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branch access in intravascular optical

coherence tomographic pullback runs
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ABSTRACT

We present a semi-automatic approach to assess the maximum circular unsupported
surface area (MCUSA) of selected stent cells and the side branch access through stent
cells in intravascular optical coherence tomography (IVOCT) pullback runs. Such 3D
information may influence coronary interventions, stent design, blood flow analysis or
prognostic evaluation. First, the stent struts are detected automatically and stent cells
are reconstructed with users’ assistance. Using cylinder fitting, a 2D approximation of
the stent cell is generated for MCUSA detection and measurement. Next, a stent
surface is reconstructed and stent-covered side branches are detected. Both the stent
cell contours and side branch lumen contours are projected onto the stent surface to
indicate their areas, and the overlapping regions are measured as the side branch
access through these stent cells. The method was evaluated on phantom data sets and
the accuracy of the MCUSA and side branch access was found to be 95% and 91%
respectively. The usability of this approach for clinical research was proved on 12 in
vivo IVOCT pullback runs.



3D Assessment of Stent Cell Size and Side Branch Access in IVOCT | 57

4.1 Introduction

Over Coronary stents are widely used in the treatment of coronary artery disease.
During a percutaneous coronary intervention (PCI), a stent is delivered to a stenosis
and extended by inflating a balloon to keep it open. Clinical research has
demonstrated that the support of an implanted stent to the vessel wall positively
influences the outcome of the PCI [1-3]. Given these positive results, there is an
increasing demand from clinical researchers for detailed stent analysis. However, the
past research on the stent support mainly focused on the 2D stent struts distribution in
cross-sectional images, such as the stent contour area, the number of visible struts and
the inter-strut angle in a single frame [4-6]. Recently, 3D assessment like the size of
every stent cell [7-9] has become popular for stent analysis. Stent cell size assessment
may be used to evaluate the actual stent designs with respect to the struts distribution
[10-12] or even the mechanism of controlled drug release from drug-eluting stents
[13]. As a new desired feature, the maximum circular unsupported surface area
(MCUSA) of stent cells was proposed to describe the support to the vessel wall [14;15].
It was defined as the maximal circular area that can be fit inside a 2D approximation of
a stent cell.

Stents with smaller cells usually provide better support to the vessel wall, but when
a stent covers a side branch, small stent cells in front of the side branch may lead to
restenosis or obstruction of the blood flow to the side branch due to bridging [16-18]. If
necessary, a stent cell in front of the side branch can be expanded by a second balloon
to enlarge its ostium, but it may lead to stent fracture [19;20]. For interventional
cardiologists, assessing the side branch access through stent cells may assist the PCI
treatment prognosis of stent-covered side branches and the stent design evaluation.

To measure stent cells accurately, a precise description of the stent position is
necessary. As a relatively new 3D optical imaging technique, intravascular optical
coherence tomography (IVOCT) is increasingly being used to evaluate in-vivo
coronary lesions [21;22]. It provides very high resolution (about 10 um) cross-sectional
images of coronary arteries so that the stent measurement can benefit from it. In
IVOCT pullback runs, the implanted stents are visible as individual bright spots
(struts) with a black shadow behind them [23;24]. Fig. 1 presents two in-vivo IVOCT
images in Cartesian coordinate system and polar coordinate system separately.

In this paper, we present a semi-automatic approach to assess the MCUSA of every
selected stent cell and the side branch access through stent cells. The details of the
method are presented in section 2, while the validation method and the empirical
results from a phantom data set and twelve in-vivo IVOCT pullback runs are presented
in section 3 and section 4. The analysis of the results is given in section 5 and the
conclusions and future work in section 6.
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Figure 4-1. Two examples of in-vivo IVOCT images with an implanted stent. Figure (a)
shows a Cartesian image, while figure (b) shows the corresponding polar image. In
both images, a stent strut, the shadow behind this stent strut, the guide wire and the
imaging catheter are annotated.

4.2 Methods

The presented methodology consists of six main steps: (1) automatic stent strut
detection; (2) semi-automatic stent cell contour reconstruction; (3) 2D stent cell
approximating and MCUSA assessment; (4) irregular stent surface reconstruction; (5)
stent-covered side branch detection; (6) assessment of the side branch access through
stent cells. A flow chart of the methodology is shown in Fig. 2. More details are given in
the following sections.

2D stent Semi-automatic
mesh 1l stent cell R 2Dste_ntcg|l B ETEIUR
; - approximation measurement
generation reconstruction
IVOCT Stent strut Stent contour Stent surface L 3D stent cell
pullback runs ’ detection ™| generation > reconstruction surface
P> segmentation |, |
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access
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7] detection ;
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Figure 4-2. The flow chart of the presented method for MCUSA and side branch
access measurement.

4.2.1 Stent strut detection

Before measuring the MCUSA and the side branch access, we need to reconstruct
stent cells. The strut positions are needed because stents appear as struts in IVOCT
pullback runs. Stent struts can be manually detected but it will be very time-
consuming and lack of reproducibility. Several (semi-)automatic strut detection
methods have been published [6;23-26]. In this manuscript, our recently published
automatic stent strut detection method was used [23]. It segments the struts and the
guide wire in polar IVOCT pullback runs automatically. This method was validated
using almost 20000 struts under different conditions (malapposed, apposed and
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covered) in 10 various quality in-vivo pullback runs, and the method has
demonstrated that about 94% of the stent strut can be automatically detected.

4.2.2 Stent cell reconstruction

Without enough a-priori information, it is challenging to recognize a stent cell fully
automatically, as different stents have different cell structures and their shapes can be
distorted during the implantation. Additionally, if a stent cell in front of a side branch
has been extended for better blood access, its shape and size will be greatly different
from the other stent cells. Due to the irregular stent shapes and variable cell structures,
automatic stent cell reconstruction methods may have limited performance. To come
up with an accurate and maximally robust technique, we have decided for a semi-
automatic stent cell reconstruction method, whereby users are requested to observe
the stent cell pattern and confirm the struts belonging to a particular stent cell by
manual interaction.

This means that the user needs to click on the struts belonging to a single stent cell
in 2D space. Although users can observe stent cell structures in 3D space as Fig. 3(a)
shows, these structures are not very clear due to the illusion of perspective projection.
Besides, it is difficult for user to click struts in 3D space. To simplify the user
observation and interaction, the stent is cut up along the longitudinal direction and
opened as a 2D mesh. To do this, the stent contour center in each frame is required as
the first step. As shown in Fig. 1 (a), the cross section of the implanted stent is elliptical,
so it is reasonable to fit an ellipse to the stent struts as the approximation of the stent
contour. Here, a least-square method [27] is chosen to fit the ellipse. In some frames,
there are not enough struts for an accurate ellipse fitting result. Under such
circumstances, struts from neighboring frames are projected to the current frame for
ellipse fitting as well, because the stent contour position does not change much
between two neighboring frames. In case there are still not enough stent struts
available (typically < 6), the stent contour in this frame will be linearly interpolated
from the neighboring stent contours. The fitted ellipses are first used to remove the
outliers from the struts detected in section 2.1. All the struts are checked by computing
their distance to the elliptic stent contour. If a strut is located too far away from the
ellipse, it will not be used for the stent surface reconstruction.

After the elliptical stent contours are fitted, an imaginary cylinder is created along
the centerline of the pullback run with the diameter being the average length of all
ellipse axes. The struts in the individual frames are shifted until the stent center
overlays the original Cartesian image center. Next, all the stent struts are projected
onto this cylinder along a ray shot from the image center; Fig. 3 (b) shows an example
of a projection result. This step guarantees that there will be no overlaid struts during
the projection. When the cylinder is opened into 2D, the stent is converted to a 2D
mesh (Fig. 3 (d)). This 2D mesh is only used to simplify the users’ observation and
interaction, but not for stent cell size measurement; for this reason, a mapping is kept
between the 2D struts and the original 3D struts. Later in section 2.6, the detected side
branch lumens are also projected onto this imaginary cylinder and opened together
with the stent, so that the stent cells which may be in front of side branches could be
detected easily as Fig. 3 (d) shows.

Users are requested to observe and recognize stent cells in the 2D mesh, and then
click on the struts belonging to a stent cell in the proper order. When a strut is
indicated in the 2D mesh, the corresponding original 3D strut position is found based
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on the known mapping between 2D and 3D struts. The time required for this
interactive process depends on the stent structure complexity and the number of
struts. Typically, it takes about 15 seconds to indicate all the struts belonging to a stent
cell. Next, the stent cell contour is generated by linking the 3D struts in the proper
order using a natural-spline. An example of a reconstructed stent cell contour is
presented in Fig. 3(e).

Figure 4-3. (a) Elliptic stent contours are fitted to the original stent struts (blue dots)
from an in-vivo IVOCT pullback run. Based on the ellipse centers (yellow dots), (b)
struts are shifted and projected onto a cylinder. (c) An irregular stent surface is
reconstructed from the original struts. (d) The stent is opened into 2D and the struts
are presented as black dots, while a user detected stent cell is presented in blue.
Similarly, a side branch lumen (gray area) is also projected onto the cylinder and
opened to show its relative location with respect to the stent cells. (e) A 3D stent cell is
reconstructed according to the 2D/3D struts mapping. The cell contour is generated by
linking struts with a natural spline. (f) A 2D approximation of the stent cell is given and
the grey value inside the contour is the distance transform result. Its MCUSA (the blue
circular area) is detected by searching for the highest intensity pixel in it. (g) The cell
contour is projected onto the stent surface to determine the cell surface for the further
side branch access assessment.

4.2.3 MCUSA estimation

The MCUSA of a stent cell is the maximum circular area inside this stent cell. As a
3D structure, every stent cell needs a 2D approximation to compute its MCUSA. This
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approximation should preserve the main stent cell size and shape details. It can be
generated by fitting a regular shape to the stent cell and opening into 2D. In the case of
a stent, the logical choice for the regular shape is a cylinder. Fitting the whole stent to a
single cylinder could introduce errors, because stents are bended and distorted during
the implantation procedure e.g. at side branches (Fig. 3 (a)). In order to minimize the
introduced errors, a cylinder side surface is fitted to only the struts belonging to a
single stent cell instead of all the struts. The fitting is based on a least-squares cylinder
fitting method [28], which minimizes the error between struts and the fitted cylinder
side surface. The initial orientation of the cylinder is set as the longitudinal direction of
the pullback run and the initial radius is the average length of the stent ellipse axes.
After the cylinder fitting, the stent struts are projected onto the fitted cylinder and
opened into 2D. Struts are linked by a natural spline as Fig. 3 (f) shows. Before
opening, a connectivity check is applied to make sure that stent cell cannot be split
into two halves. If a stent cell could be split, the opening position of the cylinder will be
rotated to the outside of the stent cells.

The largest circle which can be found inside this 2D approximation is the MCUSA.
The center of the MCUSA is the point which has the maximum shortest distance to its
surrounding boundary. To detect this point, first a binary image is generated from the
2D approximation. Next, the distance transform algorithm [29] is applied to this binary
image. In the resulting image, the pixel with the highest intensity defines the center of
the MCUSA and its intensity value is the radius of the MCUSA. An example is given in
Fig. 3 (f). Please note that although there may be more than one maximum circle, they
all have the same size.

4.2.4 Stent surface reconstruction

As Fig. 5 (a) presents, the side branch access through a stent cell can be measured
by computing the overlaid region between the side branch and the stent cell. To
achieve the common region between them, we need to reconstruct a precise stent
surface for the implanted stent. The stent cell surface and the side branch lumen
surface will be segmented on the stent surface. During the stent extension, the balloon
cannot evenly expand in all areas because the hardness of tissue and plaques is
different. Therefore, the shape of the implanted stents is irregular in general. In our
approach, a precise and piecewise smooth stent surface is reconstructed from the
detected stent struts using Hoppe’s method[30]. The surface consists of many tiny
triangles. This method requires a group of relatively evenly distributed points and has
two parameters: the neighborhood size and the sample spacing. The first parameter is
the average neighbor number of each strut which is used to estimating the local
surface orientation. Here, it depends on the average number of struts in each frame.
The second parameter is used to specify the spacing of the 3D sampling grid. An
example of the reconstructed stent surface is shown in Fig. 3 (c).

If a guide wire is used during the IVOCT image acquisition, it blocks all the
information behind it including stent struts. Missing struts due to the guide wire
shadow will cause breaches and distortion on the reconstructed stent surface. To solve
this problem, imaginary struts are added behind the guide wire on the elliptical stent
contours. Different locations of the imaging catheter and the guide wire result in
different size of guide wire shadows. To estimate the possible number of blocked
struts, we deduce the angle of the blocked arcs based on the guide wire shadow edges
detected in section 2.1. On the covered ellipse arc, an imaginary strut is added every 30
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degrees. A special mark is given to these imaginary struts, because they will be only
used for the stent surface reconstruction, but not for stent cell reconstruction.

4.2.5 Side branch detection

To measure the side branch access through stent cells, the stent-covered side
branches need to be detected. In IVOCT pullback runs, a side branch appears like a
black lacuna on the main vessel lumen. Therefore, it can be detected by checking the
distance changing from the lumen center to the lumen boundary. If the distance
profile shows a sharp increase in a certain region, it could indicate the presence of a
side branch. Because the centers of Cartesian IVOCT images represent the imaging
catheter positions but not the lumen centers, the lumen centers have to be detected
first. In the typical situation where a stent is well extended to support the vessel wall,
the stent contour center can be treated as an approximation of the lumen center. In
this research, only the side branches which are covered by apposed or covered stents
are analyzed, therefore, the ellipse centers from section 2.2 were used.

As demonstrated in Fig. 4 (a), the image catheter and the guide wire are present
between the lumen center and the lumen boundary. Before the distance is computed,
these bright regions have to be masked out. During the IVOCT imaging acquisition,
the imaging catheter generates bright vertical lines in the polar images. With a proper
z-offset correction, the artifacts are located in the same position during the whole
pullback run. Therefore, these are detected by applying a dynamic programing
algorithm to the whole pullback run in the longitudinal direction and later masked
out. The guide wire has been detected during the strut detection [23], so they are
masked out as well. After masking, the polar IVOCT images are converted into
Cartesian images and a median filtering is applied followed by a Gaussian smoothing
to smooth the bright tissue region. To specify the lumen region, images are converted
into binary images by thresholding the intensity values. The threshold is computed
based on the histogram of the whole image. An example of a binary image is
presented in Fig. 4 (b).

The distance from the center to the lumen boundary is measured every half degree
and Fig. 4 (c) shows the distance profile of a single frame. The side branches and the
guide wire result in the two peaks with sharp increasing and decreasing in the profile.
As the automatic stent strut detection also detects guide wire besides the stent struts
[23], peaks resulting from guide wire will be ignored. After removing the guide wire
peaks, the highest peaks in the profile indicate the possible side branch positions. Four
main rules are used to identify a side branch: 1) the distance is longer than the median
value of all the distances in each frame; 2) this region starts and ends with significant
distance changes; 3) the width of this region is at least 30 degrees; and 4) a candidate
side branch should have a reasonable size in the longitudinal direction. If a candidate
side branch is found, its start and end points will be detected by computing the biggest
changes of the distance. Next, the start and the end of each side branch are marked out
as Fig. 5 (b) shows. The side branch lumen contour is generated by linking these starts
and ends with a natural spline. We also noticed that in a few cases, the struts in front of
a side branch were covered by tissue composing a bridge over the side branch. In
these cases, a manual correction could be needed.
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Figure 4-4. (a) presents an in-vivo IVOCT image with a side branch and a guide wire.
After processing, the image result is shown in figure (b). From the fitted ellipse center
(the small white square in the middle), the distance to the lumen contour is computer
over all 360 degrees. The scan-line ends at the lumen contour or the image edge with
green dots. The profile of this distance is presented in figure (c). There are two peaks in
the profile which represent the side branch and the guide wire respectively.

4.2.6 Side branch access measurement

In this paper, the side branch access through a stent cell is defined by the ostium
which is generated by the stent cell above the side branch. As Fig. 5 (a) presents, the
side branch access through a stent cell is measured by computing the overlaid region
between stent cells and side branches. Since the stent surface has been reconstructed,
both stent cell areas and side branch areas can be segmented on it.

Here, the stent cell contour is used for this segmentation. Because the stent cell
contour is generated by linking struts using a natural spline, the interpolated part may
not be exactly located on the stent surface. For accuracy, the cell contours are
projected onto the stent surface to segment the 3D stent cell surfaces. As the stent cell
contours are almost located on the stent surface, a simple linear extrusion is used for
performance issues. The cell contour is extruded toward to the stent center; thereby
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generating a hollow object which intersects with the stent surface as Fig. 5 (d) shows.
The contour extrusion direction and length is set by a vector which is orthogonal to the
centerline of the stent and passes through the center of the bounding box of the stent
cell. The collision part is segmented from the stent surface resulting in the 3D cell
surface as Fig.3 (g) shows. This cell surface comprises many small triangles and its size
is the sum of the areas of these triangles.

Stent cell Side branch access through this stent cell

Figure 4-5. (a) A stent covers a
side branch. The black contour
indicates a stent cell. The side
branch appears as a hole on the
red vessel wall. The blue area
shows the side branch access
through a stent cell. (b) shows
the struts (yellow dots), the side
branch lumen contour
(delineated by blue dots) and
the fitted stent surface (light
grey). (c) The 3D side branch
lumen contour (white) is located
far away from the stent surface
(red), and the blue contour is
the projection result. (d) The
stent cell contour (white) is
almost located on the stent
surface. The linear extrusion of
the contour (green) generates
the contour projection (white) to
segment the access area (yellow)
on the side branch lumen
surface (blue).

Stent cell structures are easily observed in the 2D stent mesh. If the stent-covered
side branch lumen is shown together with the 2D mesh, the stent cells that may be in
front of this side branch can easily be detected. This could speed up the manual
interaction. To do this, the side branch contour is projected onto the same imaginary
cylinder for stent cell contour detection in section 2.2 and opened into 2D as Fig. 3 (d)
shows. The side branch lumen contour is projected onto the stent surface to segment
the side branch lumen area. Unlike stent cell contour projection, side branch lumen
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contours usually are located further away from the stent surface as Fig. 5 (b). If they are
extruded linearly, the results will contain large errors. Therefore, an accurate
projection method is used for side branches. Since the side branch contour surrounds
the cylindrical stent surface, each point on the side branch contour should be
projected toward to the lumen center. Practically, each point on the lumen contour
shoots a ray to the lumen center in the same longitudinal position. The intersected
points between the rays and the stent surface are linked using a natural spline to
segment the side branch lumen surface. An example is shown in Fig. 5 (c). As the stent
cell surfaces and the side branch lumen surfaces are all segmented from the stent
surface, the overlaid part between a stent cell surface and a side branch lumen surface
represents the side branch access through this stent cell. An example is given in Fig. 5

(d).
4.3 Validation method

For in-vivo stents, the ground truth of their stent cell size and the side branch
access through stent cells are not available. Because first, the implanted stents cannot
be removed from the patients, and second, the irregular stent surface is not suitable for
validation, because it is almost impossible to achieve its ground truth. To validate the
new presented methods, a phantom data set was created by scanning a 3.0 mm x 8.0
mm coronary stent using Micro CT. As Fig. 6 (a) shows, in the CT data set, the stent is
visible as struts similar in IVOCT pullback runs. Besides, although Micro CT can scan
only small objects, it provides a higher resolution than IVOCT (30 times higher than
IVOCT in the longitudinal direction). The phantom size is 1024 pixels x 1024 pixels x
1240 frames with a voxel size of 5.86 pm x 5.86 pm x 6.62 pm. Therefore, Micro CT data
sets were used for the presented method validation and the stent cell contours
generated from the phantom data set are accurate enough to be treated as the ground
truth, as Fig. 6 (b) presents. Without any resistance from the vessel wall, the stent was
extended evenly and can thus be treated as a cylinder. Although this is not the
situation for a real stent inside a patient, it allows us to validate the method itself
without potential measuring errors resulting from an irregular stent surface. By
projecting the stent cell contours onto the stent cylinder, the ground truth of the stent
cell size can be estimated.

The extended stent was found to be 3.1 mm x 8.2 mm; therefore it was represented
by a cylinder of the same size. All the struts in the phantom data set were detected and
the stent cells were reconstructed. Next, every stent cell contour was projected onto
the cylinder and opened into 2D. The size of these opened stent cell surfaces were
recorded as the ground truth of the stent cell surface size. At the same time, the ground
truth of the MCUSA of every stent cell was computed as well. Since the phantom data
set contains no side branches, four ellipses were generated as virtual side branches
outside the stent cylinder surface. Each ellipse has a different position and orientation.
Side branch surfaces were segmented by projecting all the ellipses onto the stent
cylinder and opened into 2D as Fig. 7 (a) shows. Compared with the stent cell surfaces,
the ground truth of the side branch access through stent cells can be measured by the
common areas (Fig. 7 (b)).

To evaluate the accuracy of the proposed method, the stent should be scanned in a
phantom by an IVOCT system and a Micro CT system. However, we did not have a
proper phantom which was both IVOCT and micro-CT compliant. Therefore, the CT
data set was resampled to simulate the in-vivo IVOCT data set. In our in-vivo IVOCT
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pullback runs, the voxel size is 6.85 pm x 6.85 pm x 200 um. Therefore, the original
phantom data set was re-sampled by selecting 1 frame out of every 30 frames, resulting
in the similar resolution as IVOCT pullback runs (5.86 pm x 5.86 pum x 200 pm) as Fig. 6
(c) shows. The re-sampled phantom data set was processed by the presented
approach and the results were compared with the ground truth for validation. Besides,
the accuracies of 2D stent cell approximations and stent cell surfaces segmented from
stent surface were also validated as essential pre-steps.

Figure 4-6. (a) a single Micro CT frame with stent struts (white points), which looks
similar to clinical IVOCT images. In both figures, the stent struts appear as bright spots.
(b) half of the struts detected in the original phantom data set and (c) half of the struts
detected in the re-sampled phantom data set. There are much more struts in the
original phantom data set than the re-sampled data set and its cell contour can be
treated as the ground truth.

\/1

Figure 4-7. (a) The opened 2D stent cells (yellow) in the original phantom data set and
an opened imaginary side branch lumen (blue). (b) An example of a side branch
access through the stent cell from the original phantom data set. The brightest region
in the image is the side branch access to the main vessel through this stent cell.
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To examine the usability of this approach on clinical data sets, a total of 12
randomly selected IVOCT pullback runs from a one-year follow up study were used.
They were acquired with a C7-XR OCT intravascular imaging system (LightLab,
Westford, MA, USA). Their resolution is 6.85 pm x 6.85 pm x 200 pm. Ten pullback
runs contained 271 frames using a pullback speed of 20 mm/s, while the other two
contained 541 frames with speed of 10 mm/s. Nine data sets were acquired with a
guide wire, while the others contain no guide wire. All the stents were drug-eluting
stents, except for one bioresorbable vascular scaffold (BVS). They contained a total of
726 recognizable stent cells and 27 side branches were located in the stented regions.
Because of the IVOCT image quality and guide wire shadows, not all of the stent cells
and side branches could be measured. From the measureable stent cells, we randomly
selected 105 stent cells for subsequent testing. The 3D stent cell surface and the
corresponding 2D stent cell approximation should have similar size. Some of the stent
cells in front of the side branch had been extended, so we also checked whether their
full cell size and the MCUSA are reasonable bigger than the other stent cells. For stent-
covered side branches, extended stent cells should offer a bigger access than
unextended stent cells. Therefore, the average percentage of the biggest side branch
access through stent cells was computed.

As Figure 3 (d) shows, the stent cells in the 2D mesh are very clearly visible, so we
expected the stent cell results from different experts to be the same. Therefore, the
assessment of the inter/intra-operator variability is not considered in this research.
One trained expert selected and reconstructed all the stent cell contours and side
branch lumen contours as the ground truth.

4.4 Results

Table 1 presents the full stent cell size and the MCUSA size results from both
original and re-sampled phantom data sets. For 12 in-vivo IVOCT pullback runs, the
results are given in Table 2. Comparisons of the 3D stent cell surface and the 2D stent
cell approximation in both original and re-sampled phantom data sets are shown in
Figure 8.

The side branch access measurement results in all original CT data set, re-sampled
CT data set and in-vivo IVOCT data sets are given in Table 3. According to the results,
the average size of side branches was 1.2 + 0.8 mm?, and each side branch was covered
by 1.7 + 0.8 stent cells. The average side branch access through each stent cell was 0.7 +
0.5 mm? Fifteen of the side branches were covered by only one stent cell, so no stent
wire would block their entrances. Eight of the side branches were covered by two stent
cells. Three side branches were covered by three stent cells and one by six stent cells.

The automatic strut detection method was developed using the MeVisLab toolbox
2.2 (MeVis Medical Solutions AG, Bremen, Germany) and VTK toolkit 5.10
(www.vtk.org) together with in-house developed C++ modules. For processing, we
used Windows 7 Professional x64 Edition with a 2.0 GHz CPU and 4 GB of memory.
Generally, it takes less than 1 minute to detect all the stent struts in a pullback run of
271 frames. The semi-automatic stent cell reconstruction costs about 10 seconds for
every stent cell, while the other processing usually takes about 1 minute. If
implemented using pure C++ code, the computing time could be further shortened.
The whole processing time depends on the length of the stent and how many stent
cells need to be measured.
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Table 1. The maximum, minimum, mean value (with standard deviation) and
the sum of the stent cell size from both original and re-sampled phantom data
set. The stent cell size and MCUSA from the original phantom data set are
treated as the ground truth, so that the errors for the 3D stent cell surface, 2D
stent cell approximation and MCUSA from the re-sampled data set can be
computed.

Max Min Mean * Sum

Data set Feature (mm?) (mm?) SD(mm?) (mm?) Error (%)

Original Full stent

Phantomdata o) cipe 574 396 475%044 7127 -

set (ground

truth) MCUSA 170 095 1294022 19.28 --

Re-sampled gfl‘i‘fl;;en 564 397  472+044 7077 0.96+0.64

Phantom data 9D app-

set (algorithmic aPP° 574 399  479+045 71.90 0.98+0.74
roximation

results
) MCUSA 1.70 0.87 1.25+0.22 18.76 5.0+5.2

Table 2. The maximum, minimum, mean value (with standard deviation) and
the sum of the stent cell surface size, 2D stent cell approximation size and
MCUSA size in 12 in-vivo IVOCT data sets.

Max Min Mean+SD Sum

Data set Feature (mm?) (mm?) (mm?) (mm?)

Stent cell surface  10.04 1.00 3.01+1.39 328.06

In-vivo IVOCT 2D
pullbackruns  approximation

MCUSA 1.40 0.25 0.96+0.80 104.21

9.55 1.07 3.10+£1.34 337.38

Table 3. The maximum, minimum and mean size (with standard deviation) of
the side branch access from the original and re-sampled phantom data sets and
in-vivo IVOCT data sets. The sum of the side branch access equal to the sum of
side branch lumen areas. The amount of side branches and the stent cells in
front of side branches and the percentage of the average maximum side branch
access comparing to the average side branch lumen in every group are also
given.

Max Min Mean Sum Side Cell Max
Data set (mm?) (mm? (mm?) (mm?) branch amount  2€Cess
amount (%)

Original 230 023 0.86+0.86 1283 4 21 53.69
phantom

Re-sampled 239 026 0.89+0.88 1346 4 21 53.31
phantom

IvivoIVOCT ) 51 022 068+049 31.06 27 46 77.59

data sets
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Figure 4-8. (a) shows the results of 3D stent cell surface and 2D stent cell
approximation in the original phantom data set, while (b) shows these results from the
re-sampled phantom data set. (c) indicates the results of 3D stent cell surface in both
original and re-sampled phantom data sets, while chart (d) compares the
corresponding size of 2D stent cell approximation in both original and re-sampled
phantom data sets.

4.5 Discussion

To validate the accuracy of the presented approach, the relative errors of our
algorithmic results were computed. The mean and the standard deviation of the
relative errors were determined to demonstrate the performance. Table 1 shows that
the ground truth of the whole stent surface area is 71.27 mm? and the sum of the
MCUSA is 19.28 mm? In the re-sampled phantom data set, the estimated stent surface
size is 70.77 mm?from the summation of 3D stent cell surfaces and 71.90 mm? from the
summation of 2D stent cell approximations, while the summation of the MCUSA is
18.76 mm?. Compared to the ground truth, the average error of the every 3D stent cell
surface is 0.96 + 0.64%, while that of the 2D stent cell approximation is 0.98 + 0.74%
and the MCUSA error is 5.0 + 5.2%. In the re-sampled phantom data sets, the 3D stent
cell surface and 2D stent cell approximation results are almost the same as the ground
truth like Fig. 8 (a) and (b) show. It suggests that our approach is very accurate when
measuring the stent cell size within the resolution of in-vivo IVOCT pullback runs. Fig.
8 (c) and (d) demonstrate that the stent cell surface size is usually a little bit smaller

Chapter

4




70 | Chapter 4

than the 2D stent cell approximation size. A possible explanation is that the stent cell
surface is segmented from the reconstructed stent surface that consists of thousands of
small triangles, while the 2D stent cell approximation calculates the stent cell using the
opened surface from the fitted cylinder. For a curved surface, the opened surface
should be bigger than the surface that is approximated with triangle polygons.

Table 2 shows the quantitative analysis results of 105 stent cells from 12 clinical
IVOCT pullback runs. The mean difference between the 3D stent cell surfaces and 2D
approximations is 4.2 + 2.3%. Since the distributed stent struts do not fit to any regular
shape in 3D space, we could not obtain the ground truth of in-vivo stent cell areas.
However, our methods provide an intuitive approximate measurement of the stent cell
size in clinical data sets.

According to Table 3, the experimental results of the side branch access through
stent cells in both original and re-sampled phantom data sets indicate that the average
error of the algorithmic results is 8.9 + 7.0%. For the in-vivo IVOCT pullback runs,
more than 60% of the side branches have more than one stent cell ostia. On average,
the largest ostium includes more than 77.6% of the side branch lumen area, and the
sum of the largest two ostia includes 92.6% of the lumen area. By contrast, the
numbers in the phantom data set with un-extended cells are smaller as 53.1% and
75.9%. The experimental results clearly show that, in most of our in-vivo cases, the
stents cells in front of side branches have been extended so that side branches are less
covered. The only exception is the BVS stent, because compared to bare metal and
drug-eluting stents, BVS stents are less flexible and can break easier. Consequently, in
the BVS data set, one side branch is covered by 6 stent cells while another side branch
has 3 stent cells and none of the stent cells are extended.

IVOCT image sequences provide the longitude image data of the implanted stent
along the imaging catheter. In practice, the imaging catheter may be curved. Without
the 3D tracking of the imaging catheter, the cell area in IVOCT data may contain an
error when the imaging catheter bends. However, in most cases, the trajectory of the
imaging catheter has only very smooth curvatures so that the error for distortion is
limited. Therefore, this method is expected to give a good approximation of the stent
cell area. This method requires only stent strut positions for stent surface
reconstruction and stent cell indication. Therefore, it is available for any type of bare
metal stents, drug-eluting stents or BVS stents. With provided struts and side branches
information, it can compute the MCUSA and side branch access for any stents.

If a side branch is fully or partly covered by the guide wire shadow or a bridge, this
side branch will not be detected or measured, since its contour is incomplete. The
same situation could happen for stent cells and these cells cannot be indicated or
measured as well. Imaginary struts can be added to assist the stent surface
reconstruction, but if more than half of the stent is covered or unclear, the
reconstructed stent surface is less reliable for assessment. In most of our cases, guide
wire shadow regions cover less than a quarter of the stent contour and the imaginary
struts are concentrated only in the shadow region. Hence the reconstructed stent
surface can be separated as real surface part and imaginary surface part. Imaginary
part will not affect the shape of the real surface part and the measurement is applied
only on the real surface part. The presented side branch detection method could fail if
the lumen contour appears like a highly narrowed ellipse, because the distal lumen
can be missed due to the limited penetration (< 2 mm) of IVOCT [23]. In these special
cases, a manual correction is requested.
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The side branch projection should follow the angle between the side branch and
the main vessel. However, due to the limited penetration of IVOCT, the angle of the
side branch cannot be measured. Therefore, in the presented method, the projection
direction is always vertical to the center-line of the stent. For stent cell contours and
side branch contours, we chose different projection methods. Theoretically, the
projection method for side branches should be the optimal way. However, the
projection of stent cells will introduce only tiny error but is much time efficient. The
stent cell surface results are accurate enough and the computing is easy and fast.

During the IVOCT acquisition, some artifacts may arise as results of many different
reasons. Some artifacts like residual blood noise [31] and the sun-flower artifact [23]
were mostly removed during our processing, while many artifacts were not taken into
account in this research, such as non-uniform rotational distortion (NURD) [32],
because the new frequency-domain IVOCT system has a very fast speed to reduce
these artifacts.

4.6 Conclusion and future work

With its high resolution, IVOCT allows a better understanding of the stent
structures in the coronary arteries. We have presented an approach to measure the
stent support degree and the side branch access in IVOCT pullback runs. It detects
stent struts, reconstructs stent cells, generates 2D stent cell approximations, detects
stent-covered side branches and reconstructs the irregular stent surface for MCUSA
and side branch access assessment. A full resolution phantom data set and its re-
sampled data set were used to evaluate the feasibility and the accuracy of this
approach. Next, it was applied to twelve in-vivo IVOCT data sets. Quantitative
evaluation reveals that the approach has achieved high accuracy for the MCUSA and
side branch access measurement. The results suggest that this method can be a useful
tool for the stent implantation improvement, stent design evaluation, blood flow
analysis and computer-guided diagnosis. There are still artifacts that may affect the
results of the presented method, and we will work on that in future.
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