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Abstract

Stent thrombosis is a major complication of coronary stent and scaffold intervention. While often
unanticipated and lethal, its incidence is low making mechanistic examination difficult through
clinical investigation alone. Thus, throughout the technological advancement of these devices,
experimental models have been indispensable in furthering our understanding of device safety and
efficacy. As we refine model systems to gain deeper insight into adverse events, it is equally
important that we continue to refine our measurement methods. We used digital signal processing
in an established flow loop model to investigate local flow effects due to geometric stent features
and ultimately its relationship to thrombus formation. A new metric of clot distribution on each
microCT slice termed normalized clot ratio was defined to quantify this distribution. Three under
expanded coronary bare-metal stents were run in a flow loop model to induce clotting. Samples
were then scanned in a MicroCT machine and digital signal processing methods applied to analyze
geometric stent conformation and spatial clot formation. Results indicated that geometric stent
features play a significant role in clotting patterns, specifically at a frequency of 0.6225 Hz
corresponding to a geometric distance of 1.606 mm. The magnitude-squared coherence between
geometric features and clot distribution was greater than 0.4 in all samples. In stents with poor
wall apposition, ranging from 0.27 mm to 0.64 mm maximum malapposition (model of real-world
heterogeneity), clots were found to have formed in between stent struts rather than directly
adjacent to struts. This early work shows how the combination of tools in the areas of image
processing and signal analysis can advance the resolution at which we are able to define
thrombotic mechanisms in /in vitro models, and ultimately, gain further insight into clinical
performance.
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Introduction

Methods

Each year over 500,000 coronary stents are implanted in the US as a treatment for the most
common type of heart disease, coronary artery disease (Go et al., 2014). A significant
shortcoming of stent implantation is stent thrombosis (ST), the formation of a thrombotic
material, which can ultimately lead to post-intervention vessel occlusion. In the acute
scenario, ST has been shown to occur in up to 1.4% of stent implantations (Aoki et al.,
2009) and even as high as 5% in certain patient subpopulations such as ST-segment elevation
myocardial infarction (Heestermans et al., 2010). Furthermore, ST has continued as an issue
throughout the historical development of stents even in the newest class of biorebsorbable
stents. These challenges are not only limited to stents but also extend into the newest class of
stent-based heart valves used in transcatheter aortic valve replacements. (Capodanno et al.,
2015; Makkar et al., 2015; Wykrzykowska et al., 2017) Historically benchtop flow systems
(Kolandaivelu & Edelman, 2002) have been used to examine the formation of clot under
hemodynamic conditions similar to those found in the coronary arteries. Such benchtop
settings offer enhanced ability to investigate a wide range of variables such as device design,
deployment, and environmental conditions that have the propensity to lead to acute stent
thrombosis. Stent-vessel interaction of complex systems (Garasic et al., 2000; Gundert,
Marsden, Yang, & LaDisa, 2012; Hara, Nakamura, Palmaz, & Schwartz, 2006; Rogers &
Edelman, 1995) such as these further complicates study. Often, numeric quantification of
thrombosis within these benchtop setups are limited by global assays that represent
integrated phenomenon (i.e. biochemical) rather than the local processes that define how
clotting originates and progresses (Gunning, Saikrishnan, McNamara, & Yoganathan, 2014;
Sinn, Scheuermann, Deichelbohrer, Ziemer, & Wendel, 2011). To increase the specificity
and resolution of benchtop models a poor stent-wall apposition model was used as a model
system. While further factors, such as plaques and resulting vessel narrowing, can be
considered, the controlled stent-wall apposition model was utilized as a way to increase
heterogeneity among samples and better test the sensitivity of a new method of quantitative
spatial clot quantification. Using this model as a platform, we propose a method of spatial
quantification of clot in /n vitro flow loops through image-analysis and signal processing.
We report our early findings from this study on a sub-sample of three stents.

Experimental Set-up

We constructed /n vitro flow loops mounted in parallel (Figure 2), using an established flow
loop model(Kolandaivelu et al., 2011). Three closed-cell, commercially available coronary
bare metal stents (BMS; 3.0 x 18 mm) were used. An under-expansion model of the stents
was induced via the fitting of Polyethylene tubing around the middle portion of angioplasty
balloon catheter prior to mounting of the stent onto the balloon. Each stent was crimped
(Machine Solutions, Inc., AZ) onto a modified balloon catheter delivery system setup
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previously employed (O’Brien et al., 2016) and deployed into silicone tubing. This setup
created ranges of malapposition that reflect clinically reported ranges (Gutiérrez-Chico et
al., 2012). A modified balloon catheter system was used to create artificial lack of stent wall-
apposition or malapposition of the stent in a “dog-bone” shape (Figure 1B). Flow loop/stent
and blood draw sample preparation is described in detail in Appendix A. Loops were then
filled with ~2.5 ml of blood collected from healthy human subjects under established IRB
protocols, rotor mounted and run for 5 minutes at 37 C to allow adequate time for formation
of thrombosis. After each run was completed, samples were washed with a tyrode solution
and infused with a 4% paraformaldehyde solution at a 4:1 ratio with ISOVUE- 370 (Bracco
Diagnostics, Milano, Italy) contrast solution for fixation and imaging. This ratio was found
to allow for greater differentiation of wall boundaries while still maintaining simultaneous
differentiation of both stent and clot.

Ex vivo Visualization using MicroCT Scans

Upon fixation, each sample was scanned using a micro-computed tomography machine
(eXplore CT 120 MicroCT; GE Healthcare, Milwaukee, Wisconsin, USA) with a slice
thickness of 25 m (energy 120 kV, integration time 16 ms, 1x1 binning). MicroCT data in
the form of DICOM (Digital Imaging and Communications in Medicine) files were
downloaded and saved for offline segmentation and geometric reconstruction.

Prior to image segmentation, microCT calibration scans were conducted. Two scans were
performed, one of a fully expanded stent in a silicon tube and one of thrombosed blood.
These were performed to determine Hounsfield unit (HU) ranges to be used for later
segmentation. After each scan, pixel intensity histograms (Figure 1C) were plotted and pixel
intensity ranges for each were recorded. These ranges were used later in the ScanlP software
package (Simpleware, Exeter, UK) to generate graphical representations (Figure 1B) and
segmented structures of stent, clot, and contrast. Additional smoothing was performed on
each of the masks to obtain continuous structures.

Image Analysis

Clot was quantified on a per microCT slice basis. On each microCT slice, the number of
pixels defined as clot were divided by the total number of pixels encompassing the fluid
domain on that slice, this value was then normalized on a scale from 0-1 for each vessel and
termed the “normalized clot ratio”. This operation was performed on all slices for all
samples. A normalized clot ratio of 1 indicated that a slice that was comprised completely of
clot while a normalized clot ratio of 0 meant that no clot was measured on that slice.

Stent Under Expansion Quantification

Quantification of stent-wall malapposition was computed as the distance from the outer stent
strut surface to the luminal wall (Figure 1A) and measured automatically on microCT
images via a custom script (MATLAB; Mathworks, Natick, MA, USA). As several stent
struts are present on each microCT slice several measurements of malapposition were
recorded and the median value of that slice was taken. The use of a single malapposition
value associated with each slice was necessary to facilitate co-registration between slice
level quantification of thrombosis and slice-associated levels of stent malapposition.

J Biomech. Author manuscript; available in PMC 2019 April 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Brown et al.

Page 4

Spatial Clot Quantification

Results

Metrics of clot and stent-wall malapposition as a function of stent length were taken as 1-D
signals and analyzed using frequency domain analysis (Cooley & Tukey, 1965) and
magnitude squared coherence (Welch, 1967). Magnitude-squared coherence was specifically
used as our statistical test to determine relationship between the clot and stent signals at each
corresponding frequency.

Image Analysis

Regional Correlation of Stent and Clot Location—We examined correlations in
stent-clot pattern at the regional scale of the entire stent, as well as the local scale of
individual stent struts and cells (Figure 4). Patterns of stent-wall malapposition followed
balloon deployment on the dog-bone shape modified balloon as expected. As the flow loop
system itself uses bidirectional flow, ‘right” and ‘left’ nomenclature was used instead of
‘proximal’ and “distal.” Malapposition was measured most significantly in the mid-section of
all three samples (Figure 3A, B, C). Peak malapposition for each stent was sample 1: 0.640
mm; sample 2: 0.351 mm; sample 3: 0.270 mm. A peak was seen on the left for sample 1 as
opposed to peak malapposition for samples 2 and 3 which occurred in the mid-section. The
peak seen in the left section of sample 1 in contrast with vessels 2 and 3 where peak
malapposition was confined in the mid-section was likely due to variations of hand
mounting stents on the dilation balloons for these /n vitro experiments.

Stent volume as calculated from image segmentation across all samples displayed good
agreement. (sample 1: 3.85 mm3; sample 2: 4.05 mm3; sample 3: 3.78 mm3; Mean+SD: 3.89
+0.14).

The longitudinal spatial distribution of clot measured on each micro-CT slice along the stent
length (Figure 3D), was different between samples and did not clearly follow device position
in the low sample size considered.

Local Correlation of Strut and Clot Location—One dimensional signals generated
from strut wall position and clot along the longitudinal spatial axis in each vessel generated
signals that were similar in all three vessels with respect to wall strut position. Similarities in
clot position were also seen visually but more so in samples 1 and 3, where smaller, lower
amplitude fluctuations were observed throughout. Large peaks of strut wall positions were
seen in the midsections, while additionally higher spatial frequency components (Figure 4A)
seen as smaller fluctuations were then correlated with stent cell design and inter-strut
spacing (Figure 4C). Signals were most correlated at a spatial frequency of 0.6225 1/mm
(Figure 4A), corresponding to a geometric distance of 1.606 mm. This distance coincides
with the approximate distance between the stent strut cells and the differences between the
center of the clot formations between stent strut cells (Figure 4C). At this harmonic, the
signal of clot lagged behind that of spatially distributed strut-wall signal by approximately
180 + 3 degrees, indicating that at the point where malapposition was measured there was
minimal clot. (Figure 4B), and that clotting was observed /n between struts, rather than with
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direct strut association. This visually confirmed the value of our 3D visual reconstruction
methods and algorithms for refining and automating the spatial assessment of these benchtop
approaches (Figure 4C).

Discussion

MicroCT imaging and signal analysis can be invaluable methods for bench top
quantification of thrombosis. Using our model system for validation of this method, signal,
and imaging analysis showed that in areas with clot formation, clot was located in between
struts and not on top of struts. These early results from three stents demonstrate that ex vivo
blood flow loops coupled with microCT imaging and signal analysis can be used to resolve
relationships between stent positioning and blood reactivity at the level of the stent strut
(~10 microns). This distribution of clot and strut-wall apposition, with results to be expected
based on studies from computational modeling, both in vivo (O ’Brien et al., 2016)
(Kolandaivelu et al., 2011) and clinically (Foin et al., 2014). However, this is the first time
this has been observed experimentally ex vivo due to the added spatial resolution 3D
microCT offers.

Ex vivo models have by in large looked at bulk amounts of clot or biochemical markers as a
quantitative surrogate for clot formation with spatial assessment largely made through
qualitative visual techniques (Kolandaivelu et al., 2011). MicroCT imaging and image
analysis provide unparalleled resolution enabling investigation of clot formation patterns on
both a local and regional level. Furthermore, microCT imaging can also enable high-
resolution 3D geometric reconstructions that can be used as a basis for flow simulations
(O’Brien et al., 2016; Rikhtegar et al., 2013). The presented method provides new ability to
investigate and bring together the local - around the strut - and regional organization of the
device, flow, and biology in the in vitro setting.

Limitations

While the small sample size of this study is a limitation, the overall goal was to assess a
method of quantification in a model system. Further, the model system employed uses
material such as silicon tubing that cannot fully recreate vessel properties as seen in vivo.
Yet even with this low sample size, were we able to detect significant differences both inter
and intra-stent. A larger sample size, more controlled range of stent-wall apposition, and
varied stent patterns are needed for a more exhaustive study.

Conclusions

In this early development work, we can see that thrombosis formation displays organized
relationships at the level of formation around the stent struts and at the local level of the
strut-wall interaction. These early results support past work conducted showing
stratifications by malapposition and its relationship to clot formation (Kolandaivelu et al.,
2011). Most importantly this method with its ability to bring together image and signal
analysis techniques has the potential ability to investigate both global and local features of
thrombus quantification in the presence of, controlled lack of stent-wall apposition as in the
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case presented. This method can allow for a more detailed investigation into the interaction
between stent design and deployment on clot formation in the benchtop setting. Further, this
method provides the potential for a higher degree of 3D spatial quantification of clot and can
drive future stent designs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Appendix A: Flow Loop Sample Preparation

Flow Loop Preparation Protocol

Stents were deployed in looped segments or “flow loops” in the silicone tubing (3.18-mm
inner diameter/4.76-mm outer diameter; Shore 50A Durometer, 3350 Tygon). Loops were
made reactive through coating an 8-hour incubation with 28.3% bovine type | collagen
solution (Beckton Dickinson) which was followed by rinsing in PBS, pH7.4. Blood was
collected and 10% acid-citrate-dextrose solution (85 mmol/L trisodium citrate, 69 mmol/L
citric acid, 111 mmol/L glucose; pH 4.6) was added. Prior to use, blood was repleted with a
100 mmol/L CaCl2/75 mmol/L MgCI2 solution with 62.5 pL calcium/magnesium solution
per 1 mL blood.

Subject Blood Draw Exclusion Criteria

I am less than 18 years of age or greater than 65 years of age
I suffer from an acute or chronic infection

I suffer from a known clotting condition

| suffer from diabetes

I suffer from renal disease

I suffer from liver disease

I have had a heart attack or stroke

I suffer from an autoimmune disease

I suffer from active malignant disease

| suffer from severe hypotension (low blood pressure)
I suffer from bleeding tendency or diathesis

I am pregnant

| use medication on a chronic basis
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. I use medications within the last 48 hours
. I have given blood within the past 7 days
. I am less than or equal to 110 Ibs
. I have a known diagnosis of anemia (hematocrit or red blood cell count < 38)
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Figure 1.

MicroCT slice of malapposed stent and corresponding slice segmentation with red, blue, and
silver representing clot, contrast and stent struts. A schematic diagram is shown displaying

how malapposition of each stent struts was computed (A), a 3D reconstruction of each

sample is shown (B). Calibration scan histogram (C) used to determine ranges of Hounsfield
units used for segmentation of MicroCT slices into the masks of clot, contrast, and stent.
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Figure 2.
Schematic Diagram of flow loop setup. Each of the flow loops are mounted to the rotor

section atop of the motor and encoder system (A). These are driven when the computer
controller and driver that has the specific rotational pattern used to create flow within the
loop (B) The loops themselves are made up of reactive site (B) that contains the deployed
malapposed stent.
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Figure 3.
The top three panels display Wall Distance vs. Length Along the Vessel for Vessel 1 (A)

Vessel 2 (B) and Vessel 3 (C) with red points indicating the median value for each microCT
slice, and green points indicating the mean. The gray shaded region displays the 25%-75%
interquartile range for each slice along the length of the vessel. The bottom panel displays
Normalized clot ratio vs. length along the vessel (C) calculated as the number of pixel
defined as clot over the total number of lumen defined pixels for each vessel.
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Figure 4.
Coherence estimate plot for malapposition and clot signals displaying frequency of interest

at 0.6225 Hz (A) Phase lag plots (B) indicating the frequencies of interest and the nearly 180
degrees phase lag between malapposition and clot signal. This phase lag suggests as seen in
(C) the fact that no clot is present on the struts but rather dispersed in between the struts.
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