it into a stack of elastic cylinders. Each cylinder is defined as having the bases
corresponding to two adjacent OCT frame-planes. Then, it is meshed with
tetrahedral elements with a Delaunay algorithm and an element size of 0.6
mm (using Gmsh [21]). This is a trade-off between accuracy and efficiency. We
tried 0.2 mm with no significant change in the results.

The configuration after the cylinder creation is shown in Fig. 5a. The stack
of cylinders is then mapped to the 3D space by applying a linear elastic trans-
formation to each cylinder. The mapping is accomplished with a specific solver
written in the Python library FEniCS [1]. The Dirichlet boundary conditions
for the elasticity problem are obtained by the maps of the OCT slices retrieved
from the roto-translation matrices. Formally, this means that we solve the fol-
lowing problem in the cylindrical region ΩL wrapping the point cloud (Fig.
5a):

∇ ·
(
λ(∇ · u)I + 2µ

(
∇u +∇uT

))
= 0 (4)
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12 A. Lefieux et al.

where I is the identity tensor and u is the deformation. The Lame’s constants
λ and µ are related to the Young’s Modulus E and the Poisson ratio ν of the
continuum by the classical relations

λ =
νE

(1 + ν)(1− 2ν)
, µ =

E

2(1 + ν)
. (5)

Equation (4) is solved for each cylinder and is completed by the boundary
conditions (n is the unit outward normal vector to the boundary){

u = RT (OCT ) (basis),

λ(∇ · u)n +
(
2µ
(
∇u +∇uT

))
· n = 0 (lateral surface).

(6)

Here, RT (OCT ) represents the effect of the rototranslation to each OCT
frame. The lateral boundary conditions are selected as natural boundary condi-
tions (or “do-nothing” boundary conditions) for this problem, so their impact
to the final solution is minimal.

The material of the cylinders is assumed to have Young’s modulus E = 0.5
GPa and Poisson’s ratio ν = 0. The Young’s modulus does not have a major
impact on the solution, mainly driven by the Dirichlet boundary conditions.
We tested several values (from 0.5 to 5 GPa with no significant change for
the solution on the map). The null Poisson’s ratio is selected to prevent any
compression or expansion under uni-axial action, to be avoided in this context.

The deformation field obtained by solving the problem (4,6) in Fenics is
applied to each vertex of L-view skeleton, to obtain the 3D wireframe of the
stent (Fig. 5b). The connectivity of the skeleton is untouched by the map.

To perform this step, it is critical to retrieve the elements of the mesh of
the L-view where each vertex of the skeleton belongs to. This is performed
by VTK [51]. VTK allows us to find the tetrahedron number of each vertex
efficiently.

After the map, the tetrahedron connectivity will be unchanged. Once the
element is found, the barycentric coordinates of the vertex (i.e., the system
of coordinates relative to the nodes of the tetrahedra) are computed. Notice
that the barycentric coordinates are invariant after the mapping. A standard
function converting the barycentric coordinates into the Cartesian ones is even-
tually applied to each vertex of the polyline. The final skeleton is the result of
the connectivity applied to the new coordinates.

2.2.3 Stent volume reconstruction

The stent 3D volume reconstruction is based on two essential libraries: (a) the
spline approximation of the 3D polyline to obtain a smooth representation of the
stent skeleton and (b) the volume sweeping along the stent skeleton. The spline
approximation of the mapped polylines is performed with OpenCascade, Open Cas-
cade Technology (OCCT) version 7.3 (OPENCASCADE Company, Guyancourt,
France). The Computational Geometry Algorithms Library (CGAL) handles the
volumetric reconstruction [25].
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Semi-Automatic Reconstruction of Stented Coronaries 13

Fig. 5 Test case for a Medtronic Resolute Onyx: a) L-view registered stent polyline (blue) and
stent strut point-cloud (red) retrieved by the OCT, embedded in the meshed cylinder; b) final
3D configuration after the mapping in the lumen (green). The deformation field is determined
by solving Eqs. (4, 6). Our approach works for any kind of stents, not necessarily a Bioresorbable
one, as shown here. The data for depicted case were acquired through the Shear-Stent clinical
trial (NCT02098876).

Volume sweeping and Nef polyhedra. We reconstructed the 3D stent volume by
sweeping the stent cross-section on the centerline. However, in its most basic
version this approach may lead to self-intersection problems, preventing a correct
meshing.

Following [35], we classify self-intersections into two categories. The first
type is the global self-intersection, see Fig. 6a. Such self-intersections occur
where struts are in contact. These contacts are not explicitly handled during
the registration process. In practice, they correspond to a mishandled contact
between two parts of the strut, with a consequent singularity in the stress at
the self-intersection location.
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14 A. Lefieux et al.

The second type is the so-called local intersection that occurs when the
curvature of the stent medial axis is too large, concerning the stent cross-
sectional diameter4, see Fig. 6b.

Avoiding or removing self-intersecting triangles is critical to prevent ex-
tensive manual corrections of the mesh a posteriori. In our current approach,
self-intersections are not explicitly excluded during the registration process,
e.g., by enforcing mechanical deformations and contact constraints. However,
self-intersection removal of free-form surfaces is a difficult problem [52], and
most standard commercial CAD packages fail at producing a correct swept
surface in such a situation. To this aim, we handle intersections not at the
surface but at the mesh level, see Fig. 6. This means that stent swept self-
intersecting surfaces are allowed, but the reconstructed surface mesh does not
have self-intersecting triangles.

To handle self-intersections a-priori, both local and global, we can con-
sider implicit modeling approaches [23]; for example a tubular structure can
be modeled as an infinite union of spheres [41,35] or as an offset surface [5].
The surface of a stent with a circular cross-section is then defined as an in-
finite union of spheres running along with the stent skeleton. In this way,
self-intersections are avoided in the meshing, just combining the spheres in
the sweeping process. However, in its original formulation, this approach does
not apply to sharp shapes like rectangular ones - as in Absorb GT1 scaffolds.
The extension to this case is not trivial and it is one of the novel contributions
of the present work, with the introduction of Nef-polyhedra [26].

A Nef-polyhedron is defined as a finite set of Boolean operations of half-
planes (see [6], Definition 1). For example, a triangle is the interior of a set of
three vertices linked by three straight segments (edges). We may also repre-
sent the triangle by the intersection of three half-planes supporting each edge,
as in Theorem 7.1.4 in [7]5. By definition, exact Boolean operations applied
to Nef-polyhedra generate a Nef-polyhedra. The library CGAL allows exact
computations with Nef-polyhedra [25,27].

Starting from self-intersection free polyhedra, the exact generation of Nef-
polyhedra preserves the self-intersecting nature of the final mesh see Fig. 6.

The discrete representation of the final swept surface and the final volume.
Following [9], we split the sweeping trajectory into translation and rotation
components, see also Eq. (3). At this point, the swept stent is the result of the
infinite union of the cross-sections along the trajectory. The Frenet frame can
be sensitive. Stabilized solution might be desirable; see, e.g., [58].

To obtain a discrete representation of the sweep operation, the stent cross-
section was mapped at a finite number of points along the sweeping trajectory.
The convex hull of the vertices of two consecutive cross-sections defines a
volumetric unit (Fig. 6), to handle local self-intersections. This approach is

4 When the stent does not have a circular cross-section, we intend here the diameter of
the smallest pipe enclosing the stent.

5 Notice that Nef-polyhedron are not restricted to convex polytopes [6].
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Fig. 6 Self-intersections types and handling: a) global self-intersection; b) local self-
intersection; c) stack of slabs showing local self-intersections d) surface after Nef-polyhedron
boolean union without self-intersections e) no self-intersection allow for easier mesh compu-
tations such as isotropic remeshing of surface d.

limited to convex cross-sections, like the ones commonly found for stents. This
limitation has therefore no practical consequences for the purpose of this study.

The stent is then obtained by performing the boolean union of all volumet-
ric units (Fig. 6). It results that for global self-intersections, we simply merge
the touching volumes and mesh them as a continuum.

As a last step to retrieve the lumen with the footprint of the stent, we use
CGAL as well. Precisely, the 3D stent is subtracted to the unstented lumen
with the Polygon Mesh Processing (PMP) package [33]. This package allows
for tangential relaxation and local remeshing at the intersection of the lumen
and the stent when necessary.

2.3 Computational fluid dynamics

The focus of this paper is on the geometrical reconstruction of the patient-
specific stented artery with a high level of automation and minimal manual
operations. However, a natural finalization of this reconstruction is the compu-
tation of blood flow in the reconstructed geometry. The information retrieved
by the CFD may help understanding the interplay between hemodynamics
and adverse events of the PCI, as well as potentially supporting prognostic
analyses and the design of next-generation scaffolds, in the long-term. We add
here some results of CFD with the aim of (i) validating indirectly the efficacy
of our geometrical reconstruction, when compared with the CFD in a highly
accurate (and time consuming) reconstruction taken here as ground-truth; (ii)
providing a proof-of-concept that our method does actually provide a quality
mesh for CFD in patient-specific cases. The use of the present methodology on
a larger volume of retrospective (and, on a longer term, prospective) clinical
data is a natural follow-up of the present work.

In detail, one of the most critical local hemodynamic indexes for the in-
terplay between the stent geometry and the flow patterns is the Wall Shear
Stress (WSS) along the luminal surface of the stented coronary artery [44].
The predictive role of the WSS for restenosis or other adverse events in coro-
nary arteries has been clearly pointed out in the literature (see, e.g., [49]).
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WSS computation was performed here based on the commercial package Flu-
ent (ANSYS Inc., Canonsburg, PA, USA) with a steady-state computation to
show the applicability of the method as it would have been with a transient
simulation. The steady solver was used as a surrogate of the time average of
the unsteady solution. Since we are comparing here two different geometri-
cal reconstruction methods using the same CFD methods, the choice of the
surrogate steady solver does not undermine the quality of the results and the
cross-validation of the geometrical reconstruction. As a matter of fact, we per-
formed comparisons between the Time-Average WSS on unsteady simulations
and the steady WSS (using two different methods and solvers), finding similar
results. This is promptly explained by the relatively low Reynolds numbers
involved. We do not report this comparison here, for the sake of brevity. Also,
we do not consider in this work any new CFD methodology specific for stented
arteries, even though special techniques may be in order to accelerate the CFD
computations in the future [55].

2.3.1 Stented phantom

The hemodynamics computed in a stented coronary artery phantom, which
was previously reconstructed manually and validated by Migliori et al. [36],
was compared with the one reconstructed with the proposed semi-automated
stent reconstruction method (Fig. 7).

The fluid domains were discretized into tetrahedral elements using ICEM
CFD (ANSYS Inc.). The meshes were refined in the proximity of the stent
following a previous mesh independence study [13]. The maximum element-
size allowed for the Octree meshing algorithm at the strut level is 35 µm,
resulting in five to eight elements on each side of the rectangular struts. The
parameters and the boundary conditions imposed for the simulation were the
same used in [36]. The blood density was set to 1060 kg m-3. A non-Newtonian
Carreau rheology was assumed [20]. The inflow boundary condition was set
as a constant velocity profile with a steady flow-rate of 45.15 ml/min. This
is a typical mean flow-rate value for coronaries (LAD in particular) [30]. A
homogeneous pressure condition was prescribed at the outlet. The non-slip
condition was applied at the walls, considered as rigid. The maximum Reynolds
number was ∼92. For more details on the solver, refer to [8].

2.3.2 Patient-specific cases

In addition to the stented phantom, we performed CFD simulations of the
two patient-specific stented cases. Those two patients come retrospectively from
the ABSORB-III RCT registry (ClincalTrials.gov NCT01751906) OCT endpoint,
which received an Abbott Absorb GT1 bioresorbable scaffold. The two cases were
selected because they represented one straight and one curved vessel, show-
ing the versatility of the proposed approach (RM) to model post-intervention
patient-specific stents. In this case, an inflow rate of 70.8 ml/min for BVS1
and 102 ml/min for BVS2 with a flat profile was selected to mimic conditions
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Fig. 7 Multi-Link 8 3D geometry [36]: volumetric reconstruction from the stent skeleton ob-
tained with the proposed sweeping method.

of a moderate exercise, with a Coronary Flow Reserve of 2 [3]. Null traction
conditions were prescribed at the outflow.

3 Results

3.1 3D Stented Lumen Reconstruction

3.1.1 Skeletonization

The stent skeletonization is tested in both a qualitative and a quantitative way.
The qualitative evaluation consists of a direct visual inspection to check if the
geometry of the skeleton is coherent with the stent design. The quantitative
evaluation is performed by measuring DSSD in Equation (2) between the poly-
line obtained using our anisotropic morphing method and the corresponding
OCT-derived point cloud. The smaller this mismatch is, the more accurate the
skeletonization is expected to be.

When compared with the literature, our RM anisotropic approach obtains
on the phantom of Migliori et al. [36] an optimal difference DSSD = 76.21
mm2. The customized manual method in [36] led to a value DSSD = 70.77
mm2. The accuracy is better for the manual method, but with an acceptable
gap (< 10%). Our method is fully automatic and requires less than an hour (on
a personal computer with OS X El Capitan 10.11.6 operating system, processor
1.6 GHz Intel Core i5, 8 GB RAM). The method in [36] requires about one
day with a significant operator-dependent component.

Specifically, we evaluate quantitatively two aspects of our approach, (a)
the anisotropy in the definition of the distance, when increasing κ; (b) the
performance of RM vs. MR.

(a) In Tab. 1, the results for isotropic and anisotropic (with different values
of κ) registrations are presented for our phantom.

Pos
t-p

rin
t



18 A. Lefieux et al.

Table 1 Polyline-to-point-cloud registration: isotropic vs anisotropic DSSD(mm2) in the
Multi-Link 8 Phantom.

κ 1 (Isotr) 3.1 10 31.1 100

DSSD(mm2) 3.39 2.9 2.05 1.92 1.77

Table 2 Polyline-to-point-cloud registration: isotropic vs anisotropic DSSD(mm2) in BVS1
and BVS2.

BVS1

κ 1 (Isotr) 3.1 10 31.1 100

DSSD(mm2) 9.43 5.83 3.89 1.64 0.84

BVS2

κ 1 (Isotr) 3.1 10 31.1 100

DSSD(mm2) 25.15 15.05 10.55 6.28 4.35

In Tab. 2 we present the same results for the two BVS cases. Notice that
the noise was much higher in BVS2, leading to a larger DSSD than for the
other cases.

(b) The results of the RM and MR methods are compared in Tab. 3. We
illustrate the skeletons of the three cases in Fig. 8a,b,c.

Fig. 8 Skeletons of the Multi-Link 8 phantom case (a), BVS1 case (b) and BVS2 case
(c) obtained with the RM method. Half stents (anterior part) are shown for visualization
purposes.
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Table 3 Stent skeletonization: comparison of MR vs RM.

CASE DSSD
MR (mm2) DSSD

RM (mm2)

Multi-Link 8 phantom 7.48 2.05

BVS1 10.19 3.89

BVS2 20.30 10.55

Fig. 9 OCT-based construction process from the undeployed stent, and OCT point cloud
(red dots) registration, to the 3D Stent. Left: The Undeployed Stent Skeleton. Center (second
and third panels): BVS1. Right (fourth and fifth panels): BVS2.

3.1.2 Stent volume reconstruction

Figure 9 shows the final 3D reconstruction of the bioresorbable scaffold of
one patient-specific case (BVS2). The entire volumetric reconstruction process
takes from 10 to 30 minutes (depending on the stent model and length) on
a desktop workstation (an 8 3.2GHz cores Intel Xeon 10th generation, 32GB
Ram). The volumetric reconstruction time depends primarily on the length of
the stent and the complexity of the cross-section. The reconstruction method
was able to handle the reconstruction of both straight and curved stent ge-
ometries, as highlighted in Fig. 9, which depicts the final 3D reconstruction of
BVS1 and BVS2, respectively.

The expected overall turnaround time, i.e., including lumen/strut segmen-
tation, image registration, 3D mapping, and volume reconstruction, of the
preparation of the geometry, was around 4 hours. Out of these hours, the work-
flow from the registration through the meshing required - the specific suhourect
of the present work - required less than an hour.
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3.2 Computational fluid dynamics

Stented phantom Figure 10 compares the WSS contours (left) and the stented
lumen surface where WSS was lower or equal to 0.4 Pa (right) for the two cases.
Luminal regions with low WSS, i.e., with WSS lower than 0.4 Pa, are of interest
as they are susceptible to develop atherosclerosis [34]. The WSS distributions
were in good agreement.

Fig. 10 Hemodynamic results with the new method (middle) and that proposed by Migliori
et al. [36] (bottom): contour maps of WSS (left); stented lumen surface exposed to WSS ≤
0.4 Pa (right).

The mean WSS (denoted by WSS) was calculated for both models as

WSS ≡
N∑
i=1

WSSi
Ai

A
(7)

where A is the total area of the stented portion of the lumen, N is the total
number of elements of the stented lumen surface, WSSi is the WSS on the
ith element, which has area Ai. The obtained values were 0.439 Pa in the case
with the stent reconstructed with the new method and 0.448 Pa in the case
in [36] with a 2% difference. Furthermore, the percentage of stented lumen
surface exposed to WSS lower than 0.4 Pa was calculated for both cases as

lowWSSarea =
AWSS≤0.4

A
× 100 (8)

where AWSS≤0.4 is the portion of stented lumen area with WSS ≤ 0.4 Pa
(this area is highlighted with the red surfaces on the right in Fig. 10). The
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Fig. 11 Comparison of the WSS computed with the Footprint (F) of the stent and without
it, i.e., No-Footprint (NF). At the top left, BVS1, on the bottom left, BVS2, right: inner
view for BVS1.

obtained values were 49.92% in the case with the stent reconstructed with the
new method and 49.15% in the case in [36], with a 1.5% difference.

Patient-specific cases Figure 11 shows the comparison between the WSS com-
puted with and without the footprint of the stent (marked by F and NF,
respectively). The local differences in the WSS maps are apparent.

4 Discussion

To obtain a mathematical representation of a patient-specific stented coro-
nary artery, two approaches are possible. In the “model-driven” approach, one
performs the simulation of the deployment in the patient-specific lumen. This
approach, by construction, is certainly consistent with the physics of the prob-
lem, as the virtual deployment obeys physical principles [14]. This approach
is also “predictive”, as it potentially allows to anticipate prospectively the de-
ployment results. However, it suffers from a substantial lack of patient-specific
knowledge of the arterial wall’s material properties and the parameters of the
constitutive laws that describe, for instance, the contact between the stent
struts and the arterial wall.
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On the other hand, a purely “data-driven” approach is also problematic, as
the images’ geometrical reconstruction reflects the limitations of the imaging
tools in terms of resolution and noise. Mathematical techniques intended to
“fill the gaps” of the data need several manual adjustments, and not necessarily
lead to solutions consistent with the physics [61]. This suggests a “hybrid” ap-
proach, where the available data from images are merged with the undeployed
design of the stent by image-registration. Image registration was proposed
for OCT-based reconstruction in [45,18]; our approach differs for the specific
registration methodology [32] and the subsequent skeletonization procedures.

A qualitative comparison among the different approaches is summarized in
Tab. 4. The third column refers to our approach.

Model-Driven Data-Driven Data-Assimilation/CAD

Data Noise No Yes Mitigated
Mechanics Parameters Yes No Optional

Wall/Stent Contact Yes No No
Automation High Low High

Table 4 Comparison of pros and cons of different approaches for the stent reconstruction.
The last column refers to the present Data-Assimilation/CAD approach presented in this
paper. The noise of the data, in this case, is partially fixed by the image-registration and
the associated regularization. The regularization in our work does not use any specific in-
formation of the mechanics of the stent, but in principle it may take advantage from this
knowledge. So, the knowledge of these data is optional, while it is necessary in the model-
driven approach.

The Registration procedure A hybrid procedure requires a reliable source of
data. Here, we combine two sources of images, namely OCT and angiography.
OCT imaging is the right candidate for both the transverse and interframe res-
olutions [47], guaranteeing an appropriate level of accuracy for the size of the
struts of 80 µm and 150 µm of metallic and bioresorbable stents, respectively.
This allows struts detection on each OCT slice in a semi-automatic way [11,61,
17]. Once the struts are detected, and a cloud of points with their center of mass
is formed, the creation of topology is required (skeletonization). Our skele-
tonization consists of the polyline-to-point registration, previously introduced
in [32]. The registration procedure is automatic and operator-independent.
Additionally, it fixes problems such as the presence of the guidewire shadow
in the OCT images by filling the gaps due to the sparsity of the data.

A specific discussion deserves the selection of the parameter κ for the
anisotropic registration. The results of Tab. 1 pinpoint the efficacy of the
anisotropic strategy. As expected, the difference DSSD decreases when κ in-
creases, showing that the convergence solution’s final distance gets better.
However, the presence of the noise can make a too strict adherence to the
points nonphysical. Also, the sensitivity of DSSD on κ significantly decreases
for κ ≥ 10. The choice for κ can be driven primarily by the ratio of the longi-
tudinal resolution (i.e., interframe distance) and the in-plane resolution. For
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the Optis OCT system, this relative resolution is either 20 or 10, depending
on the pullback mode and considering an in-plane resolution of 10µm.

In the case of BVS geometries (Tab. 2), the difference between the longi-
tudinal and in-plane resolution is higher, and the noise affecting the images is
more pronounced in the longitudinal direction. The dependence of DSSD on κ
is more evident (approximated by a regression line with slope -0.18 for BVS1
and -0.28 for BVS2). As previously pointed out, a larger κ may be beneficial
to the mismatch, yet the enforcement of a very small DSSD on noisy data
conflicts with the physical consistency for the relative motion of the lumen
with respect to the OCT catheter during pullback [24].

The 3D Mapping The fusion of OCT images with two angiographic views en-
ables obtaining the 3D patient-specific topology of the stent. The mapping
between the L-view of the OCT pullback and the 3D-view presents some tech-
nical challenges. In fact, the bi-planar angiographies allow the direct construc-
tion of the mapping between the catheter and the real vessel centerline only
in the frames corresponding to OCT slices. How this deformation extends to
all the skeleton obtained after the registration requires some specific method.
Available manual strategies [12] are generally operator-dependent and time
consuming. Here, we resort to a method based on computational mechanics.
The elasticity model (4,6) is used for retrieving the L-view/3D- view map. There-
fore, the quantitative impact of the model parameters on the final result is minimal.
Our approach can be classified as RM (Register-then-Map) so that the skele-
ton is first computed in the L-view and then mapped to the 3D frame. Another
option is possible, namely MR (Map-then-Register), in which the points from
the OCT are mapped to the 3D, and eventually, the image registration is per-
formed to retrieve the 3D skeleton directly. We compared the two approaches
in Tab. 3. The RM approach gives a pay-off when compared with the more
immediate MR workflow when we consider the value of the difference DSSD

attained by the RM approach. As reported in Tab. 3, the RM results were
better in all the tested cases, with reductions of the final errors of 68.85% in
the Multi-Link 8 phantom case, of 60.35% in the BVS1 case and of 47.59% in
the BVS2 case. These results can be mainly motivated by the following two
reasons.

(i) The registration to the 3D view is more prone to sub-optimal solutions.
This means that the minimization intrinsic to the registration can be more
effective in the L-view than in the 3D, for the variety and complexity of the
different possible configurations in the patient framework. To mitigate the risk
of being trapped in local minima, the regularization term needs to be carefully
calibrated, as recommended in [32].

(ii) Working in the L-view frame for the registration allows the anisotropic
approach, as the OCT-resolution is different in directions that correspond to
the Cartesian ones only in the L-view.

Our final recommendation based on these results is to pursue the RM
anisotropic approach.
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Volume reconstruction of the Stent The volume reconstruction of the stent
from the skeleton is troublesome for possible inconsistencies leading to “self-
intersections” of the final surface triangulation. Self-intersections are singu-
larities of the curves representing the surface and significantly undermine the
meshing process for CFD [35]. To avoid this problem, we presented an auto-
matic and robust stent volume reconstruction based on Nef-polyhedra. This
computational geometry concept allowed the automatic reconstruction of the
volume with a sequence of Boolean operations. This allowed the creation of
conformal meshes of both the lumen and the stent that guaranteed the correct-
ness of the final volumetric mesh of the stented lumen for CFD computations.

CFD Analysis To assess the accuracy of our approach, we tested it on a phan-
tom introduced in [36], as well as on two patient-specific geometries from the
Emory University Hospital with a bioresorbable scaffolds. The choice of biore-
sorbable scaffolds was motivated by the interest triggered by the frequency of
adverse events for these devices, possibly related by the local hemodynamics
induced by the struts, whose thickness is larger than for classical Drug-Eluting
Stents.

The novel methodology presented here obtained accurate 3D models of
stented coronary arteries, useful for quantitative analyses, including CFD sim-
ulations. Precisely, the semi-automatic procedure presented here can compute
a CFD analysis within 5 hours (from DICOM to CFD results) as opposed
to the manual procedure, requiring order of days of work (not to mention
operator-dependence).

The results of Fig. 11 pinpoint the importance of the stent footprint into
the CFD analysis. We speculate that in the hemodynamics of stented arteries
there are two major geometrical factors affecting the WSS distribution in a
stented artery: (i) the centerline curvature (bending and torsion), that we
identify as a “non-local” factor; (ii) the presence of the struts, that we call a
“local” factor. The two factors overlap and seem to be both decisive in the
final WSS distribution. For instance, looking at the BVS1 results, it is evident
that where the struts are absent or the artery has a significant bending (top
of BVS1), the WSS distributions in the F and NF are similar, while they
differ significantly for the presence of struts. More specifically, the struts seem
to reduce the WSS and likely increment its oscillations. This may provide an
explanation to the occurrence of adverse events. These speculations need to be
confirmed on a larger number of cases.

Timing The primary driver of the overhaul size of the registration problem is the
stent length, as discussed above. Consequently, longer stents will require more
time to process. For stents about 40 mm long, our experience, on an 8 3.2GHz
cores Intel Xeon 10th generation and our current implementation, is as follows:
registration 10 minutes, 3D mapping 30 minutes, volumetric reconstruction 20
minutes. Regarding timing of the CFD simulations, the results depend significantly
on the simulation type and mesh accuracy required. Our timing experience ranged
from 1 hour with Fluent and a coarse grid for a steady simulation on a modern
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workstation to 48 hours with finite elements and LifeV, a fine grid on an HPC
cluster (Stampede2 at Texas Advanced Computing Center with 192 cores).

Limitations The work features limitations and room for improvement.

1. The first improvement lies in the stent strut-detection on the OCT-images,
where we can significantly accelerate by incorporating machine learning
algorithms for the completely automatic detection of the struts. This is
anticipated to significantly shorten the turnaround time.

2. In the polyline-to-point cloud registration the penalization, that currently
includes only stretching, is not derived from a specific constitutive laws. An
adequate rod modeling, including the penalization of bending and twisting
modes, might further improve the stent skeleton morphing process.

3. An alternative procedure for the volumetric reconstruction is to obtain the
volume directly in the L-view and then to use our mapping for the final
3D reconstruction. This approach will be considered in future work.

4. We need to improve our knowledge of some parameters, in particular, κ
and its interplay with the parameters of the registration procedure. An
optimal selection of this parameter may eventually rely on statistical or
machine learning algorithms.

The present results do not include side-branches in the coronary. This is not
a limitation of the stent registration and reconstruction that we propose here.
The inclusion of the side-branches attains the lumen reconstruction and the
prescription of boundary conditions for the CFD analysis. Once these steps
can be done, our stent reconstruction method applies promptly.

As a follow-up research, we also mention the extensive quantitative comparison
of different approaches, beyond Tab. 4. This would require the introduction of a
common benchmark with an accurate identification of the ground truth, where dif-
ferent approaches could be probed in terms of accuracy and efficiency/automation.

5 Conclusions

In this work, we introduced a sequence of steps that lead to an accurate re-
construction of stented coronary artery models from OCT and angiographic
data in a relatively short timeline. This may enable the patient-specific hemo-
dynamic analysis of small clinical studies based on OCT acquisitions.

The novelty of our reconstruction approach lies in (i) the combination of
modeling-based procedures and data assimilation, with the help of advanced
mathematical tools like point-to-polyline registration; (ii) the L-view/3D map-
ping based on elasticity, with a Registration-then-Map workflow motivated by
the results; (iii) the stent implicit modeling for the volumetric reconstruction
based on Nef-polyhedra.

It is important to stress that the computational time for these three steps
leading from the point-cloud to the stented geometry fits within an hour with
a high level of automation. As a future development of the present work, we
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plan to improve the strut detection on the images and the corresponding seg-
mentation, with a semi-automatic (possibly Machine-Learning based) pattern
recognition to accelerate the identification of the shapes of the struts.

Nevertheless, our results gave confidence that our approach provides us-
able (reliable and efficient) tools for comprehensive investigations. In addition,
the presented and cross-validated CFD simulations demonstrated that reliable
maps of WSS could be obtained within a few hours. This turnaround time
allows to process a number of patients compatible with small retrospective
studies (order of tenths or few hundreds cases). To the best of authors’ knowl-
edge, state-of-art methodologies were used so far to process just a few patients
[18,45]. Small retrospective studies may allow to identify quantitative relations
between adverse events and the local hemodynamics that could eventually feed
larger (retrospective and prospective) clinical trials. The identification of one
or more common benchmarks for testing different approaches is also a desirable
step, for a precise assessment of the different options [60].

When comparing cases with and without the footprint of the stents, it is
apparent that the WSS maps are significantly affected by the presence of the
stent struts, demonstrating that an accurate patient-specific reconstruction of
the stented artery is mandatory for any clinical analysis. Small clinical studies
may help confirming/rejecting this statement and the procedure presented
here provides a significant improvement in the image/geometry processing
required by the CFD. The current development of our methodology aims to
shorten the turnaround time to fit within 2 hours, with a high level of operator
independence (so to engage an operator for less than one hour). This may
potentially enable these tools for larger clinical studies.

Finally, we mention that the proposed procedure can be used for 3D print-
ing of post-deployment patient-specific geometries.
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