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Abstract—Image-based computational models for quantify-
ing hemodynamic indices in stented coronary arteries often
employ biplane angiography and intravascular ultrasound
for 3D reconstruction. Recent advances in guidewire simu-
lation algorithms and the rise of optical coherence tomog-
raphy (OCT) suggest more precise coronary artery
reconstruction may be possible. We developed a patient-
specific method that combines the superior resolution of
OCT with techniques for imaging wire pathway reconstruc-
tion adopted from graph theory. The wire pathway with
minimum bending energy was determined by applying a
shortest path algorithm to a graph representation of the
artery based on prior studies indicating a wire adopts the
straightest configuration within a tortuous vessel. Segments
from OCT images are then registered orthogonal to the wire
pathway using rotational orientation consistent with geom-
etry delineated by computed tomography (CT). To demon-
strate applicability, OCT segments within the stented region
were combined with proximal and distal CT segments and
imported into computational fluid dynamics software to
quantify indices of wall shear stress (WSS). The method was
applied to imaging data of a left circumflex artery with
thrombus acquired immediately post-stenting and after a
6-month follow-up period. Areas of stent-induced low WSS
returned to physiological levels at follow-up, but correlated
with measurable neointimal thickness in OCT images.
Neointimal thickness was negligible in areas of elevated
WSS due to thrombus. This novel methodology capable of
reconstructing a stented coronary artery may ultimately
enhance our knowledge of deleterious hemodynamic indices
induced by stenting after further investigation in a larger
patient population.
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INTRODUCTION

One in three adults in the U.S. have some form of
cardiovascular disease, of which 51% suffer from
coronary artery disease.*® The development of stenting
has revolutionized treatment of coronary artery dis-
ease, but restenosis has limited the success of bare
metal stents (BMS) in ~30-51% of patients.'**' Drug-
eluting stents (DES) that decrease rates of restenosis
were approved by the FDA in 2003 as an alternative to
BMS, but may be more susceptible to late stent
thrombosis?® due to several factors including subopti-
mal endothelial cell coverage.'®*® Although the inci-
dence of late stent thrombosis is just 1-2% after DES
implantation, ~50-70% of these patients may experi-
ence myocardial infarction as a result.?'*®

Interestingly, stent implantation causes changes in
vascular geometry resulting in altered local blood flow
velocity and distributions of wall shear stress (WSS)
that have been shown to correlate with NH*® and the
ability of endothelial cells to migrate onto stent sur-
faces.!”?**7 Computational fluid dynamics (CFD)
simulations performed with patient-specific 3D models
of the coronary arteries play a key role in quantifying
indices of WSS.>*! CFD models have previously
been constructed using combinations of angiography
and intravascular ultrasound (IVUS),''?"% but the
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resolution of these imaging modalities (e.g., IVUS at
~150 um)* compared to the intricacies of a stented
artery may cause the loss of spatial information
important for accurate model reconstruction’-'#4¢->
and CFD analysis. Optical coherence tomography
(OCT) has been used in coronary arteries since 2007 in
Japan and 2010 in the United States to analyze pre-
procedural lesion characteristics and the efficacy of
stent implantation, offering 10 times the resolution of
IVUS.>** Coupling OCT data with image registra-
tion and vessel reconstruction methods to create 3D
coronary artery models for CFD analysis may there-
fore provide critical insight into the relationship
between deleterious indices of WSS established after
DES and their influence on thrombus or NT.

Accurately reconstructing the pullback pathway of
an intravascular imaging device and subsequent ori-
entation of images along the pathway are arguably the
most critical aspects of 3D artery reconstruction using
intravascular imaging modalities. Biplane angio-
graphic imaging data was the primary source for
extracting the imaging pathway in earlier stud-
ies,””**3% but its use can introduce complications such
as non-orthogonal planes, an undetectable imaging
wire, and the need to compensate for motion or add
calibration steps beyond the clinical norm.®%-2%48:30:3
The rotational orientation of images along a curved
pathway estimated with points extracted from biplane
angiography has also depended on the curve’s func-
tional representation, potentially causing inaccuracies
with image orientation stemming from multiple func-
tions closely representing the same curve or numerical
instability of the function’s derivatives,?’-2%:49:33:58.64
Further orientation issues including rotational invari-
ance about the wire pathway and an inability to cap-
ture vessel irregularities have occurred when using
angiographic images for lumen matching **-4%2:64
These obstacles suggest that a method independent of
biplane angiography is desirable, particularly for ret-
rospective use.

Several recent studies have focused on predicting the
pathway of a guidewire in a tortuous vessel based on
the principle of minimum bending energy. Early work
was conducted in the context of simulating the guide-
wire insertion pathway for intervention simulation'*
but later studies focusing on pullback pathway repro-
ducibility®*>® are more applicable to the current
investigation. Applicable techniques are taken from
the field of graph theory and produce a unique path-
way for a guidewire that could be further used in vessel
reconstruction algorithms. If this approach were
implemented within a CFD modeling process it would
be possible to create patient-specific models using
clinical imaging data independent of the limitations
mentioned above.

The objective of the current investigation was to
develop an alternative method for patient-specific
coronary artery reconstruction using the superior
spatial resolution of OCT and a novel implementation
of graph theory. Specifically, this investigation focused
on OCT image segment registration onto an imaging
wire pullback pathway determined by implementing
Dijkstra’s algorithm on a graph representation of the
left circumflex artery (LCX). The method was applied
in a retrospective manner using computed tomography
(CT) and OCT data of a single patient’s LCX acquired
immediately after stenting (“‘post-stent’) in the pres-
ence of thrombus, and again after a 6-month period
(“follow-up’’). These arterial reconstructions were used
with CFD to demonstrate the utility of quantifying
indices of WSS for comparison with NT measured
from OCT images.

METHODS

The methods developed to complete our objective
are divided into four processes as illustrated by the
workflow displayed in Fig. 1: Data Collection, Model
Construction, Simulation, and Results Quantification.
Process 2, Model Construction, consists of five stages
labeled A. Image processing, B. Wire pathway recon-
struction, C. Segment registration, D. Model assembly,
and E. Stent implantation. Stage 2B is the focus of this
investigation and consists of four steps that are com-
pleted before Stage 2C commences.

Data Collection

This investigation was approved by the ethical
committee of Kobe University and Institutional
Review Board at Marquette University. Informed
consent was obtained for the use of data in this case
study. Coronary angiography and OCT imaging were
performed immediately and 6 months after DES
implantation as previously reported.*® OCT images
were acquired with a time-domain M2 OCT Imaging
System (LightLab Imaging Inc., Westford, MA, USA)
having axial and lateral resolutions of 15 and 25 um,
respectively.” A 0.016-inch OCT fiber-optic imaging
wire with a photodetector at its tip (ImageWire,
LightLab Imaging, Westford, MA, USA) was
advanced to the distal end of the stented lesion through
an occlusion balloon catheter (Helios™, LightLab
Imaging Inc., Westford, MA, USA). The occlusion
balloon was inflated to 0.5 atm at the proximal site of
the stented lesion, and Lactated Ringer’s solution was
infused into the coronary artery from the distal tip of
the occlusion balloon catheter at 0.5 mL/s to flush the
area clear of blood. The entire stented length was then
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FIGURE 1. Diagram of the workflow developed and implemented for the current investigation. The workflow is divided into four
processes including 1. Data Collection, 2. Model Construction, 3. Simulation, and 4. Results Quantification. Process 2, Model
Construction, consists of five stages labeled A. Image processing, B. Wire pathway reconstruction, C. Segment registration,
D. Model assembly, and E. Stent implantation. Stage 2B is the focus of this investigation and consists of four steps that are

completed before Stage 2C commences.

imaged using an automatic pullback speed of 1 mm/s
at 15 frames/s. The lesion was also evaluated before
stent implantation with a 64-slice multidetector CT
scanner resulting in a voxel size of 0.39 x 0.39 x
0.5 mm (Aquillion 64, Toshiba Medical Systems,
Tokyo, Japan). Volume-rendered CT data and a cor-
responding longitudinal OCT cross-section are shown
in Fig. 2.

Analysis of OCT images was performed by an
independent observer who was blinded to clinical
presentation and lesion characteristics. Cross-sectional
OCT images were quantified at 1-mm intervals. Lumen
area was determined by tracing the leading edge of the
blood/intima border. Stent area was delineated by first
marking the center of each stent strut, then automati-
cally interpolating between strut locations using the
integrated Lightlab image analysis software.*> These
tracings (hereafter referred to as segments) are marked
by white and cyan contours, respectively. Intracoro-
nary thrombus was defined as a protruding mass
beyond the stent strut into the lumen with significant
attenuation behind the mass.*®

Model Construction

The model construction process contains five dis-
tinct stages: A. Image processing, B. Wire pathway
reconstruction, C. Segment registration, D. Model
assembly, and E. Stent implantation. The first four
stages are common to both the post-stent and follow-
up OCT data sets, but are implemented separately on
each. The final stent implantation stage is applicable to
the post-stent data only. Resulting computational
models represent the LCX from ~10 mm proximal to

Volume rendered CT

FIGURE 2. Left: Volume rendering of computed tomography
data obtained from the left circumflex coronary artery (LCX)
prior to stent implantation. The thrombus, evident by a lack of
bright blood flow in the LCX, is located in the distal half of the
stented region. Right: Longitudinal view of OCT data from post-
stent assessment. A similarimage was also acquired during the
follow-up assessment. OM1: first obtuse marginal artery. OM2:
2nd obtuse marginal artery. pLCX: LCX proximal to the stented
region. dLCX: LCX distal to the stented region and the OM2.

the stent (just distal to the 1st obtuse marginal artery)
to ~10 mm distal to the bifurcation at the second
obtuse marginal (OM2), including portions of both
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bifurcating arteries. The distal end of the stent was
located just proximal to the OM2 bifurcation. Specific
computations used for these stages discussed in
detail below were performed in Matlab (MathWorks;
Natick, MA) unless otherwise specified.

Stage A. Image Processing

OCT images were processed in Matlab using algo-
rithms provided in the Image Processing Toolbox.
Images were converted to grayscale, masked to remove
measurement markings, and thresholded relative to the
color of segments, resulting in binary images of the
original OCT images with a black background and
segment pixels isolated in white. Pixels were converted
to Cartesian coordinates with the z-coordinate for each
image segment representing its pullback distance.
Segments were then aligned vertically in succession and
spaced using the known pullback rate of 15 frames/
mm, resulting in a vertical stack of OCT segments
positioned with the z-axis intersecting each segment at
its centroid.

Stage B. Wire Pathway Reconstruction

During OCT, images are acquired orthogonal to the
photodetector at the tip of the imaging wire and do not
necessarily lie on the vessel centerline, thus requiring
determination of the wire pullback pathway to ensure
precise segment registration. As discussed in the Intro-
duction, the wire follows the straightest pathway within
the tortuous vessel (i.e. it minimizes its total bending
energy) provided the vessel tortuosity is above a value of
1.2, defined as the ratio between the total centerline arc
length and the direct distance between centerline start
and end points.>® The pathway is therefore determined
by framing the problem as an optimization for which
both a spatial network representation of the set of
possible wire pathways and an associated graph repre-
sentation are required. This network-graph dual repre-
sentation is adopted from Schafer er al.>® and is
demonstrated below for a simple case.

Demonstration of Concept

The simple case of a vessel comprised of three
orthogonal planes P; and two points Pj; per plane can
be expressed using the network-graph dual represen-
tation introduced above. Sets of coplanar points are
connected such that a joint ¢ = (vy, v,) at a candidate
point is defined to be a composition of two vectors
v = a...[ connecting the point with candidate points in
successive proximal and distal sets of points (Fig. 3a).
For example, v = e and v = k connect points P,, P,
P53, in consecutive planes Py, P», and P5. This network
of joints connected by vectors encompasses a spectrum
of possible wire pathways, and the wire pullback

=(e,k)

FIGURE 3. (a) Network and (b) graph representations of a
simple case vessel with three planes and two points per
plane. (a) Vectors in the network diagram are labeled as a.../
and colored light grey. Joints ¢ are connections between two
vectors and colored dark grey. The joint ¢ = (e, k) is indicated
by dotted lines with its angle measurement 0.,. Segments are
shown as black ellipses and the centerline is dotted grey,
passing through centroids marked with a grey ‘x’. (b) Vertices
and edges of the graph correspond to vectors and joints of
the network, with vertices labeled a.../ in light grey and edges
in dark grey. The weight 62, is assigned to edge & = (e, k).
Vertices a and /| are added to the graph to ensure single
source and destination vertices for the shortest path algo-
rithm. All edges adjacent to these vertices a and / are given
equal weights because these vertices lack physical meaning
but are included for completeness.

pathway as determined by the optimization algorithm
passes through one point in each set of points on each
plane starting at one end of the vessel.

The network of possible pathways is further repre-
sented for the simple case as a directed graph G = (V,
E), with joints now indicated as edges (E) and the
connecting vectors as vertices (V) (Fig. 3b). Graph
vertices, v € V, correspond to network vector connec-
tions between joints that comprise the possible wire
pathways, labeled as a.../ as were the vectors of the
network. Graph edges, ¢ € E, represent the joints
connecting vectors between P;, e.g., ¢ = (e, k). Repre-
senting the network as a graph allows us to implement
a minimization algorithm that does not search over all
connections between all candidate points, but instead
considers only connections that make valid pathways
based on previous connections and pathway direction.
In the simple case, a-e-k-/ is a valid pathway but a-e-g-/
and [-k-e-a are not. The vertices ¢ and / are added to
ensure single source and destination vertices for the
graph and vectors defining joints for the first and last
planes of the network. The resulting start and end
points created in the network are outside of the planes
and do not affect the minimization.

The pathway with minimum bending energy com-
posed of an ordered set of joints is determined by
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minimizing total bending energy, Uiotal = Y Ubends
over all pathways. Bending energy, Uyenq, at each joint
is assigned as the weight for each corresponding graph
edge. It is defined as Upeng = (1/2)C6O* according to an
adaptation of Hooke’s law for molecules as is cus-
tomary in previous studies,* where 0 is the supple-
ment of the angle of the joint (i.e. an angle of 0 is a
straight joint) and the parameter C comprises several
constant spring parameters. The minimization problem
is independent of the value of any multiplied constants,
thus the contribution of the constants is negligible and
the square of the joint angles, 0%, were assigned as
edge weights. The angle 6 was calculated from the
standard cosine formula, e.g., O = 180 — cos™! (v, - v;)/
(|ve||vk|) between vectors e and k (see Fig. 3b).

The minimum path of the graph is calculated with
the aid of numerical methods. These methods require
an adjacency matrix with ones indicating a directed
edge between two vertices and zeros indicating no
edge, as well as a cost matrix with the calculated
weights that are assigned to each edge included
as matrix entries where ones are located. Rows of
the matrix indicate the starting vertex and columns the
ending vertex for each edge. Figure 4 shows the
matrices that correspond to the simple case detailed in
Fig. 3 with entries for edge e-k highlighted. The first
row, last column, and block matrices in the interior
have a structure directly related to the network,
e.g., the 4 x 4 block matrix for the simple case indi-
cates the 8 joints on plane P,. All edges adjacent to
vertices @ and [ are given equal weights because these
vertices lack physical meaning but are included for

Adjacency matrix Cost matrix
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FIGURE 4. Examples of adjacency and cost matrices for a
simple case vessel with three planes, two points per plane (see
Fig. 3), required for the numerical implementation of a shortest
path algorithm. Rows indicate the starting vertex and columns
the ending vertex for each edge. The 4 x 4 matrix in the black
box indicates the 8 joints found on plane P,, showing also the
structure of the block matrix exploited for automated matrix
construction for a larger network. The smaller dotted box
highlights the e-k joint/edge with weight 6.

completeness. The output of the numerical method is
the succession of joints that make up the minimum
bending energy pathway.

Implementation

The imaging wire pathway for the coronary vessel in
this investigation was determined using the procedure
outlined above. OCT image segments processed in
Stage A were used to determine the necessary orthog-
onal planes and sets of coplanar candidate points be-
cause they contain 2D lumen centroid and wire
position information that lends greater precision to the
analysis. The steps for obtaining the imaging wire
pathway are listed below followed by a detailed
exposition:

Step 1. Identify planes orthogonal to the vessel
centerline using CT data and OCT segments.

Step 2. Identify sets of coplanar candidate points
lying on the orthogonal planes that will comprise the
joints of the possible wire pathways.

Step 3. Formulate adjacency and cost matrices that
describe the graph of the network formed by the sets of
coplanar candidate points.

Step 4. Apply Dijsktra’s algorithm to the graph
using its adjacency and cost matrices to obtain the
pathway of minimum bending energy.

Step 1. Identify orthogonal planes. As a first
approximation of OCT segment registration and to
designate orthogonal planes within the imaged region,
segments are placed longitudinally on the LCX cen-
terline at their centroids. The centerline was generated
from the CT data using the open-source software
packages ITK-Snap (www.itksnap.org) and VMTK (
www.vmtk.org) as previously described.® Briefly, 3D
segmentation in ITK-Snap was performed using
intensity regions with lower threshold of 175 and no
upper threshold, and snake propagation of 25 itera-
tions. The length of the centerline used for the analysis
extended from the 1st obtuse marginal artery to
approximately 60 mm distal to the OM2. Longitudinal
spacing along the centerline was ensured by first
anchoring image segments acquired at two landmarks,
the OM2 and a smaller (side) branch originating from
the middle of the stented region, with lumen centroid
coordinates at these positions extracted using ITK-
Snap. Remaining segments were distributed according
to the wire pullback speed.

Segments (S) are transformed from the vertical (v)
stack to the centerline (c) by using the inverse of the
rotation matrix (R) that aligns the centerline tangent
(t) at each longitudinally spaced centerline registration
point with the z-axis of the vertical stack (Fig. 5). This
pair of operations is represented mathematically by the
equations Rt.=t, and R°!S, = S., where R is
constructed such that the x and y coordinates of
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(a) e

RS, =S,

FIGURE 5. Diagram of OCT segment placement onto vessel
centerline. (a) A matrix R is calculated at each longitudinally
spaced centerline registration point that rotates centerline
tangents t. to align with the z-axis of the vertical stack such
that the x and y coordinates of the resulting t, equal 0. (b) The
matrix R™" is applied to the segments S, in the vertical stack,
creating orthogonal segments S; on the vessel centerline.

t, equal 0. The resulting segments S, are orthogonal to
the vessel centerline, with segment normals originating
at the segment centroid aligned with centerline tan-
gents. S. determines orthogonal planes P; in the
imaged region used for the remaining steps. In addi-
tion, a sufficient number of orthogonal planes proxi-
mal and distal to the region imaged by OCT were
calculated using centerline tangents to ensure accuracy
while minimizing computation time,”® resulting in a
total of 33 planes.

Step 2. Identify sets of coplanar points. Orthogonal
planes identified in the previous step were used to
define sets of 13 coplanar candidate points, Py,j = 1...13.
Proximal and distal to the region imaged by OCT, each
set of P;;included the centroid, 4 points equally spaced at
1/3 radius from the centroid, and 8 points equally spaced
2/3 radius from the centroid (Fig. 6a),in order to span the
cross-section. For the planes in the imaged region, the
distance between each segment’s centroid and wire loca-
tion was known by direct measurement from the OCT
images. Therefore the P; were created within the plane
segments using 13 equally spaced points surrounding the
centroid at a radius equal this distance (Fig. 6b). Finally,
for the two segment planes anchored at branch land-
marks, coordinates for the wire points were explicitly
determined from ITK-Snap, similar to what was done in
Step 1 for anchoring centroid coordinates. Note that
aside from the two anchored segments, rotational posi-
tioning of remaining segments is unknown at this step,
thus the need for P;that circumferentially span the lumen
cross-section.

Step 3. Formulate adjacency and cost matrices. In this
investigation, adjacency and cost matrices were gener-
ated using a custom automated script that exploited the
fact that the same number of joints exist on each plane.
Matrices were square with size (N — 1)M> + 2, where
N is the number of defined planes and M is the number

(a)

FIGURE 6. (a) Representative orthogonal set of 13 coplanar
wire pathway candidate points Pj; proximal to the imaged re-
gion, including the point at the lumen centroid marked with a
black ‘x’, 4 points equally spaced at 1/3 radius from the cen-
troid, and 8 points equally spaced 2/3 radius from the cen-
troid. Points are shown within a volume rendering of CT data
used for centerline determination. (b) Representative post-
stent OCT image with lumen (white) and stent (cyan) segment
showing locations of 13 P; marked with white dots and lumen
centroid with a white ‘x’. Points are equally spaced sur-
rounding the centroid at a radius equal to the distance
between the centroid and wire location at the image center
(white arrow).

of points per plane (33 and 13 for this investigation,
respectively). Similar to what was shown in Fig. 4, the
first row of the adjacency matrix consists of one zero, M>
ones, and the remaining entries as zeros, while the last
column begins with zeros and ends with M? ones and
one zero. The (N — 2)M? columns prior to the last
column consist of block matrices of size M?. The fixed
point in each of the two anchor planes described in
Step 2 was treated as if it was 13 identical points in order
to simplify matrix generation.

Step 4. Solve shortest path problem to minimize
bending energy. A validated numerical Dijkstra’s
algorithm script (MathWorks, www.mathworks.com)
was implemented in Matlab to evaluate the shortest
path from the source to the destination vertex using the
adjacency and cost matrices determined in Step 3. The
output of the script is the succession of joints, and thus
the candidate points, that make up the minimum
bending energy pathway. To refine the location of
these points, Dijkstra’s algorithm was implemented a
second time on a new set of 13 candidate points within
each plane that included each respective point found
from the first implementation of the algorithm. The
encompassing radius for the new set of candidate
points was less than 1/3 of the lumen radius at each
location to ensure the new points remained within the
vessel. The final set of pathway points was interpolated
to the nearest 0.1 mm to determine the entire pathway.

Stage C. Segment Registration

Registration of OCT segments on the wire pathway
was performed in a manner similar to what was done


http://www.mathworks.com

218 ELLWEIN et al.

to identify orthogonal planes as described in Step 1 of
Stage B, noting that the wire pathway passes through
the center of each image. Segments from images at the
OM2 and side branch were anchored according to the
fixed coordinates of where the wire passes through
each segment. Remaining segments were spaced lon-
gitudinally by their image centers along the wire
pathway determined in Stage B according to wire
pullback speed. Segments are transformed onto the
wire pathway by applying the inverse of a new rotation
matrix that aligned the tangent at each longitudinally
spaced pathway registration point with the z-axis of a
vertical stack of the images. As a result, segment nor-
mals originating where the wire intersects the segment
plane align coincident with pathway tangents, thus
placing segments orthogonally on the wire pathway at
these intersection points. To account for rotational
orientation, each image segment was rotated within its
orthogonal plane such that the wire pathway point
(image center), the segment centroid, and the point of
intersection between the centerline and the orthogonal
plane were aligned. Final segment alignment for seg-
ments in the stented region is shown in Fig. 7a.

Stage D. Model Assembly

To be consistent across the two data sets for the
single patient and to include the OM?2 bifurcation in the
models of the flow domain, the regions proximal and
distal to the stented regions were created with the CT
data in ITK-Snap and combined with the stented
region to form the entire vessel. These regions include
the LCX proximal to the stented region (pLCX) and
the bifurcation of the distal LCX (dLCX) and OM2.
Evaluation of the flow waveform used as the inflow
boundary condition indicated that the pLCX should
be extended to accommodate an entrance length of
11 mm and bifurcating artery branches were similarly
extended. 3D segmentation in ITK-Snap was per-
formed using intensity regions with lower thresholds of
125 (OM2) or 175 (pLCX, dLCX) and no upper
threshold. Snake propagation continued for 10 (OM?2)
or 25 iterations (pLCX and dLCX). 3D representations
of the pLCX and dLCX were queried using customized
scripts in Matlab to create orthogonal segments defin-
ing the vessel lumen. These segments were imported
into the open-source software Simvascular (https://
simtk.org/home/simvascular) together with the pro-
cessed segments from the stented region registered on
the wire pathway. The total collection of segments was
then lofted and blended to form a Parasolid model
(Siemens, Plano, TX) of the full flow domain. The
follow-up flow domain model reconstructed from
lumen segments in follow-up OCT images was complete
after these first four steps described above (Fig. 7b).

(c)

FIGURE 7. (a) Final alignment of OCT segments in the
stented region (dark grey) in 3D space with the centerline in
light grey and the wire pathway in black. (b), (c) Computa-
tional solid model representations of vessel flow domains for
the follow-up and post-stent phases, respectively. The
thrombus area is outlined by the black dashed box.

Stage E. Stent Implantation

To create the post-stent LCX flow domain model,
a stent was virtually implanted proximal to the
dLCX/OM2 bifurcation using a method similar to
that described by Gundert er al.,'® which was modified
to account for a patient-specific flow domain that
may contain plaque or thrombus in the stented
region (Fig. 8). Briefly, a first-generation drug-eluting
CYPHER® stent (Cordis Corporation, Bridgewater,
NJ) that was used clinically for this patient was created
in Solidworks (Solidworks Corp. Concord, MA) from
the known geometry of the stent but with accentuated
radial thickness. Separate solid models of the vessel
lumen and the lofted outer surface of the stent were
constructed from the white and cyan segments of the
OCT images (Fig. 8a), respectively, using the procedure
described in Stages A-D above (Figs. 8b and 8e). The
stent radial thickness was then subtracted from the solid
model of the lofted stent to create a thinner lofted stent
model (Fig. 8b). Subtracting the thinner lofted stent
model from the thick stent yielded a patient-specific
stent model that mimicked the inner surface of the stent
(Figs. 8¢ and 8d). The final subtraction of this stent
model from the lumen model (Fig. 8f) generated the flow
domain used for subsequent CFD simulations (Figs. 8g
and 7c). Because the stent and lumen are created sepa-
rately, thrombus and other features of the vessel wall
that partially cover stent struts are represented in the
resulting flow domain (dashed box, Fig. 7c¢).
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(b)
Stent
Model
Stent Thickness
(Removed)
(e)

Lumen Model .

FIGURE 8. Method of virtual stent implantation. Solid models of the outer surface of the stent (b) and vessel lumen (e) were lofted
from the white and cyan segmentations of the OCT 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 (g).

Simulation: Boundary Conditions and Parameters

Post-stent and follow-up vessels were subjected to a
canine pulsatile blood flow waveform contour
obtained from the left anterior descending coronary
artery”> similar in size to the current patient’s LCX,
and with features including Reynolds and Womersley
numbers which have allowed the waveform to be
previously applied in many computational stud-
ies.?133349 Based on the patient’s cardiac output
(Table 1), mean blood flow for the LCX was deter-
mined assuming the coronary arteries receive 5% of
cardiac output, 84% of which is allocated to the left
main coronary artery from which the LCX receives
33%.¢ The flow waveform contour was then scaled to
the mean LCX flow and imposed at the model inflow
face as a time-varying Womersley velocity profile using
Simvascular. Distributions of blood flow to the OM2
and dLCX branches (46 and 54%, respectively) were
calculated by assuming WSS is the same for both
arteries. Blood was assumed to behave as a Newtonian
fluid (4 cP) with a constant density (1.06 gm/cm?).

The physiologic influence of the arterial tree distal
to the flow domain was modeled at vessel outlets using
a three-element Windkessel representation with
parameters R., C, and Ry®® R, is the characteristic
impedance representing the resistance, compliance and
inertance of the proximal artery of interest, C is the
arterial capacitance and accounts for the sum of the
compliance of arteries beyond the model outlets, and
Ry describes the distal resistance in the absence of
ventricular contraction.®® Collectively, R, R4 and the
time-varying resistance to blood flow resulting from

TABLE 1. Patient data used to establish boundary condi-
tions for CFD simulations.

Data Value
Age (years) 65
Height (inches) 64.3
Weight (Ibs) 108.7
Heart rate (bpm) 82
Blood pressure (mmHg) 131/68
Cardiac output (L/min) 4.21
Reynolds number 76
Womersley number 2.16

ventricular contraction can be calculated as the ratio of
mean BP and mean flow. In the absence of ventricular
contraction using the impulse response method of Van
Huis et al., R. and Ry constitute the zero hertz
impedance, Z, that is ~38% (range 22-65%) less than
the total resistance value.®”> Thus, the ratio of mean BP
and mean flow mentioned above was scaled by 65%,
for the current work to be within this range presented
by Van Huis et al. and consistent with our previous
results using these methods.®” R, is reflective of the
average impedance of frequencies above 7 Hz and can
be calculated as Cpnp/(mr?) where ¢y is the wave
speed, p is the blood density, and r is the vessel
radius.®’Applying a wave speed of 6.77 m/s for the
canine LCX' the R. values for the outlet branches
were determined and Ry was calculated as the differ-
ence between Z,, and R.. The capacitance at each
outlet was determined prior to running simulations
using an automated Matlab program that determines
pulse BP based on an inflow waveform, the calculated
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R. and Ry values and an «a priori estimate for C.>° The
capacitance was then adjusted to match the desired
systolic and diastolic BP values using this pulse pres-
sure method.”’

Anisotropic meshes with unstructured tetrahedral
elements were created for each model using an auto-
mated mesh generation program (MeshSim, Simmetrix,
Clifton Park, NY) capable of local adaptation.**>' The
initial meshes were generated with maximum element
edge equal to the width of a stent strut. Successive
meshes were adaptively refined after each pulsatile
simulation using a minimum edge size equal to one-
fourth of the strut width in order to place more ele-
ments where they are most needed within the flow
domain while inserting fewer elements where a coarse
density is sufficient. Simulations were performed with
the commercially-available flow solver, LesLib (Altair
Engineering Inc., Troy, MI), which uses a stabilized
finite element method to solve equations for conserva-
tion of mass (continuity) and balance of fluid momen-
tum (Navier-Stokes). Three cardiac cycles ensured
simulation convergence with maximum difference in
BP between equivalent time points in successive cardiac
cycles <1 mmHg. Simulation results were considered
to be independent of mesh size when the change in
TAWSS between successive meshes at chosen proximal
and distal intrastrut regions was <6%.3!*

Results Quantification

TAWSS and oscillatory shear index (OSI) were
calculated as in previous studies'®®® and visualized
using ParaView (www.paraview.org). OSI is a measure
of WSS directionality in which lower OSI values
indicate WSS is oriented predominantly in the primary
direction of blood flow while a value of 0.5 is indicative
of bi-directional WSS with a time-average value of
zero. It has been shown that low TAWSS (<4 dyn/
cm?) and high temporal oscillations quantified by OSI
are associated with NT in the coronary arteries,*>**:¢3
therefore the vessel surface exposed to TAWSS below
this value was used to quantify the impact of the
implanted stent and changes at follow-up. Indices of
WSS were also displayed in an unwrapped 2D con-
figuration to more clearly visualize differences from the
post-stent to follow-up periods and facilitate querying
of results at similar locations In addition, a continuous
NT measurement was quantified from the follow-up
OCT images by subtracting the lumen segment from
the stent segment at equivalent circumferential loca-
tions measured relative to the lumen centroid to obtain
the perpendicular radial distance between the seg-
ments. NT was plotted with TAWSS results queried at
post-stent along planes equivalent to those at which
the follow-up OCT images were acquired.

RESULTS

Vessel Reconstruction

Two patient-specific computational models were
created from OCT images using the methods described
in “Methods” section; one model of the flow domain
immediately post-stenting (Fig. 7c) that preserves the
thrombus remaining in the lumen, the other of the flow
domain after a 6-month follow-up period (Fig. 7b)
during which the thrombus substantially decreases.
Total centerline length from the pLCX to the dLCX
used in this methodology was 107 mm and the direct
distance from the start to the end points of the cen-
terline was 77 mm, giving a tortuosity of ~1.4, suffi-
cient for implementation of the algorithm. The stented
model includes replication of the stent placement
according to vessel geometry, including flexing that
follows vessel curvature, rotational orientation based
on information from OCT images at branch land-
marks, and a slight protrusion of the stent into the
lumen at the bifurcation.

Indices of Wall Shear Stress

Distributions of TAWSS and OSI for the post-stent
and follow-up cases are shown in Fig. 9. Areas of high
TAWSS (>100 dyn/cm?) occur both at the thrombus
(dashed box, Figs. 9a and 9b) and at narrower regions
of the vessel. The percentage of the vessel surface
exposed to low TAWSS (<4 dyn/cm?) was 11% in the
post-stent model likely due to areas of low WSS found
next to stent struts, but 3% in the follow-up model
and limited to areas of localized curvature (Fig. 9c).
Although regions of high OSI near stent struts are
present at post-stent, high OSI remaining at follow-up
is limited to areas of curvature (Fig. 9d), likely due to
neointimal coverage on stent struts preventing flow
stagnation.

TAWSS extracted lengthwise along the stented
portion of the LCX at four circumferential locations is
shown in Fig. 10. Each of the four post-stent locations
quantified shows regions of low TAWSS <4 dyn/cm?
occurring approximately every 4 mm, corresponding
to areas adjacent to struts. Conversely, TAWSS
returned to physiological levels > 10 dyn/cm? at most
locations by follow-up. However, on the myocardial
wall at 24 mm (see also Fig. 9c) and the epicardial wall
at 20 mm, two areas of vessel curvature, TAWSS
remains below 4 dyn/cm?. In addition, high TAWSS in
intrastrut regions at post-stent decreased markedly at
follow-up. TAWSS at one thrombotic and one non-
thrombotic longitudinal location encircling the cir-
cumference of the vessel is shown in Fig. 11 for both
data sets. The location of thrombus (20.5 mm) has one
region of TAWSS > 100 dyn/cm? with the remainder
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FIGURE 9. Comparison of TAWSS and OSI on the LCX
proximal to the OM2 bifurcation under post-stent and follow-
up conditions. From left to right: (a) 3D myocardial view of
TAWSS on the LCX, with the thrombus area outlined by the
black dashed box. (b) Unwrapped 2D view of all surfaces. (c)
3D myocardial view of surfaces exposed to TAWSS <4 dyn/
cm?. (d) Unwrapped view of OSI.

of the vessel at that location under 50 dyn/cm’. In
contrast, the example of a non-thrombotic region
(16 mm) shows several locations of moderate TAWSS
60-80 dyn/cm” resulting instead from vessel narrow-
ing. Superimposed is a moving average representation
of the post-stent TAWSS calculated with an averaging
window size equal to the intrastrut dimension, which
appears to closely resemble the plot of follow-up
TAWSS.

For this single patient, continuous NT extracted
from OCT images acquired at follow-up appears to
correlate with post-stent TAWSS from CFD simula-
tions at corresponding circumferential locations
(Fig. 12). For example, two cross-sections in non-
thrombus areas show measurable growth at specific
locations with TAWSS <4 dyn/cm?. In contrast, the
cross-section at the proximal end of the thrombus with
high TAWSS >80 dyn/cm? shows minimal NT, as
does the high TAWSS region of the non-thrombus
mid-high range cross-section.

DISCUSSION

The current investigation describes a new method
of 3D coronary artery reconstruction for use in cre-
ating patient-specific CFD models that serves as an
alternative to earlier methods in several distinct ways.
The most evident of these is the use of OCT to
provide highly resolved spatial information and
improved morphological detail in regions of throm-
bus within stented coronary arteries as compared to
IVUS for 2D image acquisition or CT angiography
for 3D segmentation and reconstruction. In con-
junction with coronary artery reconstruction we also
provide an extension of a previously documented
method for virtual stent implantation that preserved
important elements of LCX geometry and pathology
in the post-stent model. Perhaps most impactful,
however, is the process introduced for determining
the OCT imaging wire pathway for image segment
registration implemented with graph theory tech-
niques that alleviate issues inherent in the common
practice of biplane angiography discussed in more
detail below.

Comparison with Biplane Angiography

Orthogonal biplane angiographic images are com-
monly used to determine the intravascular imaging
pathway and/or the vessel lumen itself. While biplane
angiography is a common clinical practice prior to
percutaneous coronary interventions, potential issues
include non-orthogonality of views, alternating timing
of data acquisition between planes, cardiac/respiratory
movement, imaging device visibility, and general image
quality.”>® In contrast, exploiting the principle of
minimum bending energy using the methods described
here allows for pathway determination for retrospec-
tive studies in which biplane angiography is either
unavailable or presents the issues discussed above.
When points extracted from biplane angiography are
fit to a curve using a variety of functional forms,
multiple possible rotational orientations may result
from problems with numerical instability or multiple
functions closely representing the same curve.””* In
the current investigation, registered image segments
were rotated such that their centroids aligned with the
two points where the centerline and wire intersect the
segment’s orthogonal plane; a similar procedure was
implemented by Wahle er a/.°* Finally, it can be diffi-
cult to obtain a complete picture of the lumen cross-
sectional shape from biplane angiography*®>> thus
hindering attempts to use lumen-matching algorithms.
The methods presented in the current investiga-
tion produce a single wire pathway and rotational
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FIGURE 10. TAWSS (dyn/cm?) along the length of the LCX queried at four circumferential regions for post-stent (black) and
follow-up (grey) conditions. The vertical dashed line indicates the proximal end of the stent (the distal end is at 11 mm). In most
cases, low TAWSS next to stent struts is alleviated after the follow-up period. However on the myocardial wall at 24 mm and the
epicardial wall at 20 mm (gray highlighted boxes), two regions of localized vessel curvature, TAWSS remains at low values. High
TAWSS in intrastrut regions at post-stent decreased at follow-up (grey dashed boxes).
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FIGURE 11. TAWSS (dyn/cm?) at two high WSS longitudinal
locations for post-stent (black) and follow-up (grey) conditions.
Superimposed (dashed line) is a moving average of the post-
stent TAWSS with an averaging window size equal to the intra-
strut dimension. M: myocardial; B: branch (OM2); E: endocardial.

orientation of segments on this pathway that can be
determined regardless of cross-sectional shape, wire
location, or presence of pathological landmarks.

Wire Conformation Reconstruction Parameters

The wire pathway reconstruction process was
designed using parameters provided by Schafer er al.>
to ensure a unique pathway. In addition to a sug-
gested minimum tortuosity threshold of 1.2 exceeded
in the current investigation, they also found that 16
planes sufficed for a phantom of 229 mm length and
4.5 mm diameter. Therefore, the 33 planes used in this
investigation were adequate to define the LCX with
length 107 mm and diameter ~2.5 mm. Finally,
Schafer et al. suggests that 13 candidate points per
plane are sufficient to estimate guidewire position with
minimal deviation from its actual location. Explicit
determination of the wire locations at branch land-
marks from registration of OCT images against CT
data and the inclusion of a refinement step ensured
the accuracy of the wire pathway determined by these
methods.

To further determine the influence of the number
of candidate points in each plane on the wire path-
way, the method was also performed with 41 points
per plane, the maximum chosen by Schafer er al.>
The root-mean-square (RMS) distance was calculated
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FIGURE 12. TAWSS at post-stent (black) and intimal thickness at follow-up (grey) as determined from post-stent CFD simulation
results and follow-up OCT images (right). Stent locations are marked with an asterisk and lumen centroids are marked with a white
‘x’. Two cross-sections in non-thrombus areas show measurable growth at areas of low WSS at stent struts (top and middle,
circled). Conversely a cross-section that included the proximal end of the thrombus showed minimal growth at follow-up (bottom),

as did the non-thrombus cross-section with high WSS (middle). M:

from branch.

between pathways determined with 13 vs. 41 points
as

T2 (dis(i) — ()
i=1

where d(i) are distances between corresponding points i
between the two pathways and N is the total number of
points. The RMS distance within the modeled region
was calculated to be 0.08, though for the entire path-
way extending beyond the modeled region the RMS
distance was 0.39. The two pathways placed within the
context of the solid model are shown in Fig. 13a.
Deviations of the two pathways in the proximal and

myocardial; B: branch (OM2); E: endocardial; OB: opposite side

distal vessel regions can be seen, but these regions were
used solely to ensure sufficient tortuosity for the
pathway determination and a similar pattern of devi-
ation at pathway endpoints was found by Schafer
et al>® The percentages of the vessel diameter
(~2.5 mm) that the RMS distances occupied were 3%
for the modeled region and 15% for the entire path-
way. It is important to note that the percent in the
modeled region is lower than the 6 and 4% for the 4.5
and 3.6 mm diameter phantoms used by Schafer
et al.>® A visual inspection of the two pathways within
the modeled region corroborated the quantitative
analysis. The close match in the modeled region but
greater deviation outside of it may indicate that the
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FIGURE 13. (a) Solid model with wire pathways recon-
structed from 13 (black) and 41 (gray) candidate points per
orthogonal plane. Distributions of mean WSS are nearly iden-
tical for vessels reconstructed with segments registered on
pathways using 13 (b) as compared to 41 (c) candidate points.

current method of using the wire-to-centroid distance
from OCT images for wire location and the refinement
step helped constrain the pathway, while extending the
pathway to achieve sufficient tortuosity ensured its
uniqueness in the region of interest.

Vessels reconstructed with segments registered on
pathways resulting from 13 vs. 41 candidate points
were compared in a CFD analysis to further confirm
that the number of candidate points per plane does not
adversely affect model building. Visible differences
between the two models were negligible despite several
segments at identical registration points having a slight
angular shift, the largest of which was 4°. The two
models were then each subjected to a CFD simulation
with mean flow in order to compare WSS results
(Figs. 13b and 13c). Greater than 99% of the surface
area showed less than 47% error between the two
models, the value of error historically attributed to
geometric influences in patient-specific model crea-
tion.?”, The percentage of the vessel surface exposed to
low WSS (<4 dyn/cm?) was 3% in both models and
average WSS distributions across the entire surface
area for the two models differed by just 1%, further
substantiating the claim of similarity between the two
models. In short, the findings from this analysis con-
firm the parameters provided by Schafer es al.>® and

are sufficient for patient-specific model creation when
combined with the methods described here.

Assessment of WSS Indices and Correlation with NT

The 3D reconstructed LCX artery models of post-
stent and follow-up flow domains presented here
facilitate the correlation of local WSS indices with NT
as observed in OCT images. Results for TAWSS and
OSI follow patterns described previously.***** For
example, the amount of the lumen exposed to low
TAWSS is higher for the stented model than the fol-
low-up model, since low TAWSS is generally alleviated
after tissue grows around and atop stent struts during
the follow-up period, and areas of high TAWSS inhibit
NT even in cases of established atherosclerosis. These
results obtained from applying the current methods
further show that low TAWSS and high OSI can
remain in areas of vessel curvature. It can be seen from
longitudinal and circumferential quantification meth-
ods that there is a diminishing of WSS gradients from
stenting during the follow-up period, i.e. TAWSS
appears to average out to what is perhaps a homeo-
static level as surmised by observing the moving
averages shown in Fig. 11. These findings are consis-
tent with what has been observed in previous stud-
es, 12:18:67

The high resolution of OCT images offers the ability
to quantify arterial response within the stented region
and hypothesize possible relationships between
TAWSS post-stenting and NT at follow-up that can be
analyzed in greater detail in future studies. It is inter-
esting to note that neointimal growth was minimal at
the proximal edge of the thrombus where high TAWSS
was observed. The high TAWSS in this area may also
correlate with the significant decrease in size of the
thrombus. In contrast, several non-thrombotic areas of
TAWSS near 0 dyn/cm? at the stent struts correlate
with the highest growth at those cross-sections. Future
studies of larger populations of patients are required to
test the hypothesized relationships resulting from this
initial investigation.

Limitations

The current results should be interpreted within the
constraints of several potential limitations. In this
retrospective case study, CT data had been acquired
only before stenting. This allowed us to confirm the
location of thrombus and general anatomical land-
marks, but may have slightly impacted centerline
determination in the thrombus region. Future studies
designed to apply these methods in a larger population
could be designed to include CT immediately after
stenting and possibly at follow-up as well. Although
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stent artifact has been shown to hinder stent assess-
ability with CT, we expect it has minimal impact on
centerline determination and proximal and distal
artery reconstruction.>>* The methods for OCT
imaging wire pathway determination need only an
approximate centerline, so in cases where CT is not
available or radiation is an issue, they could still be
used in conjunction with other imaging modalities to
recreate the artery using OCT images with improved
resolution over IVUS. It should be noted as well that
newer frequency-domain OCT systems have pullback
speeds 10-20 times greater than the time-domain sys-
tem used for this study.?>> The faster system would
undoubtedly allow for more efficient data acquisition,
but the methodology proposed here should be appli-
cable regardless of the speed of the OCT system used.
Currently OCT is not routine coronary intervention,
but it is being incorporated into clinical procedures
more frequently, potentially making the methods pre-
sented here amenable to usage in larger patient popu-
lations. Finally, although NT can be quantified after
follow-up in the stented region, it is not entirely clear
from OCT if growth observed at follow-up is immature
intimal tissue as opposed to thrombus, since the
intensity is lower than what would be expected for
neointimal growth. However, the indication that the
growth may correlate with low WSS at stent struts
motivates future studies to apply these methods with a
larger patient population, at which time the thickness
will be investigated in more detail.

In summary, the current investigation describes a
method for 3D patient-specific coronary artery recon-
struction using the favorable spatial resolution of OCT
while exploiting a current implementation of graph
theory techniques. The reconstructed stented model
presented in this study included a flexed stent created
with novel methods that closely follows vessel geome-
try. TAWSS and OSI obtained from CFD simulations
performed using these models are consistent with ear-
lier studies, and the use of OCT allows us to also
quantify NT directly from images for comparison with
these WSS results. These reconstruction methods may
be used in future studies with a larger patient popu-
lation to further extract precise local information
correlating WSS with NT.
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