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Abstract

The rupture of a vulnerable plaque, ulceration, is the most common cause of myocardial infarction. It
can be recognized by angiographic features, such as prolonged intraluminal filling and delayed clearance
of the contrast liquid. The diagnosis of such an event is an open challenge due to the limited angiographic
resolution and acquisition frequency. The treatment of ulcerated plaques is an open discussion, due to
the high heterogeneity and the lack of evidences that support particular strategies. Therefore, the
therapeutic decision should follow a detailed investigation with angiography and intravascular imaging,
such as optical coherence tomography (OCT), to locate the lesion, besides its geometric features and the
lumen occlusion severity.

The aim of this study is the application of a framework for the in-silico analysis of the disrupted
hemodynamics due to an ulcerated lesion. The study employed a validated OCT-based reconstruction
methodology and computational fluid dynamics (CFD) simulations for the computation of local
hemodynamic quantities, such as wall shear stress.

The achieved findings, such as disrupted pre-operative flow conditions, proved the applicability of the
developed framework for CFD analyses on complicated patient-specific anatomies that feature ulcerated
plaques. The prediction of lesion expansion and the clinical decision making can benefit from a reliable
computation of wall shear stress distributions that result from the peculiar anatomy of the lesion.
Therefore, the application of intravascular OCT imaging, high fidelity 3D reconstructions and CFD

simulations might guide the treatment of such pathology.
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Highlights
® Semi-automatic segmentation of pre- and post-operative OCT images.
e 3D modelling of an ulcerated coronary artery lesion from OCT and angiography.

® Pre- and post-operative patient-specific CFD model of an ulcerated coronary artery.
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1. Introduction

Coronary artery disease is the most frequent cause of death and disability in the Western Countries [1].
Typically, this disease is the consequence of the formation of an atherosclerotic plaque within the
coronary artery wall. Post-mortem analyses reported in the literature demonstrate that the majority of
myocardial infarctions are induced by the rupture of coronary plagues in association with thrombotic
arterial occlusions [2]. Therefore, an accurate identification of vulnerable plaques is crucial in order to
prevent such events. The employment of intra-vascular imaging modalities enables a reliable lesion
classification, through a high resolution picture of the plague composition [3]. Moreover, post-mortem
studies have revealed that high risk plaques with thin-cap fibroatheromas can be distinguished from
stable lesions as they are characterized by a larger necrotic core [4]. Such type of lesion has features that
can be exclusively captured with intra-vascular imaging modalities. The fracture of the thin-cap results
in a plaque ulceration, which can be recognized also by angiographic features, due to a prolonged
intraluminal filling and delayed clearance of the contrast liquid. The guidelines for treatment of plaque
ulceration relies on catheter-based perfusion of the diseased artery and percutaneous coronary
intervention (PCI). The identification of the plague composition is not regularly monitored due to the
low image resolution of established imaging modalities, such as coronary angiography [5]. On the
contrary, the near-histological resolution of intravascular optical coherence tomography (OCT) provides
detailed pictures of the vessel wall, allowing an accurate characterization of the plaque and the possibility
to perform in-vivo detailed reports of this high-risk pathology [2].

The treatment of ulcerated plaques is an open discussion, due to the high geometry heterogeneity, depth
and extension, and the lack of indications that support particular strategies [6]. Stent deployment is
suggested for plagues with relevant degree of lumen narrowing (70-90%) and in association with unstable
conditions. Although intravascular images after PCI commonly show good lesion coverage and stent
apposition, in some cases the intramural hematoma is persistent at the scaffolded region and at the distal
extremity of the stent [7].

The knowledge of lesion geometry might lead to case-specific decision making approach. In particular,
the peculiar flow conditions across an ulcerated plaque can be investigated via computational fluid
dynamics (CFD) simulations. In this study, we applied an in-silico framework for the modelling of
patient-specific hemodynamics to analyze the effect of an ulcerated plaque on the blood flow. Both the
pre- and post-operative scenario was investigated by reconstructing a patient-specific 3D model from

OCT and angiographic images.
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2. Materials and methods

A 70-year-old man was found with ulcerated plaque and 70% stenosis (minimum lumen area of 2.5 mm?)
at the distal right coronary artery (RCA). The occlusive lesion was treated with direct stenting at the
Institute of Cardiology, Catholic University of the Sacred Heart (Rome, Italy). Specifically, a 3.5x24 mm
Nobori Stent (Terumo Corp., Tokyo, Japan) was deployed in the diseased coronary segment and post-
dilated with a 4x15 mm angioplasty balloon. The study complies with the Declaration of Helsinki on
human research and was approved by Catholic University of the Sacred Heart Ethics Committee. All
patients gave informed consent.

The OCT images acquired both before and after PCI were processed as described in the work of Migliori
et al. [8] to retrieve high fidelity 3D models of (i) the diseased (i.e. pre-operative) and (ii) treated (i.e.
post-operative) coronary bifurcated segment. The reconstructed 3D models were used to perform CFD
analyses. Local hemodynamic quantities, such as the wall shear stress (WSS) along the arterial lumen,

were computed.

2.1 Three-dimensional geometry reconstruction

The blood vessel was imaged with a C7-XR Fourier-Domain OCT system (St. Jude Medical, St. Paul,
MN, USA) comprising a C7 Dragonfly catheter (St. Jude Medical). The maximum length of the analyzed
segment was 54 mm with a frame rate of 180 frames per second. The OCT system ensured axial
resolution of 12-18 pm and lateral resolutions of 20-90 um; the pull-back resolution was 100 um. A total
of 540 frames per scan were recorded in DICOM format (1024x1024 pixels). Figure 1 shows an OCT
frame of the ulceration, which caused the generation of a false lumen (blue seven-pointed star) besides
the true lumen (green five-pointed star).

The employed 3D reconstruction methodology was performed in a MATLAB environment (Mathworks,
Natick, MA, USA) and comprised two phases: (i) image elaboration for the detection of the lumen
contour and stent struts, (ii) alignment and orientation of the detected components with the vessel
centerline, obtained from angiography. The implemented methodology is described in detail elsewhere
[8-10]. A brief description of the main reconstruction steps is presented below.

Each OCT frame was processed in polar coordinates. The images were pre-processed to reduce the noise

in the vessel lumen and to remove the OCT catheter. An intensity thresholding and morphological
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operations on the images were applied to retrieve the arterial wall. The edges were detected by means of
a Sobel filter, the innermost lumen border was defined as the set of the first edge pixels for each image
column (i.e. for each A-scan). These pixels were interpolated and converted to Cartesian coordinates and
were stored as points on bidimensional (2D) planes. The metallic stent struts reflected the near-infrared
light of the OCT A-scan and they appeared as bright elements followed by a trailing shadow (i.e. low
intensity region). This feature was identified by the slope of a line connecting each peak in the image
intensity profile with the thirtieth consecutive low intensity pixel, as previously proposed [11]. Pixels
that resulted with higher slope values were considered part of a strut. False positives were discarded by
means of a mask that reflected the probability of a pixel to be part of a strut. The mask values at the
lumen border were 1 and decreased to 0 moving towards the lumen center, and were 0 below the contour.
A further correction comprised the application of a confidence region that introduced a continuity in the
stent geometry, by means of the information from the surrounding 5 images in order to build a smooth
curve. In particular, pixels candidates that laid outside this tolerance region were discarded. Finally, each
image was converted to Cartesian coordinates and stent struts centroids were recorded as points in the
2D planes.

The detected components were aligned with the 3D vessel centerline that was obtained from two
angiographic projections. In particular, the angiographic images were processed using the commercial
software CAAS (PIE Medical Imaging BV, Maastrich, The Netherlands). The angiographic frames
selected for the centerline extraction were taken at the end of the diastolic phase of the cardiac cycle, as
the coronaries are filled by the contrast liquid and clearly visible. This last was used to reconstruct the
3D main branch (MB) with the implanted stent from the processed OCT images. The 3D reconstruction
of the coronary segment with bifurcations was performed with Rhinoceros v.5 (Robert McNeel &
Associates, Seattle, WA, USA). The side branches (SBs) were reconstructed from information achieved
with a 3D quantitative coronary angiography (3D-QCA) that was carried out with CAAS (PIE Medical
Imaging). Briefly, the SB circular-shaped cross-section was created by scaling the MB cross-section area
to preserve the ratio between MB and SB cross-section areas of the 3D-QCA geometry. The length of
each SB was 2.5 times the SB cross-section diameter.

The 3D geometry of the stent was achieved from the skeleton of the stent in its straight undeformed
configuration that was morphed over the stent OCT point-cloud using Hypermesh (Altair Engineering,
Inc., Troy, MI, USA). Square-shaped cross-section curves with side length of 125 um were positioned
along the morphed stent skeleton with the graphical algorithm editor Grasshoper®
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(www.grasshopper3d.com) to obtain the patient-specific stent geometry.

Figure 2 shows the final 3D reconstruction of the diseased RCA and the ulcerated plaque, which is
characterized by a false lumen in the arterial wall. Figure 3 depicts the post-operative 3D geometry of

the treated coronary artery segment with bifurcations.

2.2 Computational fluid dynamic simulations

The pre-operative 3D geometry was discretized using 1,849,596 tetrahedral elements with ICEM CFD
v.16 (ANSYS Inc., Canonsburg, PA, USA). The region characterized by ulcerated plaque was discretized
with a high density mesh (Fig. 2C). This allowed a good representation of the local flow conditions while
preserving limited computational costs. The post-operative 3D geometry was discretized in 6,825,984
tetrahedral elements. The mesh size allowed a good characterization of the blood flow at both stented
and side branch regions and it was defined according to a mesh independence study that was previously
performed as in [12].

Transient CFD analyses were performed using Fluent v.16 (ANSYS Inc.). A typical human RCA flow
waveform [13] was applied as a paraboloid-shaped velocity profile to the inlet surface [12] of both
models. The average value in time was defined so that the flow-rate was 64.32 ml min for the diseased
vessel and 90.96 ml min! after stent deployment. These values were computed by means of the
relationship introduced by Sakamoto and co-authors [14], that accounts for the number of angiographic
cine frames that captured the flow of the radio-opaque contrast liquid in the coronary artery segment. At
the outlet surfaces a zero-pressure condition was set. No slip-condition was applied to the arterial and
stent walls, which were defined as rigid. A coupled solver was employed with a second-order upwind
scheme for spatial discretization and a second-order implicit scheme was used for time integration. A
time step of 0.009 s was chosen for performing the simulations, resulting in 100 time steps for the
simulated cardiac cycle [12]. The blood was described as an incompressible non-Newtonian fluid,
implementing a Bird-Carreau constitutive law with p.=0.0035 kg m s, no=0.25 kg m=*s?, k=255,
n=0.25 and density of 1060 kg m~3 [15].

For each case, the velocity field within the domain was evaluated at the peak of flow rate in order to
detect the presence of abnormal fluid dynamic patterns, such as recirculation zones and vortexes. Then,
the patterns of time-averaged WSS (TAWSS) were assessed. The percentages of the lumen surface area
that were exposed to intervals of TAWSS between 0 Pa and 10 Pa were computed. Such analysis provided
quantitative information about the global WSS spectrum at the endothelium before PCI. The analysis of
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the WSS after stent deployment was focused on regions exposed to very low TAWSS (i.e. TAWSS <0.4
Pa), considered as a potential trigger for in-stent-restenosis [16]. The TAWSS was used as primary metric
of interest because it was recently shown that the hemodynamics of coronary arteries is characterized by
low WSS multi-directionality as a consequence of helical flow structures with high helicity intensity that
stabilize the blood flow [17].

3. Results

Figure 4 depicts the 3D streamlines of the blood velocity that was caused by a peak of the flow rate at
the inlet surface in the pre-operative model (Fig. 4A). The increase of the lumen cross-section area distal
to the lesion resulted in large recirculation (Fig. 4B). Flow vortexes were found in the false lumen (Fig.
4D) and at the interface with the true lumen (Fig. 4C). The planar section of the ulceration showed an
abnormal vessel shape, with discontinuous intra-luminal space.

In Fig. 5 the contour map of TAWSS is shown. The reduced lumen cross-section area at the diseased
region caused values of TAWSS above 10 Pa (0.49% of the total lumen area). On the other hand, the
lumen surface at the vessel enlargement experienced TAWSS below 0.4 Pa (16.34% of the total lumen
area). The lumen regions exposed to low and moderate TAWSS values were reported in blue and green,
respectively; whereas lumen areas exposed to high TAWSS were displayed in in gray and red. The
superficial distribution of TAWSS at the ulceration reflected the variable flow stream in this region.
Results from the simulated hemodynamics after PCI are reported in Figs. 6 and 7. In Fig. 6, the smooth
lumen surface and the well apposed stent struts gave a flow stream without recirculation. The distribution
of TAWSS in Fig. 7 presented mainly values higher than 1 Pa. Only 1.8% of the area of the scaffolded
MB experienced TAWSS lower than 0.4 Pa. The resultant local fluid dynamic quantities revealed a well
recovered flow. Such finding was confirmed by post intervention intravascular OCT images that revealed
a recovery of the pre-atherosclerotic blood flow in the entire length of the lesion. Moreover, the images
showed that the stent was implanted in the true lumen and no evidence of any residual false lumen was

found.

4. Discussion

The described framework was successfully applied to study the effect of an ulcerated plaque on the local
flow patterns, as well as the recovered downstream flow after PCI was examined with CFD simulations.
Results revealed a high degree of flow recirculation both at the ulceration and at the interface with the
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normal lumen. The lack of clinical practice guidelines makes the treatment of non-occlusive plaques an
open question. The application of advanced intra-coronary images, high fidelity reconstructions and CFD
simulations might guide the management of such pathology.

The achieved findings proved the benefit of the developed framework for CFD analyses on complicated
patient-specific anatomies, such as ulcerated plaques. A picture of the pre- and post-operative flow
conditions and the resultant WSS distributions were achieved and the positive impact of stent
implantation was proven as it enabled to restore the physiological flow conditions. Potentially, the
proposed approach can be applied for the prediction of the expansion of ulceration through the intra-
mural space, as WSS might provide indexes of local wall failure.

Currently, it is not available a unique guidance for the treatment of plaque ulcerations, due to the lack of
evidences that define a preferable procedure. This is due to the high heterogeneity of plaque ulcerations,
both in terms of pathological and geometrical features, alongside the limited number of registered cases
[18]. The knowledge of lesion features, such as the peculiar geometry, leads to a patient-specific decision
making approach. In this scenario, the proposed framework can represent a relevant supporting tool as it
combines the advantages of a near-histological imaging technique (i.e. OCT) and CFD to emulate
patient’s blood flow within the considered coronary artery segment.

From a clinical point of view, this study demonstrates that in case of ulcerated plaque the stent
deployment enables to recovery the pre-atherosclerotic local flow conditions with a significant extent of
vessel area exposed to TAWSS values above 1 Pa (Fig. 7). This finding underlines the importance of
fluid dynamics analysis for the management of such clinical conditions. For instance, similar analyses
were applied in the literature to predict the failure of aneurysms. Steinman et al. [19] simulated the blood
flow in an intracranial aneurysm reconstructed from computed rotational angiography. The prediction of
WSS associated to the anatomy of the disease could assist the assessment of wall growth and rupture, as
well as the clinical decision making.

Nevertheless, the accuracy of the study was affected by some limitations that are present in the vessel
reconstructions and in the fluid dynamic models. The main limitation of the reconstruction methodology
was due to the distortions of the OCT images. Indeed, the OCT pull-back was not gated by
electrocardiography. Therefore, the vessel deformations induced by heart contractions were not
minimized. This aspect remains an open issue due to the lack of valid algorithms for the correction of
these heart motion artifacts [20]. Concerning the simulation of patient’s hemodynamics, a reference

pressure was prescribed at the outlets as the patient-specific flow distribution was not available.
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Moreover, the assumption of rigid vascular wall by neglecting the compliance and the cardiac-induced
motion of the vessel might have affected the accuracy of the results. However, several computational
studies showed that the overall TAWSS spatial distribution is preserved when analyzing non-stented
coronary artery models with rigid walls [21-24]. Few studies have proposed fluid-structure interaction
(FSI) models to simulate the flow in stented coronary arteries until now [25,26]. Chiastra et al. [25]
proposed a FSI model comprising an idealized straight coronary segment with a stent and showed that
the TAWSS distribution is minimally affected by the rigid wall assumption. Bukac et al. [26] performed
FSI simulations in idealized curved coronary segment models comprising several designs of the
implanted stent. The models included both the compliance of the vessel wall and the deformations due
to the beating heart. The effects of each stent design to the wall and flow was investigated, and a
comparison between FSI and rigid CFD simulations was not conducted. Thus, the relationship between
the wall compliance and the estimated hemodynamic metrics was not investigated. In general, the FSI
models are promising tools for a more accurate investigation of the hemodynamics within the coronary
arteries, however their computational costs are considerably higher than CFD models and the available
technology limits to apply FSI for numerical simulations. Moreover, the literature has not reported
evidences that define a preferable computational model to simulate the hemodynamics in blood vessels

until now.

5. Conclusions

This study presented the use of a semi-automatic OCT-based reconstruction methodology for the
evaluation of blood flow disruption due to an ulcerated plaque. A high fidelity reconstruction of the lesion
was achieved from the elaboration of OCT and angiography images. Patient-specific flow conditions
were estimated from medical images and were used to perform in-silico analysis of the pre-operative
hemodynamics. The final stent and vessel configuration after PC1 were reconstructed from post-operative
OCT images. The stent design and the interaction with the lumen surface were resembled. The
hemodynamics was analyzed by means of a CFD simulation and the results showed a good recovery of
the downstream flow after the stenting procedure.

The identification of plaque with ulceration is challenging and the definition of treatment guidelines is
an open debate due to the large anatomic variability. In this context, this work is a valuable application
of a framework for the in-silico analysis of the disrupted hemodynamics due to an ulcerated lesion, as

well as the evaluation of post-PCI flow conditions.
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The described work can be considered as an application of a patient-specific CFD model for the blood
flow characterization before and after stent implantation of a coronary vessel with ulcerated plaque.
The results achieved from the reported study are promising and encourage to employ the described

framework to other coronary artery cases characterized by complex lesion anatomy, as a future work.
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Figures
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Figure 1.
Example of OCT frame at the ulcerated plaque in pre-operative diseased right coronary artery under
investigation. The ulcerated plaque (five-pointed green star) besides the coronary artery lumen (seven-

pointed blue star).
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Figure 2.
3D reconstruction of a right coronary artery affected by plaque ulceration. A: 3D geometry. B: Detail of

the ulcerated plaque. C: Longitudinal section of the volume fluid domain mesh, displaying higher

element density at the plaque.
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Figure 3.
3D reconstruction of the post-operative right coronary artery treated with the Nobori (Terumo) stent. A:

3D geometry. B: Cross-section of the volume fluid domain mesh. The malapposed stent struts, which are

captured by the mesh, are indicated by a red arrow.
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Figure 4.
Hemodynamic results of the pre-operative ulcerated case at peak for flow rate. A, B: Streamlines

coloured by velocity magnitude. C, D: in-plane velocity contour maps with in-plane streamlines.
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Figure 5.

Contour map showing intervals of the time-averaged wall shear stress (TAWSS) for the pre-operative

ulcerated case.
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Figure 6.
Hemodynamic results of the ulcerated case after percutaneous coronary intervention at peak for flow
rate. Streamlines of the velocity coloured by the velocity magnitude (top) and the in-plane velocity

contour-map with in-plane streamlines (bottom).
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Figure 7.
Contour map of time-averaged wall shear stress (TAWSS) of the ulcerated case after percutaneous

coronary intervention.
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